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ABSTRAIT

Un lcapteur résistif a &té construit pour étudimr
les changements métallurgiques qui se produisent;. lors du
recuit en four d'acier au carbone A basse teneur. Le
capteur’,‘\ qul fonctionne sur courant altdrnatif, a &té&
congu pour mesurer la chuté de tension ( AV) pendant le
recuit entre un é&chantillon traité 3 froid et un
&chantillon du méme matériau préablemen{:' recuit, En
\itilisant cette technique, 11 est possible de surveiller
de 1facon continue les étapes de recrystailisation
récupérative et la croiésance des \ﬁains pendant 1le
procédé. Un microprocesseur a & utilis€ pour
l‘écquisiti;m des données, et d'en tracer les graphes en.
temps réel, ainsi que pour la manipulation ‘des données.
L'é&tape importante de recrystallisation est accentuée en
tracant le dérivé de la différencemp—tension AV pendant
le traitement 3 chaleur. Il est &galement possible de
surveiller de. la: m@me fagon des grains mals la technique

! .
doit @tre rafinfe pour améliorer la fiabilit& des
¢ ¢
* r&sultats. Des suggestions sont offertes, 1l'une d'elles
{ .
étant’ 1'incorporation de . capteur dans un systéme de

contrdole en feedback du recuit de l'acier en four.
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A registivity sensor has been designed to follow
the metallurgical changes that occur during the _batch
annealing of low carbon steel. The sensor utilizes an
A.C. technique designed to measure the difference in
voltage (AV) between a cold worked sample of the material
being annealed arlxd an annealed reference standard made of
the same material. It is possﬁible using this technique,

to continuously monitor the _recovery, recrystallization,

and grain growth stages during annealing. 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 AV during
heat .treatmentj. It was also possible to monii:or grain
growth continuously, but the technique needs further
refinement to improve the reliability of the results.
Suggestions are made as to how the sensor could be

incorporated in a feedback control system for the batch

ann;aling of steel.
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CHAPTER 1

o

1.1 I‘NTRODUCMON

For many centuries, the heat treatment of cold
worked metals has been used to soften them prior to
further fabrication or deformation. This is as true today
as it ever was. For example, many metals today are
produced in the form of cold rolled strip. At partic‘ular
stages in the production of the strip, there comes a time
when further deformation of the metal v;ill 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 Aannealing it at a suitable
temperature. Further deformation can then be carried out,
for instance, by a pressing or deep drawing process, Or by
further rolling.

To expléip the hardening and softening . behaviour
of metals due to deformation and annealing, it is
necessary to consider how the microstructure of'a metal

affects its mechanical properties.

1.1.1. LATTICE DEFECTS

An ideal crystalline material has no defects, and

the atoms are arranged in an ordered and regular array.
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Plastic deformation of a \perfect.crystal can occur by' the
sliding of one set of atoms in a plarne over the atoms in
¥an aajacent plane. This is called glide, the cooperative .,
movement of all the atoms in a plane from one po'siéion of
perfect regist\:ry to a neighbouring position. The gshear
stress required to produce this was first calculated by
Frenkel @ . In the situation illustrated in AFigure 1, it
is assumed that the shearing force req’uired‘to move the
top row of atoms across :he botto;n row is given by the

sinuscidal relation:” -

(1) <,
where T is the shear modulus; b, the interatomic spacing
in the direction of shear stress; a, the spacing between
the rows of atoms; and x, the distance from the low emnergy
equilibrium position. The theoretical shear stress is thus

reduced to:

T = ‘ (2)

-

Since b = a, a theoretical shear stress is\only d 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:
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\ Tt = G/30 (3)
for copper, silver, and gold has been obtained.
Although these calculations are only approximate,
fhe shear stresses involved are many orders of magnitude

higher than those values obtained experimentally from real

materials. It 1is now generally acknowledged that it is
the "defects" present in the material, known as

dislocations, fphat account for the striking difference
between theore%ical prediction and experiment.

A dislocation is a linear lattice imperfection
which is the interface between a fully slipped region of

the lattice and an unslipped regibn. The slipped region

may grow at the expense of tﬁe unslipped region by the

.advance of a dislocation through it. |

A

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' in Figure 2(l).
Figures 2(2) and 2(3) illustrate how an edge dislocation
moves throuéh the lattice, helping the nucleation and
growth of slip deformation in# the 1lattice. The net
result, in this éase, is the displacem;nt of one plane cof
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



(1)

(2)

Figure 2.

a

(3)

The Movement of a Dislocation through a
Regular Lattice.

-
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simple lattice. Unlike the edge dislocation, the planes
intersected by the dislocation are no longer a family of
sgparaté parallel planes. They are all joiﬁed up into a
single hel}coidél surface -~- hence the name screw

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

c ~~4a screw dislocation XX' through a crystal lattice. In

!

this case, the displacement 1is one lattice spacing

perpendicular to the direction of dislocation movement.

l1.1.2., 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, thére are two distinct stages. The first stage
is the "easy glide" ofﬂplanes over one another. At this
point, there is 1little work hardening before the
characteristic rapid rise of the second stage begins. It
is during this second stage that the gréatest rate of work
hardening occurs. The greatest rate of work hardening in
pure single «crystals, measured over strains which are
large compared with the elastic strain, is of the order of

do/de = u /150. The rate of work hardening rises

linearly, but above a certain resolved shear stress, which

-depends on the temperature, it falls off in a parabolic

1

|
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Figure 3b. . Movement of a Screw Dislocation through
a Reqgular lLattice.
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manner. Figure 4 depicts this rglationship for a
selection of metals.

Electron \Nmicroscopy' has confirmed that the
mechanism of worﬁ hardening involges the production of
more dislocatiohs, and their mutualfobstruction by gliding
along intersecting planes. Theré are several means by
which dislocations may influence or pin one another: by
their internal stress fields, caused by the dlstortion of
the lattice structure; by penetration of one another's
glide planes, 1like trees in a forest which have to be cut
through for glide to continue; by intersecting one
another, they may become locked and unable to move in tﬁe
conventional manner of conservative movement. This mutual
entanglement and subsequent immobilization of dislocationg

on intersecting glide systems is the basis of work

hardening.

1.1.3. PRECIPITATION HARDﬁNING

The above description applies ;q)pure metals only;
however, there Are many metals and al{oys in which work
hardenlng occuré by the pinning of dislocations with
precipitated second phase particles 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 carboh atoms,
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there is the effeét 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'schematié‘represéntation of
precipitate zones 2 which give rise to coherency
strains, caused by the enforced accommodation of the
precipitate within the solvent matrix. The elastic
strains afound the precipitates can be relieved in two
ways: by the formation of a dislocati&ﬂ interface around
the precipitate zone to produce a sémi-coherent boundary,
or by bulk diffusion which creates a high angle boundary
around the pregipitate. The latter makes‘ the grain
precipitate incoherent.

Substitutionql solute atoms can produce three
basic hardening effects due to:

1. suﬁstitutional solid solution

2. formation of coherent precipitates or zones

3. formation of incoherent precipitates or zones
In all 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.

(a)

(b) *

Two Forms of Precipitate Zone Giving Rise
to Coherency Strains.
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as illustrated in Figure- 6. When thé dislocation is close
to a 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—straighty— — " —

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

algebraic sum of all the interaction energies will be.
zerot~ and the strain fields of the solute atoms will

provide no resistance to the passage of the dislocation.

However, the dis@ocations are flexible and will. take up

lower energy posit}ons by bending around regions of large
inéeraction energy. Hence, the position of a dislocation

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

average spacing, L, of the partiéles.

Pigure 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

LI

dislocation around each pargible. 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 so that

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

. . . , N o
occurs by each dislocation loop overcoming the interaction

12
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Figure 6. Interaction of a Dislocation
with Solute Atoms.
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Figure 7. Effect of the Size of Solute Atoms on
the Movement of Flexible Dislocations.
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energy of +the particle, a major contribution being
prdvided by the work done in shearing through the
particle. When the crystal is in this condition, it is at
its maximum hdrdness and yield strength. In Figure 7c the
distance between the particles is much larger, and
dislocations Ean 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 since there is no work involved in shearing th{?ugh
the particle. 39

Thus, there is an optimum precipitate distribution
offering the greatest resistance to dislocation movement, — _ .
resulting .in a maximum attainable yield stress / by
precipitation hardening. Figure 8 sums up the change in
yield stress with increasing particle distripution, .with
peints a, b, and .c( corresppnding to the particle
dispersions in Figure 7. . |

A practical example of pfec'pitation hardening can
be illustrated by the aging of single crystal of Al-Cu
alloy at 190°C. the variation of the shear stress with
aging time is similar to that seen in Figure 8 (aging time
being linked to particle size.) In commercial ~~ alloys,

y 10y

PO R

the resolved’ shear strength rises from approximatel
in the asfquenched condition, to 10 u in the fully

hardened ¢ondition, where 1is the shear modulus. The

14 ) ]
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maximum hardening corresponds to a particle spacing of
100 A to 1000 R. Particles smaller than 100 A do not
harden the alloy much because thermal energy fluctuations
are able to "push" the dislocations through them. If the
particle distributions are greater than 5000 X, the
hardness of the alloy is lowe; because the dislocations

bow around the precipitates leaving loops of dislocations

around the particiéé,_as has already been explained.

- . /
1.1.4. .RECOVERY, RECRYSTALLIZATION AND GRAIN GROWTH

It was illustrated in Figure 4 that there is a
limit to the degree of useful work hardening that can be -
. . ] .
produceg in a metal or.alloy. For further cold

fabrication to take place, the structure of the material
" ’ e —

—————
—_—

must be returned to a more deformable state, which is
{ -~ -

brought about by a reduction in the dislocatidn density.
> \

. The cold worked state is mechanically stable and can

remain in 'uch a state almost indefi;itely;ohow;ver, it is
not hermodynamically stable. Approximately 5% of the
///E;tal energy of plastic deformation is stored witﬁin the
dislocation structure uof the material, (tﬁe remaining

. enerqgy being dissipated as heat during deformation.}
Heating up the metal allows the dislocations' to
move out of their slip planes, thus enabling them to move

o

along new sets of glide planes. The way in which

o

16
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dislocations are able to do this depends on the type of

3

dislocation involved. Screw dislocations move by cross-

¥

slip, 'which generally occurs \at relatively low
temperatures. At higher temperatures,dédge dislocations,
unable to move at low temperatures, are able to climb pasé
their pinhing obstacles.

