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ABSTACT

An instrumented hot deformation simulator was desLgned, cons'.:ructedand
commissioned at Iscor's Pilot Plant. A modified servohydraulic machine,
using plane strain compression, simulated industrial plate rolling
schedules. The simulation test included induction heating, multiple pass
plane strain compression and either air cooling or quenching. The
movement of the specimen between the different test stages was computer
controlled. Accurate control of specimen temperature, strain atrain rate
and interpass hold times was achieved by means of sophisticated data
acquds i+Lon equipment. A comput er programme was written to simulate the
hot. rolling of plate in terms of roll sepa ratIng f.orces, ffiE.\tallurgical
changes during deformation as well as the final microstructure and
mechanical properties of SGa carbon manganese steel. Multiple linear
regression was pe.rformed on the results obtained from mUlti-pass plane
strain compression tests. It was found that themical composition, finish
temperature and finish strain were the most important process parameters
affecting yield strength and impact energy of air cooled place. A
computer model was developed to simulate the temperature distribution in
the deformation zone of a plane strain compressLon specimen at any point
during or after a mUlti-pass test.
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CHAPTER. 1

INTRODUCTION

1.1 Statement of th~ problem

Iscor's steel development progrsnune includes finding new ways of
improving the quality of their flat-rolled products. Strip and plate
products are sometimes rejected because of their failure to meet
specification. Inconsist.encies:in the final macharif.ca I properties of
steel processed from the same heat have also been found. These and
related problems can invariably be attributed to inadequate alloying or
inadequate control of the rolling process.

Traditionally, optimisation of hot rolling schedules was developed by
trial and error on the plant itself. This was an expensive and time
consuming method since experimental rolling schedules seriously hinder
production. It was recognised that reliable data obtained from laboratory
tests on the hot working characteristics of the materLaL concerned
contributed greatly in improving its mechanical properzi.es in the as-
rolled condition. Laboratory simulation of the hot rolling p~ocess has
the added advantage of determining quantitatively the influence of
Lmpo rtant, parameters on the final quality of the steel.
quantitative knowledge of the material's response to
variables has been used in controlling the working process.

li"urthermore,
hot working

1.2 Background

Understanding the mechanisms controlling microstructural changes in
austenite during conventional hot rolling (a high temperature
thermomechanical treatment, HTMT) is essential if optimisation of rolling
schedules is to be carried out effectively. During the last 15 years a
great; deal of work has been devoted to the controlled rolling of high
strength low alloy (HSLA) steels. The interpretation of the influence of
deformation parameters (temperature, strain. strain rate and hold time)
on grain structure and grain size has advanced to the extent that
nmthematical relationships have been formulated to predict the evolution
of microstructure during and after hot rolling.
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In hot rolling, the behaviour of the material in any pass depends on the
deformation variables (strain, strain rate, hold time and temperature)
and on the microstructural features of the material ente.cing the pass.
This includes austenite grain size, extent of recrystallisation, grain
growth and nature and degree of any precipitation (lJ. These
microstructural features depend critically on the conditions experienced
in previous passes as well as on the chemical composition and initial
microstructure of the material. The final microstructure depends on the
state of the austenite before transformation and the cooling rate. It is
well known that if one refines the final ferrite grain size through
carefu.l control of the deformation parameters, improved strength and
toughness may be a~hieved.

In assessing the characteristics of rolling, all these factors must be
taken into account. This may be done in two different but complimentary
ways [2]:

a) Physical simulation of variables in industrial hot rolling using a
hot deformation simulator.

b) Computation of micrGstructure, property and thern~l changes in
multi-pass hot rolling from basic relationships obtained from the
zesn'lts of la:oratory simulation tests.

1.3 Objectives

The main objectives of this work were:

1. To design and construct a laboratory scale hot deformation simul.ator
capable nf achieving the temperatures, strains, roll separating
forces, strain rates, delay periods and cooling rates commonly found
in industrial ~ot plate rolling.

2. To develop and implement laborat~ry test procedures in order to
simulate the mechanical and metallurgical changes occurring during
and after the hot plate rolling of a carbon manganese steel (Se8).

3. To compare the final microstructure and mechanical properties of SC8
C-Mn steel processed in the plant with those of material processed
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in the laboratory in order to assess the reliability of the results
obtained from the laboratory sjmulator.