Thus the annealing of cold worked metals occurs
through a pum?er of prbcesseé which may occur concurrently
or consecutively during heat treatment. These are:

1. The ;eactions of point defects and point defect
aggléherates (especially ghe annihilation of
‘these defects).
2. The qnnihilatlon of dislocations of opposite
sign and the shrinking of dislocation loops.

3. The rearrangement of dislocations to ’ formh
energetically more favourable configurations, a
process usually called polygonization.

‘4, The"absorption of éoint dgfecEs and dislocations

o by Jgrain“ boundaries migiating through the

material. !
5. The reduction of total grain boundary area.
Points 1 and 2 are discussed under the heading Recovery;

\
Points 3 and 4 under Recrystallization; and Point’5 under

Grain Growth.
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1.1.4.1. RECOVERY

| The hardness of a metal ig one ‘of the best
indicators of the degree of deformation that the metal has
received., During the recovery stage of annealing, there is
little or o reduction in the hardness of a, cold worked
metal. Thus the 'reécovery process is thought to be the

"tidying-up" or reorganizing of the dislocation structure

prior to the nucleation of recrystallization. Minor

-
-

changes may occur in some of the physical properties of a -

o
metal, e.g. the resistivity and the amount of stored

»

lattice energy.
%

\
1.1.4.2'. RECRYSTALLIZATION

Recrystallization is characterized by a very
drastic softening that commonly occurs at temperatures of
0.3 T, for pure metals and 0.5 T, for impure metals and

A

allbys, where Tp 1s the melting point of the metal. The

"recrystallization temperature™ may be taken as the

approximate temperature at which a sufficient amount of,

energy has been supplied to activate subséahtial
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 not fully understood is 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" in free 'energy
demanded by thermodynamics.

From experimental observations of the connection
between deformed structures and recrystallized regions
within those structures, it has however been concludeg
that nuc{ii/gg spring up in regions where stored energy is
locally concentrated or when there 1is strong lattice
curvature. There have been two general explanations of
these experimental observations. dThe first is based on
the idea that nucleation is a spontanecus, and random
process; the second assumes that there is a continuous
sequence. of reactions of lattice defects, ultimately
leading to a recrystallized region large enough to be
capable of continuous growth. The latter explasation
leads to the more gene;al ‘assumption that nucleation
consists of the development or ripening of lattice regions
already present after deformation.

Two models have been suggested for each concept:

1.1.4.2.1. Homogeneous Nucleation

a) The classical model is similar to the classical phasé

'

transition theory, inwhich a nucleus of a critical size
must be formed before growth can occur. In this case, it

is assumed that the nucleus is folmed as a result of

19



thermal fluctuations of a number of atoms. However, when
applied to a homogeneously deformed material, the critical
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,

betéer agreement 1s obtained. However, the estimate of

the local dislocation-density is very high when compared

with what is generall? observed. The dislocation density

that would be required for such high lattice strains 1s of
15

the order of 10lh to 10 cm'% whereas the values

ﬁsually observed for cold worked metals is more like 1010

0l? -—2.

to 1 cm

b} The martensitic model assumes that there are lattice

regions of specific mutual orientation and specifically

orientated 1intexrfaces that occasionally lie next to each
other. Both of these reg}ons combine with each other in a
néw third orientation by a martensitic-like process, due
to the reaction of partial dislocations. The lattice
region formed in this way is the nucleus which has
achieved a suitable size for growth to continue: There
has been some recent circumstantial evidence which would

justify such a mechanism. “» 5, ¢

20




1.1.4.2.2. Heterogeneous Nucleation

a) Subgrain coarsening is a form of heterogeneous

nucleation in regions of highwdislocation 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
gradual recovery and rearrangement of lattice defects,
especially dislocations. At first small angle grain
boundaries are formed, from which mobile large angle grain
bo&ndarles grow. The transition of the former to the
latter is a controversial poaint 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 annealing; for subgrain coalescence, the
A\

1

disintegration of some subgrain boundaries is thought to

have the same effect. In either instance, large subgrains

are formed in which parts of the subgrain boundaries are

large angle boundaries. Evidence f?r both processes has

9 10

7’ e’ s

been obtained from electron microscopy studies.

4

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
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areas of locally higher stored enerqgy, and create a
nucleus of dislocation-free lattice which is then free to

grow. Evidence for the bulging mechanism has also been

11 12
7

obtained repeatedly.

In summary, the experimental evidence suggests
that nucleation during recrystallization’may occur in a
number of different ways, but the specific conditions
which account for the occurrence of one mechanism in

preference to another are not yet understood.

1.1.4.3. GRAIN GROWTH A

Recrystallization 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
so that the mean grain diameter gradually increases.
There are two major modes of grain growth: normal (or

continuous) grain growth, where the grain diameter remains

uniform throughout the specimen; 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 others, a phenomenon which has been
variously ascribed to the surface energy of the metal
and/or differences in specific boundary energy between

neighboring grains.

22



In the initial staées of grain growth, the process
appears discontinuous but, on continued annealing, the
grain growth becomes normal, especially if the initial
grain size distribution is broad. Normal grain growth
ceases when the mean grain diameter is approximately the
same as the specimen dimension, e.g. the sheet thickness
or wire diameter (a grain size generally much greater than
. this is not needed commercially). The grain boundaries then
become pinned at the surface by "thermal grooving." In
exceptional cases where the pinning force is small enough
to be overcome by the grain boundary, a tertiary
recrystallization process is sometimes initiated. 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 importan-t commercially, has been extensively
investigated. For very pure metals, the grain size

follows the rélationship:

1/2

D - D, = Kt (4)

where D, is the initial grain size, K is the rate
constant, and t is the annealing time. However, for
alloys and commercial purity metals, the rate of growth is

slower and the power of t is nearer to 0.3 than 0.5. This

23



is because grain boundaries and dislocations are pinned by
second phase precipitates of insoluble inclusions, as has
been explained 1r; Section 1.1.3. As the grain size
increases, the driving force per unit area decreases, and
eventually a stable grain size is reached at which the
anchoring forces balance the driving forces. From an
estimate of these forces Smith !? has deduced that this
stable grain size is about 4r/3<3t in a metal which
contains a volume fraction, o, of inclusions of radius r.
(The grain size of metals can be controlled 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 hafdening in metals and the way
it can be removed by aﬁnealing have been discussed. It
remains to be seen how annealing is carried out on an
industrial scale. Since the research work to be described
later is concerned with developing an annealing sensor for -
low carbon steel, particular reference will be made to
current annealing practices in the steel industrys\

Before cold rolled steel strip can be fabricated,

it must be annealed. The sole purpose of annealing is to

24



soften the steel so that it can be used in severe cold
working operations, such as pressing and deep drawing
without tearing. .

An example of how important the annealing stage is
in the production of steels for fabrication can be seen
from some approximate world steel production figures: In
1983 total world output was approximately 800 million
tonnes t . \About 60% of this production was in 'thé form
of cold rolled strip, most of which has to be annealed,

i.e. more than half the world's steel requires annealing

before shipment.

There are basically two processes available for

annealing of cold rolled strip: Batch and continuous

annealing. Each has its advantages and disadvantages.

1.2.2. BATCH ANNEALING

The most common batch annealing furnace used in
industry 1is the gas powered bell furnace. The bell is a
hood which 1is placed over the charge of tightly wound
steel coils, and then either filled with a protective gas
or totally evacuated. A protective atmosphere furnace is
principally used for the bright annealing of cold rolled
low carbon steel strip, whereas the annealing of high

carbon and alloy steels is carried out using a combination

of vacuum and inert gas methods.
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Figure 9 1is 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, so
that the charge c;n be cooled or, loaded more rapidly.
During the cooling cycle, the furnace can be replaced by a
fan-driven cooling hood which directs cool air on to 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 to work |
on a carousel system, 1i.e. to rotate from one base to
another from a fixed central column.

The amount of steel in a large batch annealing
furnace can be as muc‘h as 250 tonnes, conéuming about 175
kcal of heating gas per kilogram of steel. This is a very
large energy requirement, due to the high heat capacity of
sSteel, so a lot of the heat is required to ensvure

that all parts of all the coils reach the annealing

temperature.

1.2.3. CONTINUOUS ANNEAL ING

Continuous annealing is a relatively new process
(although the first installations were made about 50 }'zears

ago), and will be dealt with purely as a contrast to batch
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q,%ealing. In éontinuou; annealing, the éoil is gradually
unwound and the strip passes through a furnace, thus being -
rapidly heated to the annealirig temperature. During ‘its'
passage through' the furnace, it is held at the anneaiing

temperature for a short period, and then rapidly cooled.

The total annealing time for any one section of the strand

15

is from four to eight minutes. Figure 11 shows the

comparison ©®f the heat treatment cycles for. continuous
. "

and batch annealing. The quick conclusion from this

co'mpar'ison is that the continuous process would be the
more desirable. However, there are serious disadvantages
to continuous annealing which will be discussed in the
next section.

Modern continuous arinealing furnaces'® have been
incorporated into full processing lines, e.qg. the
installation at N.K.K.!S (Figure 12.) Pickling,
electrolytic cleaning, and temper rolling are all combined
into one process.

4

1.2.4. COl-'dPARISON BETWEEN BATCH AND CONTINUQOUS ANNEALING

Continuous and batch annealing are two Very
different processes: Batch annealing is a very simp_le_ but
lengthy process which is difficult to control; continuous
annealing is a short but complex set up that is relatively

easy to control. From a metallurgical viewpoint, the

/ /
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large time difference between the two processing cycles
has important effects on the séructure of the final
product.

The aim of industrial annealing is to obtain a
satisfactory grain size that will Providg the " material
with the desired mechanical properties suité%le for
further fabrication processes. Low carbon steels,
especially Drawing Quality Specially Kilied (DQSK) steels,
ufually require the grain size to be a minimum of 30 uUm
and a maximum of 40 u m. The upper 1limit is usually
defihed 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
orange.

Forty um 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
approximétely 0.03 w/o of carbon out of solution at an

&

annealing temperature of 700°C. Also, there can be some
complex oxide; -- mainly alumina séinels -- 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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. aqhieved.ﬂ The annealing time for the continuous process
is very short and allows no time for grain growth to
occur; hence, aluminum-killed steels are not annealed on a
continuous annealing line because of the presence of
insoluble inclusions which prevent grain growth.~ Batch
annealing, however, can provide the soak times that are
needed for 1low carbon steels with a high inclusion
content. Grain growth rates can be increased in the
continuous process by raising the annealing temperature
above the Al temperature (approximately 720°C.) This 1is
possible because the short annealing times do nét allo

7

the carbide precipitates to coarsen by a significar

/
amount, a phenomenon which would otherwise decrease the

formability of the steel. 'Batch anneali;g on the other
hand 1is restricted to tempgraturgs.below Al because, Hot
only would the carbide precipitates «coarsen at higher
‘temperatures with the 1long soak beriods, but also,
adjacent wraps in the coils would tend to stick together.
Drawing quality specially killed (DQSK) steels not
only\ have to have a suitable grain size, but also must
have isotropic mechanical properties. The batch process
is the preferred method for annealing these steels,
because precipitation of aluminum nitride during early

recrystallization promotes the growth of grains having

suitable crystallographic textures for good deep

33
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drawability. In continuous annealing, aluminum nitride is
undesi}able because, like the aluminum oxide inclusions in
killed steels, the nitride particles restrict grain
growth.

Another factor affecting grain growth 1is the
heating rate. Slow heating rates, 1like those used in
batch annealing, are thought to act to reduce the number

of active recrystallization nuclei, and so increase the

final grgin size. -

The quality of the heat treatment received by the

stéel can differ greatly bet&een fhe two processes. T%e
heat treatment of a single strand is easier to pontrol and
monitor than that of a large number of stﬁcked coils.
Therefore, the anneallﬁg of steel by the cohtinuous method
is more uniform and repeatable than the batch érocess.

The heat treatment received by a coil 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 temperature 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 all batch operations

have over continuous ones is that they can allow for a
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great deal of process flexibility. Cogtinuous processes,
once installed, cannot be dramatically altered to suit a
widely varying product requirement, because of the high
capital cost aincurred by altering the process. Batch -
annealing furnaces can deal with the wide variety of steel
compositions and “heating/cooling cycles required by
different customers. Batch annealing furnaces are
therefore still widely preferr;a because of the process
flexibility in spite of their disadvantages outlined above.

Batch annealing furnaces are therefore unlikely to
be superseded by the continuous annealing line,
particularly 1in view of the high capital cost of the
latter; but 1t 1s probable that larger quantities of steel
are going to be processed by the continuous process as new

alloys are developed.

1.2.5. BATCH ANNEALING: ADVANCES AND CURRENT PRACTICES

Modern batch annealing practice is governed by two
major factors: a need for greater heating efficiency
brought about by escalating fuel costs; and technological
advancements in all phases of steelQRaking which have
increased the rate of production. For instance, heats of
45 minutes 1in the basic oxygen furnace, computerized
slabbing and hot mills, and high speed tandem mills have
all forced’  an increase in the turn-around time for the

batch annealing process.

35



l1.2.5.1. GAS VELOCITY

The heating efficiency and heating rate are both
very dependent upon the volume and velocity of the heating
and protectivé gases. The latter is directly controlled
by the gas agitation fan at the base of the furnace
(Figure 10). To reach the most ‘even temperature
distribution possible within the stack, the fan should 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 variable. In a similar way, the combustion gases
within the combustion chamber should have a high veloc%ty
to give the best possible temperatur% distribution over
all the protective bells. 'This is achieved by positioning
the burners in the combustion chamber so as to create a
swirling motion (Figure 13.) This reduces the " number of
burners and associated hardware that are reéuired, and
also means that the burner flames do not directly impinge
on any of the bells, a circumstance which would create
localized hot spots that set up thermal stresses,

ultimately causing the bells to rupture.

1.2.5.2. BURNER EFFICIENCY

Burner efficiency has been iﬁcreased by preheating

the fuel/air mixture prior to combustion, and maintaining

.
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the correct fuel/air ratio throughout the heaFing cycle.
The combustion mixture .is preheated, wusing recuperators
situated within the fursace. As the preheat temperature
increases, so the energy wasted in heatigg the combustion
gases by direct combustion decreases, and the fuel/air

17
ratio has to be changed accordingly (Figure 14 ), The

correct ratio 1is autoﬁatically maintained, regardless of
preheat temperature, by a simple arrangement of diaphragm
Jegulated 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 fixed base annealing plants in cold rolling
mills operating with protecfive gases, equipment to
accelerate cooling 1is wused either to 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 operati;g and maintenance
costs. .

Accelerated cooling rates are' achieved using
built-in water-cooled cooling units in the base of the
furnace (Figure 10). One version of this system has been

developed under the trade name "Intra Kool" by Surface

Div., Midland Ross Corp. '’ During the heating cycle,
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the syst is dry; on cooling, water is introduced when
the temperaﬁq;e has decreased to the 600 to 550°C range.
This results 1in rapid cooling of the gas atmosphere
recirculating within the bell. The cooled gas, in turn,
cools the load by forced convection from the g;s agitation
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
tonn;ge can be produced from a given floor area - when
compared with conven;ional cooling techniques. There have
been difficulties using the Intra Kool technique because
the cooling spirals are subject to distortion, mechanical
restraint, corrosion, and atmosphered collapse. These
problems are being resolved with better design and
materials selection for the spirals and support braékets,

as well as improved installation techniques.

1.2.5.4. PROTECTIVE GAS CIRCULATION

Without the presence of a forced circulation of
protecéive gas, the temperature distribution within the
furnace would be very uneven, since the heat transfer
wéuld 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.



The temperature distribution within any particular

‘coil in a batch annealing furnace has been studied by

Terzic '°® , who mathematically modelled the change in

temperature contburs 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/mh°C
which, in the longitudin;l direction, amounts to 32
kcal/mh°C. As a consequence of the radial\ heat
transmission, the cold spot during heating, or hot spot
during cooling, is offset towards the axis of any
particular steel coil. If a charge of coils is to have a
uniform hgat treatment in a batch annealing furnace, then
the heat transfer from the circulating gas to the coils
must also be uniform. It has already been stated in
Section 1.2.5.1. that the overall heat transfer is highly
dependent on the pressure and velocity of the gas but,
more recently, the flow pattern around the coils has been
found to be equally 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 coil and
down the axis, with 15% flowing through each of the spaces
between the coils (Figure l5a). In conventi;nal furnaces

o

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

plexiglass water model was used to model the gas flow

b

around a stack of coils. - The best flow system was ‘found
to be a swirling motion caused by a series of diffusers
and spacers placed in the base and in between the coils
(Figure 15b). This evened out the flow throughoqt the
stack; 32% of the flow was channeled in between each of
the coils, 20% down the axis and 16% in through the base.
The result of this was a decrease in the overall annealing
time 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 syétem itself can be
fairly simple.

v The batch  annealing facility - at North
Annealing '’ anneals these steels at a standard cold spot
temperature of 704-715°C, the standard furnace temperature
being éiSdC. 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 well as each
individual stack temperature. Control is effected% by
usiné the furnace temperature reading and one of the stack
temperatures as a second control reference.

The batch annealing process, 1like many other
processes, can of course be %dapted to computer or

\
microprocessor control. This has already been
accomplished in the coid rolling mill at Krupp Stahl A G,
Bochum in Germany °°, with the introduction  of
microprocessors, each microprocessor controlling one
furnace installation in accordance with preset parameters
for the annealing and cooling cyéles.

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

.

with the aim of ré&ducing the annealing cycle times using
computer controi. Midland ‘Ross !’ have developed an "on-
line" real time ﬁonitoring and control system which uses
feedback information from four thermocouples in each stack
(Figure 16). These readings are used to predict the
thermal gradients 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 well as any

- irreqularities in temperature distribution in each stacks. -
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* Thus there are three major benefits from the use
of ra computerjcontrolled system:
1) Improved reliability and process repeatability
2). Energy‘savings through reduction of excess
- heating time
. 3) Increased productivity
The use of the computer in the future will

no doubt be extended to include inventory control and

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

cycle time, and stack heights.

An exémple of the successful application of
computerization in the annealing of steels is the computer
program developed by the Engineering Corporation of
Ameriéa '’ , used to predict firing time on chafges. This
program has allowed the firing of coils 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.

1.

SUMMARY

The properties of metals, which are dramatically
changed by the generation and movement i of
dislocations during cold work, may be restored by
annealing.

Industrial annealing of cold rolled iow carbog
steels is carried oué in batch and continuous
annealing furnaces.

The developmeﬁt of more efficient burners, and
better gas flow within the batch furnace, have
greatly improved efficiency ©f the process, as
well as reproducibility of p%operties of the
annealed steel.

Microprocessors and computers have recently been

adapted to control batch annealing,



CHAPTER 2

2.1 OBJECTIVES OF THE.PRESENT RESEARCH

The batch annealing cycle time is véry long; this
leads to high costs. However, there is little to gain
economically from minor reductions in the process time.
For any incentive for change, it is desirable to achieve
reductions in time of an order of magnitude.

There 1s little information in the literature to
indicate that the operating parameters for batch annealing
furnaces are based on anything more than previous
annealing experience. The advent of computer modelling
and control has improved the situation by taking into

account the physical properties of the steel. Although

‘the application of computer modelling and control has made

the process more efficient and reproducible, more precise
control of the furnace, and hence the final product, could
be effected 1f there were some means of taking a direct
measurement of a mechanical or physical property of the
steel that would exactly follow the progress of annealing.

The present research project was designed to
develop a sensor capable of continously monitoring

recrystallization and grain growth during the annealing of

48
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léw carbon steels. An important facto£ in designing a
sensor was its potential adaptabilitylto ?he 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 replacement, and adaptability to

instrumentation and control under industrial conditions.

The next chapter will outline a new technique
which was thought to be capable of following all of the
anne&ling' 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 SENSOR BASED ON .