4 To incorporate the relevant structure - property relationships into
a. computer programme to predict and optimise important mechanical
and m.etallurgical changes occurring during and after the hot plate
rolling of SGB steel plate.
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CHAP":ER 2

LITERA~1JRE SURVEY

2.1 Introduction

A review cf the literature concerning the hot rolling of carbon manganese
steel plate and its simulation is presented in this chapter. A summary of
the various thermomechanical treatments used to process steel is
presented. Common hot workability tests are briefly assessed. Comparison
is made between the hot deformation parameters encountered in plate
rolling and plane strain Gompression tests. The quantification of
microstructural changes as well as the influence of rolling parameters
upon tne changes occurring in the hot rolling of carbon manganese steels
is discussed.

2.2 Classification of thermomechanical treatments

Thermomechanical treatment (THT) or thermomechanical processing (TMP)
involves a combination of thermal treatment and plastic deformation
within a single heat treatment cycle to control the structure, morphology
and grain size of the parent phase (e.g austenite) and subsequent
subgrain structure in the transformation product phases (e.g ferrite)
and/or interactions between dislocations and fine precipitates (e.g alloy
carbides and carbonitrides) [3]. Its main objective is to achieve high
streng·th,ductility and toughness in a wide variety of finished or semi,-
finished steels. Thermomechanical treatments can be classified into three
broad categories, shown schematically in Figure 2.1 depen(1,ingon the
deformation process before, during or after the phase transformation.

Class I Deformation is completed prior to the transformation of
austenite. Examples are high temperature thermomechanical treatment and
conventional hot rolling (HTHT), controlled rolling and low temperature
thermomechanica1 treatment (LTHT) t also called ausf'ormd.ng . HTHT and LTHT
are applied to maxt.ensLt.Lc steels Lefor for high and ~.owalloy steels
with increased hardenability. Controlled rolling has been developed for
pearlite-reduced steels (with low carbon content and little or no
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pearlite structure). microalloyed steels and acicular ferrite (Le low
carbon bainitic) steels which are quenched and tempered. Prominent among
these are lllicroalloyed(lew-carbon low-alloy C-Mn) steels which are
extensively used as hot-rolled plate and strip.

Motsl Name lay-oot of Used
PhaaG Treatment for

Before ~,-~ --~I -_- - ___ --_

Transform rG High or
HTMT LowBe Allo\,

M Stgels
Beyond M

AS

Sfablf.l
Control Siruc

Austenite turat
Rolllmg

Steels

Ai ------~AI _ .. _--_ ... _ .-

Balow LTMT
Fee High or

Lew
AS Aus- 'w#N '. B( Alloy

Metastable forming " Staal a
Austenite M .~

M

Matal IName [ l..ay-out ofPhase Treatment
A

Between A3 - - --
I - - -

At and Me lao- Pearlite

, Austenite Forming Forming
and ferrite Be
-pearlite or M ___ Steels

paarlite M

Near Ms

Austenlta
and SIalnl€lIJ8

Martensite jfA
M

Zeroiling

A3 - - --

--~
AI _ .. -

Belew Mar- Martan-

Ma Straining sltlo

Martensite ~( SteelaM

Figure 2.1 Classification of thermomechanical treatments

Class II - Deformation occurs during the transformation of austenite.
Examples are the isoforming process where spheroidal carbides within a
ferrite matrix form during deformation deformation of metastable
austenite; t.reatment of TRIP steels where metastable austenite is
initially deformed above Md temperacuras and finally cold worked (Le
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Zerolled) at room temperatures to produce (strain··induced)martensite.
Isoforming is applied to low alloy or pearlite forming steels while
treatment of TRIP steels Ls confined to stainless or semi-stainless
steels.

Class III - Deformation occurs after the transformation of austenite.
Examples are marstraining. marforming and strain tempering or warm
working. In marforming the martensite is cold worked prior to tempering
to induce a dislocated substructure which improves the distribution of
temper carhidAs.

2.3 Requirements of a hot deformation simulator

In simulating hot rolling a process comparable to hot rolling is
necessary to allow rOl- the variation of the deformation parameters
within the wide J.imitsfound in practice. To carry out this si.mulation,a
high perfiormance, compact, cOfi!:outet-ccntrolledinstallation including
heating up and coolinb facilities i" required.