ELECTRICAL RESISTIVITY

A\
There are many properties of co}d worked metals

which could be used to follow the changes that takedplace
during annealing. Some of the techniques and physical

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

changes are . the hardness test 2! , density
megiyrementsbz , electron and optical metallography 23,
calorimetry zu , ultra-sonic attenuation 23 , eddy current
changes 2e -, .and even ‘more sophisticated methods such as

X~ray topography 27, and positron annihilatione®® . All
these methods are capable of i1dentifying the. changes which
occur during the several stages of annealing. However,
they are generally much better suited to laboratory
investigations than to industrial monitoring, where( the
needs for accuracy, robustness, reliability, and
adaptability to control procedures are all influential
s

considerations. .

After reviewing the vafiogs possibilities, the
physical parameter that appeared to be best suited to
eventual industrial application as a sensor was electrical
resistivity. Being a guantity that is very sensitive to

structural change, 1t can be measured with great accuracy,

- f
and 1s amenable to instrumentation.
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3.2 THE ELECTRICAL RESISTIVITY OF METALS

The resistance to the flow of thermal'and electric
currents 1in any metal 1s caused by scattering of the
conducting electrons. The two prirncipal sources of
electron scattering are thermal vibrations of the lattice,
and defects in the lattice. The latter can take the form
of impurity atoms and lattice defects, such as
dislocations and vacancies, - which limit the mean free
paths of the electrons, thereby increasing the resistance
of the metal. It is algo assumed that the resistivities
due to thermal vibrations and lattice imperfections are
both additive. This was the basis for Matthiessen's Rule
of 1884, which states that the electrical resistivity, o,

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

pAT) = py + Co+ Syt 05 ‘ (5)

where ey is the residual resistivity due to impurities; p,
is the residual resistivity due to lattice wibration
scattering; P ., is the residual resistivity caused by

lattice imperfections (viz dislocations and vacancies);r

[o3]

a
is the residual resistivity due to scattering at grain
boundéries. P B is very much smaller than °..,,and in the
case of a single crystal, ¢ ,, = 0. For a fully annealed
metal with a relatively large grain size, it can be

O =4 o =
assumed that GR 0 and oW 0.
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3.3 EXPERIMENTAL METHODS FOR DETERMINING ELECTRICAL

RESISTIVITY

For many: decades, the standard approach to the
measurement of low resistivity materials has been to use a
D.Cl. method, such as the Hoopes or Kelvin Bridge (Figqure
17). For example, the D.C. method has been the standard
procedure for measuring the electrical resistivity of
copper for industrial ‘quality 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 1l0ulor more. The
drawbac}c of techniques such as the Kelvin bridge is that a
correction must be made for the temperature at which the
measurement 1s taken, due to the temperature component of
resistivaty. T¢ measure the absolute resistivity of a
metal to a high degree ‘of accuracy, the measurement must
be taken at 4K. At tﬁis low temperature, it is assumed
that 0 .= 0, and that the value of resistivity is entirely
due to impurities and lattice defects present in the
material.

Two classical approaches to following annealing
processes using resistivity 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 nitrogen?’ , or (ii) to measure
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the resistivity of quenched samples at room temperature
and tﬁen make temperature corrections to the readings so
that they can all 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 microstructural and physical changes
thqt occur during annealing are to be :§tudied, it is
essential to eliminate the contributions to the electrical
resistivity due to temperature and impurities present in
the lattice. Fortunately, a very sensitive differential
A.C. technique has recently been developed by Drew et
al?? that was thought to be adaptable to the special
requirements of the annealing of steels.

'

3.4 THE DIFFERENTIAL A.C. TECHNIQUE

If the resistance of a cold wgrked metal is

measured during annealing, the change in o is small

CW
compared to o g and, therefore, any changes due to
recrystallization are )masked . However, 1f it were

possible to measure di'féctly the difference in resistivity
(A o) between a cold worked sample a}xd a previously fully
annealed specimen (i.e. a reference standard) of the same
material, then:

Ap =0 +” p (6)
assuming that p, and P, are not influenced by colc; work,

and that Poy and 0 can both be regarded as zZero

GB
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for a fully annealed sample. Thus, Ap 1is a direct
indication qf the progress of annealing, regardless of
temperature or temperature fluctuations.

The circuit originally proposed by Muir and Strom-—
Olsen *? can be modified to measure the difference in
resistance of two specimens (Figure 18a).h The lock-in
amplifier has a differential input which may be switched
to read either V, or V, (the voltages across each sample),
ordvV =V - Vo . Since the resistances of the samples
are of the order of a few milliohms , the 500 ohm ba}last
resistor converts the signal generator into a constant
current source. I1f the change i1n the resistance is very
small (of the order of 0.05 milliohm), then the change 1n
the voltage across the cold worked spécimen is
correspondingly small. This change is magnified by two
commercially available, high quality, shielded 30:1, audio
transformers, T and To, which are identical in
performance to within 0.1%.

This arrangement alsc had to be adapted to monitor
the change 1n electrical resistivity of metals during
annealing. This was done by building a probe that could
be inserted 1into a furnace and, in particular, hold
qpecially designed specinpens of the metal.

In order to determine Ap from the measured

voltage, AV, the geometry of the specimens must be known.



Since the same current flows threugh both the cold worked

and annealed specimens, then:

AV =R, =R, = pyfL ] = 0y[L, (7)

I A A

where L and A are the length and cross~sectional area,
respectively, of the specimens.: 1f the specimens are

identical, then:

AVIA (8)

(i.e. Ap is directly proportiocnal tod V).

Specimens of identical geometry were produced (Figure
18b) using a die and punch, which enabled them to be
matched more closely. Mismatch of the specimens results
in a deviation from that of matched pairs by an amount

proportional to:

13

A similar but more exratic error-sccurs if there
is a difference in temperature between the specimens. In
order to egualize the temperature between the cold worked

sample and the standard, the specimens were tightly held in
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a copper holder (Figqure 18%), and insulated from each
other with thin sheets of natural mica.

fhe leads to the specimen were insulated‘from each
other by small diameter, twin bore, ceramic thermocouple
tubes. The current leads (I) were separated- from the
potential leads (V) by approximately lcm, to minimize any
inductive coupling between them.

The voltage, AV, aﬁé temperature were recorded
continuously on a floppy disc, 1using a microcomputer
system. This system will be described in greater detail
later.

The great advantage of the differential A.é,
technique over D.C. methods is that the effects due to
thermally generated~,emf's produced in the current and
potential leadé are cémpletely'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 METHOD TO

THE ANNEALING OF LOW CARBON STEELS

The differential resistivity téchnique described

in the. previous section was first successfully used ?By

Drew et al 31

to follow the progress of annealing of cold
rolled o -brass and copper, both single-phase materials.

The purpose of the present research was to develop and

v

58 \




B,

R DU

refine this method so that it could be used to follow the

progress of annealing in cold worked 1low carbon sheet

steel. This was-: expected +to be difficult since the

F,

g»&‘
recrystallization temperatgfe {and therefore the
industrial annealing temperature) of low carbon steel is
approximately 400°C- higher than that of copper ror ‘o —

“~
brass. Steel,”, being at least a two-phase material, is

¥

Qe
hY)

also a more complex material.

Another difficulty arises from the fact that,
uglike copper, @he rate of increase of the resistivity of
steel is not propdrtional to the increase in temperature.
Figure 19 shows the reduced resistivity ( o ¢/ ¢ gp) for
plain carbon §teel33 and coppér’’ , plotted as a
functioh of temperature, where ppis the  electrical
resistivity at temperature T, and?f grr is the electrical
resistivity - at room temperature. The data for plain
cé£bon steel correspond cleosely to those for the steel
used in the present research; further information on this

*

steel will be given later.

The ' increase in thé reduced resistivity for
copper from room temperature to 700°C is of the order of
3:1. In contrast, the value of OT/PRT for plain carbon
steels varies much more stré;Bly with temperature,
increasing by about 9:1 , from room temperature to 700°C.

Thg' effect of this, when measuring the differential

resistivity during the annealing og steel, 1is to increase
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the accuracy of the measurement. This ;s becguse there is
a larger increase i; voltage across each steel sample than
in the case of copper or 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 by more than about +0.5°C, the accuracy of
measurement of AV decreases to an unacceptable level. It
is for this reason that the two specimens must be clamped
tightly . together in a copper holder to minimize thermal
gradients. The net result is that tﬁé accuracy of
measurement of AV for iron and steel is about %4%, much
lower than that for copper (£1%), or a-brass
(£0.5%) *' .

Since steel is (af least) a two-phase system, the
éblution\(or precipitation) of carbon was also expected to
influence the accuracy of measurement. However, with the
use of a differential method - assuming the composition of
the samples to be identical - these éffects 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 3 in the
study of copper and a -brass were machined from plate or

strip metal to the dimensions seen 1n Figure 18c. Apart
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from being a long and tedious process, machining did not
provide the precise dimensional control required for
sample matching. In Section 3.4 1t was explained how
differences in the dimensions affected the final results.

o -
In the present work, all the samples were made u51ng) a

specially designed punch and die, which improved the
dimensional precision to better than 1%.

Another difficulty arose’due to the variation in
the thickness of the sheet across the rolling direction, a
consequence of poor roll quality. To solve this problem,
a. small 3jig was de51;ned (Figure 20) which enabled the
differential resistivity of two cold worked specimens to
be measured at room temperature. One*specimen was used as
a reference, against whlch.about 20 to 25 others were
compared. Samples were then matched up by pairing off
those with the most similar readings against the
reference. One of the specimens in each matched pair
could then be annealed to the reguired heat treatment.

Electrical connections for the voltage and current
leads were made by spot welding constantan wire to the
tags on the matched pairs. The cold worked and annealed
samples were then spot welded together at one end (Figure
21). Constantan wire 1s an ideal material for electrical
leads: it spot welds easily to steel, does not undergo

any phase changes 1n the annealing temperature range (near
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700

and has a low temperature coefficient of
resistivi over that range.

~

3.7 ANNEALING OF REFERENCE STANDARDS

The” steel reference standards were annealed in a
ﬂ}gh vacuum to protect them frem oxidation. .Table I .shows
th? five heat treatments that wE:;\uged. Figure 22 shows
the typical grain structures and grain-sizes 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 solution at low temperatvres. Standards
treated in this way were étored at -20°C to prevent aging
(i.e., precipitation of carbides) at room temperature
prior to being used. .

Heat treatments B and C aimed to achieve a minimum
and maximum grain size at a temperature of 700°C. Figure
23 shows the increase in grain size with annealing time at
700° C. From this graph it is clear that a minimum grain
size' of 5.8lum is obtained after 15 minutes annealing time
and the maximum of 8.78um 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 1n equilibrium on reaching room temperature.
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TABLE 1

HEAT TREATMENTS USED TQO PRODUCE REFERENCE STANDARDS

HEAT TREATMENT ?IME/TEMPERATURE COOLING METHOD
A 15 minutes € 700°C water guench
B 15 minutes € 700°C furnace cooled
C 64 hours e 700°C furnace cooled
D 0.5 hours € 11006°C furnace cooled

t
E 0.5 hours @ 1100°C +
64 hours e

700°cC furnace cooled:
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By heating the standards to 1100°C (into the

austenite range), as in heat trea%ments D and E,'and then
slowly cooling from this temperature, a very large grain
size of 30.3u was obtained, with about 35% of the grain
-structure being pearlite. Further heating at 7OQ°C for 64

hours, as 1n heat treatment E,- ensured that the pearllté

became spheroidized.

The reference standards used in heat treatments D

I
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 1in resistivity during annealing was made up of a
40 cm long, [2.5 cm inside diameter mullite tube. Kanthal
A-l resistance wire was wound around the tube in a bifilar
manner to avoid electrical induction 1in the samples. The

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

the coi1ls at the ends were closer together than 1in the

middle. This made the hot zone as 1long as possible
(approximately 10 cm). The maximum variation in
temperature within this zone was 12 °C. The furnace was

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

proportional gain control, and pre-programmed ramp
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generator. The ramp generator was capable of providing a

range__ of constant heating or cooling cycles of 30 minutes
T ——

to 128 hours, to the required temperature in increments of

a factor of two: ,

!

%9 ATMOSPHERE CONTROL

All experaiments were carried out under vacuum,
using a rotary and diffusion pump system capable of
achieving a vacuum of lO—5 torr. There was also provision
for the introduction of a protective gas. To ensure that
oxidation of the samples was reduced to an absolute
minimum, a few small pieces of titanium sponge were placed

in the hot zone to act as an oxygen getter.

Q
-3.10 EXPERIMENTAL PROCEDURE

) The basic arrangement of the annealing probe as
used 1n the experimental furnace is shown in Figure ’24.
The probe, with the copper holder and samples clamped
tightly within it, was placed in a quartz tube sealed at
one end. The seal between tgé_probe and the quartz tube
was provided by an "O" ring,. squeezed against the quartz
tube to make the seal. Ail the electrical 1leads 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 bécause, in the range of 0 to lpOOOC, the

"E" type thermocouple gives the hiéhest voltage output of

.all the thermocouple types, and, therefore, the most

accurate reading, " and is also,suitable for wuse., 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 Dbetween the qdértz tube and the

furnace wall so Fhat the control action and response times
could be as fast as possible. In addition, both
thermocouples were éompensated for room temperature, using
Omega-CJ .cold junction 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 ‘

In the previous work done by Drew et a1’! . the
data were plotted continuously with an X-Y chart recorder.
This 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 time-consuming. The decision was therefore made
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to employ a microcomputer which could handle . data
acquisition, manipulation, storage, and real time
plotting.

B

3

Figure 25 1is a schematic illustration of. the

system that was used. The cenrtral componént was the Gimex

L (6809) . microprocessor, which was able to control the

_various peripherals like the floppy disc drives, the

graphics plotter, and the uMAC-4000 analogue-to-digital

converter. The computer worked with a low level assembler

‘language, simultanecusly with a high level Basic

language. The assembler program which, for copyright

reasons, cannot be published here, was supplied by S.A.

Argyropoulos. 3* - This  activated, controlled, and

N

received data from the UMAC-4000, and stored these values

on

a temporary spot on the computer memory. The Basic

programme (Appendix .I) then took these data and . performed

several functions:

1.

2‘

>

The 'thermocougl; temperature reading was converted
from millivolts to degrees celsius by a polynomial
conversion. The Basic programme K computed and
directed this result, with theAv Feading to be stored
B a floppy disc érive. )

The temperature and AV data were then used to

calculate _the derivative of the data. -This was

__ __ _accomplished by completing a regression analysis over— ———

-

]

i

+
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f’igure 25. Data Acquisition System.
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twenty points -~ a temperature span of approximately
2°C. F;op this, the ‘slope at a particular
temperature was obtained and, once again, directed to
a separate file on a floppy disc. This data group
was then advanced by five readings, and the whole
operation repeated.

3. The Basic progrémme also controlled and relayed both
sets of data directly to a Hewlett Packard 7224A
graphics plotter sc that the data could be plotted on
a real time basis. This meant that both sets of data
could be plétted simultaneously during the
experiments. ,

l

3.12 METALLOGRAPHY AND HARDNESS MEASUREMENTS

Metallography and hardness meisgrements :ere
required on samples of the steel under study in order to
compare them with the results obtained from the
differential resistivity measurements., Samples of steel
w;re prepared to correspond toc different stages of the
annealing cycle: Each sample was heated to the reguired
temperature at the same ratexas was used 1n all the
experiments, and then cooled rapidly (but still in vacuum)
outside the furnace.

Hardness tests were carried out i1mmediately after

heat treatment, in order to eliminate any age hardening
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that might otheérwise occur. A Vickegs hardness tester was

used to take the measurements using a load of 2.5 kg.
Metallographic specimens of the same heat treaGed

samples were polished 1n stages from 240 to 600 mesh

silicon carbide papers, and then from 6 micron down to

0.25 micron with diamond polishing wheels.
Photomicrographs were —akenof =he scecimens on a

\
Neophot metallograph. Grain si1ze measurements were made

directly on the micrographs using the grain boundary

linear intercept method.

3.13 MATERIAL SELECTION

The steel used in this work was a commercial grade
gf steel, of the type commonly supplied to the automobile
industry, and made available by Stelcc Inc.

The chemical analysis of the steel was carried out
on an emission spectrometer, and showed 1t toibe a run-of-

the-m111, low carbon steel bTab%g 1I1). Table III1 details

the amount of cold reduction received by the steel, its
thickness, final hardness, and room temperature
resistivity. These properties are similar to those

expected of a low carbon cold rolléd steel sheet of an

AISI-SAE grade 1020 steel.

A s \
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° ; : TABLE 11

Chemical Analysis

C Mn P s si Cu Ni cr | Mo

0.175 0.590 7 0.005 0.016 0.010 0.028 0.019 0.128 0.002

TABLE 111

Physical Analysis

Prior Cold Cold Rolled Vickers Diamond Room Temperéture

Reduction Thickness Pyramid Bardness Resistivity
(%) (mm) (VHN) (nQ m)
82 0.41 234 172
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CHAPTER 4

RESULTS AND DISCUSSTON

4.1

INTRODUCTION °

The discussion of the experimental work described

1n this thesis will be in the following sequence.

a)

c)

3

The first section will deal with typical results
obtained with the differential resistivity technique

for the 1low carbon steel whose Fropertles were

detailed 1in Chapter 3. The three stages of
annealing (recovery, recrystallization and grain
growth) will be discussed 1in detail. Special use

will bé made of the derivative .plots of the .
resistivity/temperature curves, which 1llustrate
more dramatically than straight plots the changes
1n resistivity that occur upon annealing.

The second section will point out some anomalous

behavior 1n the resistivity/temperature¥#relationships

during the recovery stage of annealing. This

"Lehav1or will be explained using the results of

subsidiary heat treatment experiments.

The third section will examine how the differential
re51st1©1ty technique might be improved to monitor
and measure gralﬁ growth at the énnéallng

temperatures normally used in steel processing

(650 - 725 °C).




CHAPTER 4

RESULTS AND DISCUSSION

4.1

in

a)

c)

INTRODUCTION

The discussion of the experimental work described
this thesais will be in the following sequence:
The first will deal with typical results obtained
with the differen;ial resistivity technique for the

i

low carbon steel whose properties were éetailed in
Chapter 3. The three stages of annealing, recovery,
recrystallization, and grain growth will be dlscusse?
in detail. Special use will be madé of the“derlvative
plots of the resistivity/temperature curves, which
illustrate more dramatically than straight plots the
changes in resistivity that occur upon annealing.
The secoﬁd section will point out some anomalous
behavior 1in the resistivity/temperature relationships
during the recovery stage oé annealing. This behavior
will be explained using the results of subsidiary heat
treatment experiments.

The third section will examine how the differential

resistivity technique m1ght>be improved to monitor and

‘\-measure grain growth at the annealing temperatures

& normally used in steel processing (650 - 725°C).

-
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d) The'foﬁrth section will be concerned with experiments
on the simulation of industrial batch annealing.

e) The final section will discuss the potential
adaptation of the technique to the monitoring and
control of a large (250 tonne) industrial batch

annealing furnace.

4.2 GENERAL DISCUSSION OF ANNEALING OF LOW CARBON STEEL

It was' previously explained in Chapter 3.4 that
A vV is di£ectly proporslonal to the differential

resistaivity ( 4o). Since all of the meésurements recorded
in ‘each exberlment were in terms of the voltage ( . V),
henceforward, all references to the differentzal
resistivity will be referred to as A V.

Figure 26 shows a typical plot of LV versus
temperature obtained for the low carbon sheet steel’
detailed in Chapter 3. The cold worked sample was matched
Wlth‘ a reference standard annealed to heat treatment B
(Table 1). The lines OM and MF represent the change 1in
A V with temperature during the heating and cooling cycles
respecfively. u v SAMPand Ves indicate the directions that

/
an increase in the resistivity of the sample or reference

standard would have on the value of AV.

4
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The three stages 6f annealing are identified in
Figure 26. Recovery (Stage 1), which occurred between
room temperature and 530°C, resulted in a decrease of 60%
in AV, Recrystallization (Stage 2) resulted in a 40%
decrease in AV between 530 and 600°C. The change in
AV resulting frbm grain growth (Stage 3) between 600 -
700°C was very small in this case, and could not b;
accurately quantified. However, further 1investigation

into grain growth was carried out and will be described

lepé;.

temperature resistivity 1s given by:

The overall percentage decrease in AV at room

7
80 x 100 = &'r X 100 (10)
PRe ‘2s

where 407 and 4V, are the total differential resistivity
and voltage chdanges after annealing, and Prs and VHS are
the Eesist1v1ty and voltage across the reference standard
at room temperature.