It is of prime importance that the specimen dimensions are sufficient to
allow for the machining of tensile and charpy specimens in order to
determine mechanical properties after deformation. In the simulation of
any industrial process using laboratory methods it is important to use
test pieces of representative initial st..ucture i.e. the reheated
specimen must have the same initial austenite grain size typically found
in industrial reheating. A constant true strain rate must be achieved so
that the stress required to deform the test material under known
conditions of temperature! strain and strain rate can be determined. The
problem with having a va.ryingstraLn rate is that it is d:Lfficultto know.
how much of tho flow stress variation is due to increasing strain and how
much is due to the varying strain rate. It should be possible to
determine the rolling force on the basis of deformation forces recorded
in the Simulation test [4]. One should also have the option of
interrupting the deformation sequence at any point in order to examine
the microstructure of intermediate stages.
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2.4 Hot workability tests - a brief assessment

2.4.1 Laboratory scale hot rolling

The advantage of hot rolling on laboratory scale is that the mode of

deformation in the test method and the practical working operation for

which the data is require.d 5 s essentially the same as industrial rolling.

The biggest limitation of ~his test method however. is that if one needs

to simulate strip rolling, a high speed, n\\l~ci-stand laboratory mill is

required. The amount of space required togather with the cost of such

equipment make it an unattractive proposition.

2.4.2 Torsion testing

Torsion testing has been used by a number (If wozker e [5-7] for the

simulation of hot rolling since it is particularly amenable to the

s imul.at i.on of intermittent def ormutLons . It has the advantage over

compression testing that there are no problems with friction. Hot torsion

can be used to give strain rates between 10-3 and 103 s-~ and strains up

to 20 without plastic instability [8]. The mode of deformation is shear

so that theoretjcally there should be no change in the dimensions of the

sample. Howevar , in practice specimens undergo a change in the gauge

length and a corresponding change in diameter during twisting [9]. Thi.s

complication can be avoided by axially constraining the specimen, though

this leads to the development of axial stresses.

The biggest problem with torsion tests is that of a stress, strain and

strain rate gradie~t along the specimen radius. This makes it difficult

to relate structural observations to t.he deformation par ametar s , This·

problem may be overcome by twisting thin walled tubes across which the

strain and strain rate can be considered constant [10]. Unfortunately

tubes tend to buckle at low str.ains and the main advantage of the test is

lost.
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2.4.3 Axisymmetric compression

In this test a cylindrical sample is compressed between flat platens

whose cross-section is much larger than the ini~ial cros$-section of the

samples. If a constant ram velocity is used [11] the true strain rate

increases with deformation. However. constant strain rates in the range

0.1 - 300 s-~ have been obtained by using a cam to increa~e the cross-

head velocity as the te~t proceeds.

The main problem with axisymmetric compression is that above about 50%

reduction (0.7 true strain) in height, barreling of the specimen occurs

b~cause of friction between the platens and the ends of the specimen and

this Causes problems in analysing the stress - strain data. This limits

the usefulness of the test since simulation of rolling schedules

involving total strains greater than 0.7 1s not possible.

2.4.4 Plane strain compression

The plane strain compression test was developed to simulate hot rolling

partly because of the difficuJ.ties found in the other testing methods

already described. Plane strain compxessLon also provides the nearest

approximation to the conditions of stress that occur in rolling.

Furthermore the area under compression remains almost constant so that

true strains of .nore than 2.5 can easil~' be achieved.

A plane stra.i,n. hot deformat.ion simulator, "Wumsi", ~las developed at the

Y.tB.x-PlanckInstitut fur Eisenforschung, Dusseldorf [12-17]. The "1I1umsi"

is a computer-controlled, servohy1raulic testing machine capable of

performing multi-stage plane strain compression tests, in which a

specimen is compressed betWl:!ena 10,,)'erworking die and a fixed upper die.

The servohydraulic unit was designed to simulate fast platen displa.cement

time schedules, which are characteristic of modern hot i:orming

processes. The layout of the experdment.al, equipment and thE~ data

acquisition facilities are shown in Figure 2.2 and FiguI:e 2.3

respectively.
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Experimental layout and data acquisition facilities of the nWumsi ft hot
defor:mution simulato\:'[12]

A sheathed thermocouple is embedded in the large, rectangular specimen to
record the temperature during the deformation schedule and during
cooling. The specimen is transported pneumatically into the Lnduct.Lon
furnace where it is either heated up, held at a predetermined temperature
oz .cooled down at i::!. controlled rate. These operations are performed
automatically by applying a programmable set point unit. This facilitates
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the simulation of temperature of slabs or forgings which are of much
greater thickness.