The overall percentage decrease in room
Femperature resistivity resulting from annealing was 4.5%
(this -decrease corresponding to the change from an 80%

S

cold rolled state to a fully annealed one). This compares

31 for

with decreases of 13% and 2% reported previdhsly
60% cold worked o -brass and 50% cold worked copper

respectively. The magnitude of the decrease in AV during

&
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" recrystallization is an intrinsic property of the metal

-

being tested, as well as being dependent on the degree of
cold work. I

Also shown in Figure 26 is the change\in hardness
that resulted from annealing. Good correlation was
observed between A4V and hardness data; as expected, the
largest change in hardness occurred during
recrystallization (Stage 2, 530°C). with only a minor
decrease 1n hardness resulting from grain growth

(Stage 3).

Figure 27 1llustrates the metallographic changes

that occuréd during stages 2 énd 3. Micrograph (a)
illustfétes . the microstructure at about 50%
recrystallization, ' and (b) after complete
recrystalllz;tlon. Very 1little grain growth occurred

between 640°C and 700°C (micrograph (c)), which explains
the relatively small changes i1n 4 V and hardness that
were observed in Stage 3.

Figure 28 shows the plot of A4V and the derivataive
of AV, (d(AV)/dT), as a function of temperature for the
annealing heating cycle (line OM i1n Figure 26). Both
graphs were plotted simultaneously by the microprocessor

during the experiment.
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", ‘ T rivative ¢ ¥ defines  the
rtacrystallization stage as a large peak which is much mor?
obvious than the slope change in the conventional AV
versus temperature plot. The beginning, middle, and end
of recrystallization can easily be identified in this way.
For this particular experiment, the midpoint of
recrystallization (i.e. the pecint where nucleation and -
growth rates are clearly at a maximum) was at 570°C. This
method of portraying results (using theﬂ derivative of
4 V is also important from an operational viewpoint: the
technique, backed up by the microprocessor and
instrumentation already described, thus allows continuous
monitoring of what is happening at any moment within P the
steel itself. Observations are free of inference or
"experience" or personal judgement. The resistivity probe
plus microprocessor and plotter is indeed an accurate, -

direct sensor of the microstructural state of the metal.

4.3 RECOVERY STAGE

The previous section pointed out that the three.
stages of annealing (recovery, recrystallization, and
grain growth) . can clearly be identifi?d using the
differential resisti;zity technique. The recovery r*stage

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

repeatable) increase in AV. This was followed by a
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- decrease prior to recrystallization. It was assumed that

the resistivity of the qreference standard increased
continuously {only as a result of DT) with the increase
in temperature. The increase in AV was therefore
ascribed to a physical change occurring in the cold worked
sample -that_was not occurring in ‘the reference standard.

7

An increase in the resistivity has to be a result of the
increase in the number of electron scattering points (such
as interstitial atoms). Such an increase would be
inconsistent with previous observations of the changes in

the resistivity of metals during recovery 22’ 29> 3% ,

which have all shown that the resistivity decreases and
approaches its original value (prior to cold work). This,
it 1is ar~gued, would be expected, since recovery 1is

presumed to be a rearrangement of the structure of the

cold worked 1lattice before recrystallization. The

problem, however, is that recovery is an overall change
L4

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

’hich have to be studied individually to determine their

effects, It is generally accepted that recovery is: (1)
the ordering and annihilation of dislocations to form
dislocation cells; (2) the production and annihilation of
point defects; and (3) the precipitation of aintv:-_r:st:itial
atoms around di{sr;ocations. These re-ordering processes

¢ . . /o
are presumed to result in a decrease in thé mhnber of
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electron scattering points and consequently result in . a,

decrease in resistivity.

The anomalous behaviour recorded in Fhe reco&ery
stage 1in the previous experiments ié probably made more
visible because the differential resistivity technique is
an "in situ" method, which is very accurate and, in this
case, 1is measuring changes in voltage between the matched
pairs of (specimens as small as 1 in 400 mV (0.25%) at

: . . : v 2 29
these temperatures. Previous 1nvestigations s > 30

relied on measurements taken on specimens quenched from
the annealing temperiture. As a conseguence, previous
results could have béen subjected to uncertainties and
inaccuracies related to, for example, the quench }ate,
which woula otherwise overshadow small (real) changes in
;esistivity during recovery.

It has already been stated that recovery is the
rearranggment of dislocations and the annihilation of
vacancies prior to recrystallization. Since the structure
becomes ‘more ordered, it is not possible to reverse the
process of recovery, therefore any physical properties
affected by recovery would also be irrevérsible. Hence,
if the profile of the AV/temperature data up to 400°C,
seen in Figure 26, 1is due to recovery, it should be an
irreversible change. This was investigated by conducting

3

an identical experiment to the one that produced the

N
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result seen in Figure 26 but, this time, the cold 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 have finished), and then allowed to cool

slowly. The result of the experiment can be seen in,

Figure 29, and is compared to the result seen in Figure 26
(broken 1line). 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 that
cause this anomalous behavior digld probably be
determined, using reference standards that have been heat
treated in a different way (e.g. heating to thb';nnealing
temper&ture and then quenching). ?y providing angannealed

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 chanées 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 differential
resistivity expe}iment. would ‘exhibit similar changes in

electrical resistivity (upto 400°C5. as. in a cold worked
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sample. The behavior of thé . AV/temperature relationship
in suc? an experiment duriyg fecovery,would be expected to
be constant. ' l‘
The' heat treatment of the reference st&ndard, that
‘\glwaé able to give a result like that described above. was
heat treatment A in Table I. The reference standard was
quenched from 700°C §§ produce: (1) ’a structure with a
large proportion of the carbon content in solid solution
ag room temperature, and (2) to quench in vacancies which
are formed at .high temperatures.

The result gained from wusing the reference
staﬁdard described above ig shown in Fiqure 30, ‘with the
result 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 grainm si;g of the reference standard is smaller than
the reference standard &ééd in the experiment that gave
the .result in Figuré 26, and (ii) thereé was also more
carbon in s;lid solution. ~ The profile seen in Figure 26,
thought to be due to recovery upto 400°C, is now no longer
present, with the remaining profile of the curve almost
unchanged. This iﬁplles that thére:hre 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 BEHAVIOR

The'vgx%ation of'the resistivity with temperature
of a steel sample annealed to heat treatment A was
;nveétigatedsin the following experiment. Two qamples of
steel were annealed, one according to heat treatment A,
the other to heat treatment B. These were then tested
against ggcﬂ other, using the differential resistivity
apparatus, undex >the sameﬁconditioﬁs as all the previous
‘experiments. The result is seen in Figure 31, and shows a
peak similar to that attributed to recovery in Figure 26.

The type\ of behaviour seen in Figpre 31 has

: cert%inly been' seen in .alumipumiZ% copper alloys by
Federighi °¢ .(Figure 32).‘ The peag\seen in Figure 32 has
been attributed to either of two - processes: the
retardation of the vacancy annihilation by the copper or
the clustering of solute atoms, both of which would
produce an increase in resistivity of the alioy. Similar
atomic processes c¢ould 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 wéuld produce an increase rin electrical
resistivity. Once the clusters reach a critical size, the
matri& could no longer accommadate them, and thus the

clusters would become incoherent precipitates of iron

carbides. Once the precipitation starts, there would be a
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decrease in' the electrical resistivity because of the
decfease in the concentratiogn of carbon atoms in the
matrix whiéﬁ act as electron scattering points. In this
case, the onset of precipitation would be at approximately

-

160°C, when the "recovery profile" seen in Figure 26

\

reaches a maximum.

Abe and Suzuki *7 , using a thermoelectric power
versus elecﬁrical coﬁductivity plot, have identified 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; £he
carbon atoms that become dissociated from the cementite’
segregate to the dislocations. As a consequence, the
carbon is accommodated‘ﬁithin 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 secdnd stage begins whenjthe dislocations are
saturated with respect to carbon, and the dissociated
Qarbon atoms occupy interséitial sites of the dislocation-
free regions of‘tqé matrix. ) .o

In the final stage, the remaini;g cementite

particles continue to dissolve into the completely -

recrystallized\matrix.
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These assumptions are consistent with the result
seen 1n Figure 26. The resistivkty of the cold worked
sample therefore increases more rapidly than that of the
reference standard because it has a higher dislocation

. .

density; hence the peak seen 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 enhaﬁces this effect
considerably. The rate of increase of the resistivity in
the cold worked sample then decreases after about 230°C,
due to decreases in the dislocation density and the number
of vacancies during the rearrangement of dislocations in
dislocation cells.

The behaviour explained above might also be
attributed to the productioq and annihilation of
vacancies. Pigned edge dislocations. can only move out of
their glide planes by climbing past the oSstructions
pinning them. Climb is carried out by the production of
"vacancies by dislocétions which would, in turn, result in
an increase in the resistivity. However, it is uniikely
that climb takes place, since resistivity measurements
show a greater response to changes in dissolved carbon

than changes in the dislocation density °*7 .

95



4.4 RECRYSTALLIZATION

The successful observation of recrystallization
has already been described 1n detail 1n Section 4.2.
Particular reference was made to the derivative plot of
AV which was able to determine the precise midpoint of

rebrystalllzatlon with a distihct peak.

4.5 GRAIN 'GROWTH

At present, the most 1important criteria for
determining the end point of annealing for a. fully
annealed low carbon sheet steel 1s the end of recrystal-
lization. This 1s praimarily because there are no
suitable "on-line" techniques available that are able
to quantify the grain size of low carbon steel during
batch annealing. A reliable grain size measuring device
would be very beneficial for the purposes of guality
control, and for the achievement of bpartlcular grain
s1zes requiged by various steel customers.

Tﬁendlfferentlal resistivity technique, especially
in the derivatlve/mlcropfgcessor/plotter form, is easily
able to identify recovery and recrystallization as they
occur but, so far, has~not been able to.clearly identify
grain growth after recrystallization 1s complete.