After heating, the specimen is positioned between the two dies. The
computer takes control and executes a previously entered deformation
schedule, consisting of the following parameters: number of passes,
strain and strain rate of each pass, delay times between passes as well
as the delay time between the end of deformation and the start of the
subsequent controlled cooling. If the actual parameters of the mill train
are to be simulated, parameters such as roll radius, velocity of the
billet etc. can be entered and processed.

Compressed air nozzles allow accelerated cooling during the deformation
schedule. Two-media nozzles also enable the mixing of water and air to
simulate water-jet descaling. After deform~tion, the specimen is
pneumatically transferred into a cooling box where a wide range of
cooling rates can be applied.

During an experiment, the displacement of the moving die, the load
required and the specimen temperature are continuously logged. This data
is amplified, digitized and stored on a computer for later analysis. The
"Wumsi" has been successfully used in the following research fields:
strain-hardening, softening by recovery and recrystallisation,
precipitation, transformation, dual-phase structure, otltimisation of
rolling schedules and deformation resistance.

2.a Comparison Of The Conditions Existing In Rolling And
Plane Strain Compre,sion

2.!;i~1Mode of deformation

The typical flat rolling of plates, sheet or strip is essentially a
plane-strain operation, since little widening of the workpiece results.
This can be explained by examining the shape of the deformed zone in
Figure 2.4. The length of contact, L, between the rolls and workpiece is
usually much smaller than the width of the strip or plate, w. As the
rolls induce a compressive stress, the plastic zone is thinned and is
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free to expand in the rolling-direction, but lateral expansLon in the y-

direction is effectively restrained by the undeformed material on both

sides of the roll gap. The net effect is a condition of plane strain,

where Ey • the strain in the y-direction, is zero a~d Ex = -E:. except at

the el'igts of t.he workpiece [18].

The plane strain compression test specimen, shown in Figure 2.5. is in

the form of a thin plate or sheet that is compressed across its width, w,

by narrow platens whose width, b, are wider than the initial specimen

thickness, ho• The elastic cons t rsInt s of the platens prevent extension

in the specimen width dimension (y), hence the name plane strain. Th&re

is deformation in the direction of platen motion (x) and in the specimen

length direction (z). To ensure that lateral spread is negl~gible, the

width of the strip should be 6-10 times the width of the platens [18].

For essentially homogeneous deformation, the ratio of platen width to

strip thickness, blh, should be between 2 and 4 at any instant.

2.5.2 Stzain

In industrial flat rolling and plane str<:in compression, it is usual to

define the instantaneous plane strain, E', in terms of the initial and

final workpiece thickness as:

E' = In (hoth) 2.1

This is then related to the equi'~'l.lent true strain, E, by means of the

von Mises criterion as:

E' = 2/V3 E 2.2
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'", Plastic
zone

at

Figure 2.4 ScheIJlatic diagram of deformation in rolling

Figure 2.5 Geollletry of the plane strain ('.ompression test



13

Similar to other hot detormation tests ( e.g tors~on. tension) the plane
strain compression test yields an inhomogeneous distribution of strain in
the deformation zone which is more severe if the platens are unlubricated
and unheated. At the specimen/platen contact area there are zones of dead
(nea.rly unstraLned) material, and at both sides of the plastic zone the
material is kept rigid. The strain distribution evaluated in t.heplane of
symmetry (y 0) [14] is illustrated in Figure 2.6. Nearly all the strain
is app lLed 011 the centreline of the specimen.

Since the stress system during plane s traIn compression is not uniaxial
the stress, strain and strain rate data are usually converted to
equival.~nt tensile values using the von Mises criterion. so that they can
be compared with data obtained f rom tensile or axisymmetric compression
tests. Howevez , the von Mises criterion (2/V3) is strictly applicable to
pure plane strain conditions. A spread factor, f, takes into account the
departure from plane strain compressi6n observed in practice. Foster [19]
found tha.t the spread coefficient can be related to initial specimem
width, w, and platen breadth, bas:

f == (1.1S5(b - w) + w)/b 2.3

== 2/V3 if conditions are purely plane strain.