Figure 33 shows the result of the change in AV as

t
a function of time for a 4-hour isotherm at 700°C, u;}ﬁg
a reference standard annealed to heat treatment B.

A
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Initially there is a small, but discernible, decreaée in
AV which, after about 10 mihutes, does not change
dramatically for the ;:emainderb of the isotherm. It yas
thought that if the initial decrease in. AV was, due t:: the
grain size of the cold worked sample approaching the grain
size of the reference standard, then 7this decrease could
be enhanced by increasing the grain size of the reference
standard. This was the principal ‘object of heat
treatments C, D, ang E. These all produced large grain
sizes,- from 9M to 31.50 ; however, D and E did not
provide the desired result for all the cycles of
differential resistivity ,experiments, as will be shown
below. - ‘

Figures 34(a) and 34(b) show the two results of
the change in,AV as a function ~of temperature, using
réference standards annealed to heat treatments D and E
respectively. Both of the resulj:s are compared with the
result taken from Figure 26 (broken lines). The first
point\ to note is that the room temperature value of A-V in
both cases is approximately 3 mV lower than that observed
in Figure 26. This merely indicates that the resistivity
of the reference standards has been inchased due to the

<

heat treatments they have received. \ ye
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The heat treatment of the reference standards took
them up to 1100°C; at this temperature, their structuie was
austenite, which, when cooled, formed 1large 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 ﬁncreased when the steel is heated above

the. Curie temperature (770°C). The magnetic domain size

- has an important contribution to the overall electrical

resistivity of steel®® |, and it is thought .that a
significant increas€ in the magnetic domain size would
result in an increase in this component. This would
account for the decrease observed in AV values at room
temperature, 'and subsequent temperatures in Figures 34(a)
and 34(b).

Heat treafments D vand E were investigated to
determine their suitability fo; reference standards used
for the investiéation of grain growtﬁ. It was found that
the change in AV with time during a 4-hour isotherm at
700°C, when using a reference standard annealed to heat
treatment D, did not enhance the "visibility" of the
grain growth. In this case, the decrease in AV was very
small, approximately 0.25 mV (Figure 35), and it was
thought that this was due to a combination of two opposing

L 4
processes: grain growth occurring in the cold worked
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sample, and ‘spheroidization of éhé pearlite in the
reference standaig. The changes in resistivity that occur
because of these processes are both very small. However,
they are of the same order of magnitude énd, since they
are working in opposition, cancel each other out. ‘

Similar experiments were carried out using
reference standards annealed to heat treatment E (Figure
36). In this case, there was a much more noticeable
decrease in 8V during the first 30 minutes than was. seen
in Figure 35. However, the effect that the size of the
magnetic domgln had on the measurement ‘of AV was not
understood. Therefore, the decision was made to conduct
the grain size investigation with reference stanéards
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 A4V during isothermal annealing was
severely cléuded by a high degree of background noise.
This was caused by th% deposition of carbon on the probe
and contact leads which, at 700°C, has a conductivity high
enough to cause minor shorting of the leads. The carbon
was deposited by the éecomposition 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 altogether removed,
by ensuring that all 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 AV that might be caused by
a chadée in the grain size of the steel. As an examéle,
Figure 37 shows how the variation of AV 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
AV at the end of the isotherm in both cases, and using
those points as reference point (A‘rmlf; AV - AVMIN
was then plotted against time to give the absolute change
in AV during the isotherm. It is clear from Figure 37
that there is a 'more significant decrease\inzxv over the
first 30 minutes, using reference standards annealed to
heat treatment C Ehan there is using those standards

'

annealed to heat treatment B.

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 700°c¢C was

determined from metallographic samples periodically

;
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removed from the furnace. The changé in—grain size at
700°C is plotted ;s a funcéion of time in Figpfe 38, along
with the change in AV préviously illustrated }n Figure 37,
over the same time period. The change in 4V, @AV —AVMIN)
was then plotted as a function of the interfacial grain
boundary area per unit volume (SV) (Figure 39), using the

equation **

S._= 2N | (10)

L
random line per unit length on ,a two-dimensional section.

where N is the ‘average number of intersections along a

There appeared to be an approximately propértional

relationship between the two measurements. By regression

,amalysis on the data, a straight line with a correlation

coefficient (r) of 0.973 (ideally this value should be 1),
and a slope of 0.939 x 10—8 V.m. was obtained. From this
value it was possible to calculate the specific

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

3
resistivity per grain boundary interfacial area), usihg
the dimensions of the specimen, the current, and the
amplification _ factor {see ‘Appendix II for the

calculation). The specific resistivity obtained wa§\
_16Qm2, which lies between the values of

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

167 x 10

39

Chevreton for iron.
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Although the AV vs. 'time data (Figure 37) were
mathematically smoothed to reduce the‘effect of background
”Lgise, the values of AV were still not as accurate as had
been hoped. The measuremént of AV would have been more
precise 1if the amount of grain growth in the steel had
been greater: 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 obviocusly

limited the amount of grain grxowth. It @% therefore
5

, €xpected that the detection of grain growth using this

technique would be more reliable with cleaner steels or

. {
with steels that recrystallized to a -finer grain size

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

4.6 SIMULATION OF BATCH ANNEALING

Chapter 1 has §lready descriﬁed the design and
operation of a typical batEh annealing furnace, and the
long cycle times involved. The heating cycle, during
which recrystall:zation takes place, and-the soak times at
temperature, are typically of the order of 16 and B hours
respectively. It was hoped that the Gifferential
resistivity technique could be used (i) 'to detect
recrystal1izétiBﬁ””éﬁBwﬁéificularly to identify its "end
point™ and (ii)lto follow grain growth through to the enﬁ

of the long cycle times involved in batch annealing.
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.. Up to this point, all the experiments using the
differential resistivity technique were carried out using
a 2-hour heating cycle and a 4-hour isothermal anneal at
700°C, i.e. cycle times which are substantially. shorter
than those used industrially. To investigate any changes
in the results that might be brought about by longer
annealing times, exXxperiments were carried out using a
heating c¢ycle ¢time of 16 hours followed by an 8-hour
isothermal anneal at 700°C. The reference standard that
was used was annealed to heat treatment C, since this
proved to be the most appropriate during the heating and
isothgrmal cycles, and  giving the best indication of
grain growth. Figures 40 (a) and (b) are the results
obtained for both cycles. These figures show that there
is 1little difference between these and the experiments
conducted with shorter cycle times. Thus, the results
obtained and the comments madé so far would apply to the

long annealing times used in industrial annealing.
2 4

4\\.7 APPLICATION TO INDUSTRIAL ANNEALING

The studies indicate that a differential
resistivity sensor could\be applied to the batch annealing
of steel. Chapter 2 pointéd out that, as yet, there is no
direct means by which the métallurgical (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 wéapped {(except in the much less common techn?que
of open coil annealing, in which the individual turns of
the coils are kept slightly ap;rt to allow for betterv
heat transfer) and it would be most useful to know the
stage of annealing of the steel, particularly within the
coils 'situated at the coolest locations (if necessary
using several sensors) in the furnace. . However, the
dimensions of the probe (approximately l.5cm x l.5cm X
6cm) migh£ make this direct approach inconvenient (or at
least less acceptable to operators who are used to dealing
with much less bulky thermoccuples). A possible solution
ton this difficulty is the arrangement shown in Figure 41.
Here,' a thermocouple is placed within the coil wraps (ér
wherever the microstructural information is‘needed) and is
*connected to a controller which preFisely reproduces, with
no time delay, the temperature/time cycle of this location
in a remétely 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:
coils, the ~changes in ' resistivity, and  hence
microstructure, wouldlcorrespond exactly with that of the
steel adjacent to the sensing thermocouple in the batch

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
recrystailization and not the actual grain size of the
steel. As this project has shown, the differential
resistivity technique can clearly define recovery,
recrystallization, the end point of recrystallization, and
can at least indicate grain growth.

The derivative curve shows such a definite peak at
the point of recrystallization that it would be an
excellent parameter to use 1in the operation of an
industrial batch annealing furnace. The operator of the
furnace, or even a computer control unit, }could act upon
the occurrence of the deriYﬁtive peak to shut down the
burners of the furnace and commence the cooling cycle.

Determining the precise moment to shut down the
furnace in this way would mean that the fastest tutn-
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 approximately) 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, it was pointed

out that there was no sensor currently available that is

capable of determining the actual progress of annealing.

This research project_?as thus successfully developed a

sensor capable of continuously monitoring the entire

annealing process for low. carbon steéis with  particular

application to the control of batch annealing furnaces.

Y
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5.1

CHAPTER 5

CONCLUSIONS

Differential resistivity measurement; havé been used
to continuously monitor the microstructural and
property changes which occur during annealing of a
cold worked 1low carbon steel at temperatures up to

700°C.

The reéovery, recrystallization, and grain growth

stages can, all be clearly identiiied during annealing.
The 1initial increase in the differential resistivity
during recovery is attributed to the dissociation of
carbon atoms, and their subsequent segregation to
dislccations, .

The recrystallization stage 1is particularly well
defined in the form of a derivative AV plot.

Grain growth could be followed after
recryst%llization, and a value of 167 x 10—l6 sz was
obtained for the specific nesistivity per interfacial
grain boundary area for the low carbon steel.

The differential resistivity techniqﬁe is thought to
be easily adaptable to‘ industrial , batch furnace

control, ~ particularly using the idea of a "slave

furnace".

116



CHAPTER 6

6.1 SUGGESTIONS FOR FURTHER WORK

l.

Test the response of the technique to a variety of

commercial grade low carbon steels,

Improve the accuracy of \the technique for the
continuous monitoring of grain growth during
annéaling.

Carry out industrial trials using the differential
resistivity technique to monitor a batch anneaﬁing
furnace and evaluate its suitability as a means of
furnace control.

Adapt the technique to the heat treatment of other

high vclume production alloys such as copper, nickel,

and aluminum alloys. }
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LIST RECRYST. B&S

16 X1%=1250 : X2%=9200
20 Y1%=1164 : You=7163
30 OFEN ‘FRINT’ AS 0
30 S% = ~-200 ¢ BZ = 600
50 FRINT ‘FIRST AND LAST DELTA V = D00 1 600"
50 FRINT
70 S1%= 0.0 : L1x = 720
30 FRINT ‘FIRST AND LAST TEMPERATURE = 0 » 7207
90 PRINT
160 82% = —10 : B2% = 1
110 FRINT "FIRST & LAST DERIVATIVE = -10 » 1°
120 FRINT )
130 FRINT ‘D0 YOU WISH TO CHANGE ANY OF THE AEOVE 77 =
140 INFUT Al$
130 IF Al$ .:- ‘Y’ THEN GOTO 200
160 INFUT ‘INFUT FIRST & LAST DELTA V/$S%iBX
170 INFUT ‘INFUT FIRST & LAST SLOPE ’ $SIZWFEC%
120 INFUT ‘INPUT FIRST & LAST TEMF - ’ $51%iL1¥%
196 FRINT
200 REM LINE TYFE IS NULL
210 LET LT$ = -
2206 ¥3-1700./(B2%~82%)
230 M2=1700./(B%X-8%)
240 Bir=(L1%-81%)%10
250 DIM X(21)9Y(21)
24 II% = HEX(’7E04 )
270 FRINT ‘INFUT TEMPERATURE VS. DELT#& V FILENAME’
280 INFUT LINE F%
290 FRINT ‘INFUT TEMPERATURE VS. D(DELTA V)/DT FILENAME’
300 . INPUT LINE G$
3i0 OFEN NEW F$ A5 1
320 OPEN NEW G$ AS 2
330 FRINT ‘CHANNEL LIMITS. ENTERED ARE 34’
340 LET C1%=3
350 LET C2%=4
360 POKE HEX (’B002),C1%
370 FOKE HEX ¢ ’B003’),C2% )
. 380 INFUT /INPUT INTERVAL BETWEEN SAMPLES IN SECONDS’iNX
350 T I1% = 1000%kNX
400 © REM %&%kkkXXKkBEGIN DATA ACGUISITION FROM ASSEMBLERXKKAKMAKKK
410 DPOKE HEX (‘B004’)yI1%
420 INFUT ‘INPUT DURATION OF EXPERIMENT IN MINUTES”iM1
430 Ml = M1 % &0 ,
440 LET J = 0
50 DFOKE HEX (’RFFNZ)sHEX (‘RORBS’)
P
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460
470
480
490
500
510

e~
[y

530
540
550
S0l
570
580
G590
&00
610
420
630
&40
650
b6
&70
6846
690
700
710
7206
7230
740
750
760
770
780
790
800
810
8320
8390
840
850
860
370
880
890
9200
9?10
220
230
240
250
QAN

LET Z = 0

AA = USR(O)
IZ = 11%
X$ = [ ] »
Yig= "p"
Y$ = CHR$ (PEEN(IX))
=12 + 1
JOF v$ = 37 THEWN 610
IF Y¢ = /7 THEN 590
X¢ = X$ + V9
IF X% = '+0VL0AD’ THEN GOSUB 1700
IF X$ = ‘+0VLOAD’ THEN GOTO 470
GOTO 510
LET V3 = VAL(X$)
GOTO 490
LET V2 = VAL(X$)
Z =2+ 1

Vi = V3 % 1000

IF V1 . 45150. THEN 680 '

IF V1 -~ 64927. THEN 7350

IF v1 < 76358. THEN 820
REM CAN FUT A THERMOCOUFLE OVERLOAD MESSAGE HERE
REM E TYFPE COEFFICIENTS FROM 0 TO 4600 CENTIGRADE

A = 0.0
Al = 1.6410783E-2
A2 =-1,3560189E~7
A3 = 1.84630042E—-12
A4 =—8.03535337E~18
GOTO 890 ,
REM 600 TO 850 CENTIGRADE
AC = 2.5192188BE+1
Al = 1,3909525E~-2
A2 =—4,7201 133E~-8
A3 = 5.5638781E~13
A4 =-1,7775228BE-18 -
GOTO 890 °
REM B850 TO 1000 CENTIGRADE . : !
A0 =—7.,1102114E+42
Al = S5.655459%E-2
A2 ==-9,7013068E~-7
A3 = 9.3938144E-12

A4 =-3,3333675E~17
REM THERMOCOUFLE POLYNOMIAL
Ti=((((AAKVI+A3) XV1+A2)XV1+A1)XV1+A0)
LET v2 = V2 %.1000
LET V2%=STRs$(V2)
LET T1$=8STR$(T1)
X1$=T1$+Y1$+V2¢
REM STORE:- TEMPERATURE & VOLTAGE DATA ON DISC

FRINT #1,X1$
FRTNT USTNGR ‘#3& .33 2843.3¢TAR(P0IT1+TAR(30)V?
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70

80

990
1000
1010
1020
1030
1040
1050
1060
1070
1680
1090
1100
1110
L1206
1130
1140
1150
1160
1170
1160
1190
1200
1210
1220
1230
1240
1250
1260
1270
1260
1290
1300
1310
1320
1330
1240
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470

EM 85
S6

\REM ON FIRST DATA FOINT INITIALIZE FLOTTER

IF Z <= 1 THEN GOSUR 1610
TZ = M2 % (V2-8%)
K% = 10 % (T1-81%)
IF T1 . S1%Z THEN 1060
IF T1 L1Z THEN 1060
FRINT #0y "’ 5FP1%
REM PLOT TEMF & VOLTAGE DATA
FRINT %0y "3PA s KZiTXs "iFDIFPUIFA"F

J=Jd+ 1

IF J . 20 THEN GOSUR 17490
X{J> = T1
Y(Jy = V2

M1 = Ml ~ NX

IF M1 = 0 THEN 1500

IF J 20 THEN GOTO 470
IF 2 1440 THEN 470
IF Z 144 THEN 470
IrF J 20 THEN 470

REM BEGIN CALCULATING THE DERIVATIVE

FOR J = 1 TO 20

. B1 = 81 + XD
82 = 82 + Y(d)
83 = 83 + (XC(J) X Y{(JI))
S4 = 54 + (X(J)~2)
NEXT J

((20 % 83)-(S51 ¥ 82))

87 = ((20 % 84)-(81°2))

IF 87=0 THEN 1390

85 = 56/57

T2 = 81/20 B

S§58=5TR$(8J) ¢
T2$=8TR$(T2) ‘ '
X7$=T2%$4+Y1$4+53%
REM STORE TEMPERATURE & DERIVATIVE ON DISC
FRINT #2:X7$
FRINT USING ‘#¥%.3%% 835.84 ' »TAR(40)T2»TAB(T0)8ES
T4 = M3 % (85-82%)
FRINT %0 7SF2#°
REM PLOT TEMP & DERIVATIVE
PRINT #0s ‘#PA'SKX3TZ? sFDIPUIPA’S
FOR K = 6 TO 20

LET X(K=-5) = X(K)
LET Y(K-5) = Y(K)
NEXT K \
LET J = 15
LET 81 = 0O
LET 82 = 0
LET 83 = 0
I FT |4 = O
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|

1480
1490
1200
1510
1520
1530
1540
1550
1360
1576

1500
1590

1000
1610
1620
1630
1640
14650
1640
Lo7

1680
14690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790

b

—— s - *
LET S5 = 0
GOTO 470 :
DPOKE HEX('BFFD’)yHEX{(’'BOEO")

REM STOF ALL INTERRUFTS

FRINT %0y '3SFOF°

FRINT #0s ‘3INs” ¢ CLOSE Os1,2
AA = USK(O0) )
FRINT 'EXFERIMENT IS OVER‘7;CHR$(07)
DFONE HEX('BFFLD7)sHEX('CDO3’)

AAh = USR(O)

END

REM  KRKAK KKK KKK KKK K K K KKK KKK KKK KKK AR KK KA K K A K&Kk K
REM INITIALIZE FLOTTER

T% = M2 % (VU2-S%)
K%z = 10 % (T1-S1%)
PRINT #0» ‘IN;IP’/iX1%3Y1XiX2K5Y2XS
FPRINT #0« ‘$IW’5X1Z5Y1%5X2%5Y2%5
FRINT #0r ‘$SCOvs "$B1X5’v0s’$170GH
FRINT #0s “$FA’5KZiT%5 sFUSPDFPA” S
FRINT #bs “5LT’5LTS;5 PR’
RETURN
REM XHKRKKKIKRKIKK KKK A HRKKKKKKKKKKRKKKKKKKKKKRKKRK
FRINT
PRINT /KkXKKKK¥KKOVERLOAD OUTPUTKKKARKKKAKKKKKA ’
RETURN
REM KKKKRAKK K RKKRAK KK KKK AK KKK KKK KKK KKK KR KKK KKK KKK
FOR K = & TO 20
LET X(K=-5)=X(K)
LET Y(K=5)=Y(KN)

NEXT R B
J =19
RETURN. "

\
M
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Dimensions of specimen seen in Fiqure 18(b)

Length between contacts (L) = 25.7 x 10" 3 m i
, . “
Width (W) = 2.70 x.10~3 m
Thickness (t) = 0.43 x 10"3 m
Current (1) = 0.05A
/'
Amplification factor™ (Ar) = 507 )

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

X X

[ -

Vm
T 507

Wt 1
L

= (2.7 x 1073) x (0.43 x 10~3)
Vm X )

0.05 x (25.7 x 10™3) x 507

*

= Vp x1.782 x 107°

16
= 167 x 10 am®

>

The amplification factor was the amplification of the
potential drop across the contact points on the
samples by the transformers T; and Tp in Figure 18(a).

)]
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Dimensions of specimen seen in Fiqure 18(b)

Length between{Eontacts (L) = 25.7 x 1073 m

Width (W) = 2.70 x 10-3 m
Thickness (t) = 0.43 x 1073 m ‘.
Current \ (I) = 0.05A

Amplification factor™ (Ar) = 507

0.939 x 10-8 v.m.

Slope of line (Figure 39) (Vy)

Specific Resistivity/Interfacial grain boundary area

»
'

. Vm
T

= (2.7 x 1073) x (0.43 x 10-3)
Vm X

0.05 x (25,7 x 10-3) x 507

= Vp x 1.782 x 1076

. _16
= 167 x 10 qm?2

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

Patent protection is presently being sought
for the differential resistivity technique and its

possible applications.
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