Kapellner et a1 [13J found a correlation between the spread factor and
iniHal width for 10mm thick spec:l.mens:

f = 0.0388 + 0.3402/b + 401.1/bz

2.5.3 Strain rate

At hot working temperatures, the strain rate is important in determining
flow stress. The mean. plane strain rate in hot rolling, Ea" is defined
as (2]:

~
Ea' = 2 'l1' R rpm

In[ha I h:ft] 2.5
60 vR 8h
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Figure 2.6 Strain distribution in the plane strain compression test

[14]

In laboratory tests I it is usual to keep the strain rate ccns tant at a

value equivalent to the mean strain rate in a roll pass. Decreaaing the

platen velocity. v, in proportion to instantaneous specimen thick~ess, h.
gives a constant strain rate., The strain rate may also be measured by

determining the proportion of incremental strain to incr.emental time:

oEpsc' = -v/h = -BE'/St 2.6

2.5.4 Deformation force and flow stress

Sims [20] derived equations for the distribution of pr:essure ovar the

contact surface between "iorkpiece and rolls. The roll separating force,

F, obtained from these equ,ations is given by;
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F w cr'" R 8h Q 2.7

where
Q == ('IT + L 1 h...)/4 2.B

L '" (ho ~ h;e)R 2.9

hrn = (ho + 2hf)/3 2.10

The mean flow stress in rolling, a', is found by numerically integrating
the plot of flow stress .in plane st radn.• (1', against changing rDll angle,
e, between 0 radians and the angle of bite, eo, (21]. Th~ rr,-l1 ang l.eLs
shown in FigurE! 2.7.

eo
1 f a'B6a' '" 2.11
eo

0

In plane strain compr essLcn eo in equation 2.11 is rep1cH:ed by the total
strain in the pass, E;L.

Barager et a1 [22] developed a for.mula that predicts the flow stress of
C-Mn steels in terms of strain for a given temperature range:

a '" A + BEo... + CE 0.1lI + DE :1..2 2.12

The constants i~jB,C and D are determined by multiple linear ~egression of
stress and strain data.



16

N
E
~ 100
:z:

150

50

e RAOIMIS.

Figure 2.7 Plane strain stress versus roll angle [21]

The major disadvantage of plane strain compression testing is that the

frictional force between the sample and the platens varies with the

amount of deformation. In order to calculate the deformation stresses

from the l"'v"sured loads, allowances have to be made for the frictional

forces.

Rowe [23] found the force t F t between two pa.rallel dies and a flat

workpiece to be:

F = w b cr' f [1 + w/4 h] 2.13

for sticking friction and

F = w b cr' f (1 + 0.5 ~.I h] 2.14
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for sliding friction. These relationships are only applicable ~Ihen

I-Lw/h> In(1/21-L) 2.15

To determine the plane strain flow stress I 0" I from thla deformation
resistance, aWl in plane strain compression tesing, a f ormuLa derived
from elementary plastomechanics [13] may be used:

2.16

Basically this formula applies only to sliding friction. The results of
theoretical investigations of the flow of materials in plane strain
deformation as well as slide marks on the contact surface of the specimen
after the plane strain deformation test, however, show that in most cases
a combination of static and sliding friction prevails. Nevertheless, the
simplicity of the formula makes it a convenient one as long as ~.l/h is
kept to below about 1.5.

The deformation resistance, aWl is gLven by the instantaneous platen
force divided by the instantantaneous area, A~n, beneath the platens:

0'.".. == F I A:l..n 2.17

The instantaneous area increases due to the spread of material in the
specimen width and is calculated using the following formula:

2.18

The term hi 4b in equation 2.16 de!>cribesthe amount of shear attributable
to the pla.tenpenetrating into tue specimen, which is also known as "edge
correction". Except for the coefficien~ of friction, ~, all variables in
equ~tion 2.16 can be either directly measured or calculated.

The coefficient of friction, IL,may be determined by perfonning two or
more tests to about 90% def ormat Lon, at the same! strain tate and
temperature using specimens of different thickness [13J. The stress-
strain curves obtained from these t:.!stsshould be identical sLnce the
flow stress is independent of specimen geometry. The optimum value of IL
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for use in equation 2.16 is that which gives identical flow curves for
the different specimen thicknessses. By determining !L I, this way, any
irregularities in the stress-strain curves can be allowp.dfor.

2.5.5 Temperature

One of the most important factors in hot rolling is the temperature of
the slab. The uncertainty of plate temperature tends to le.:.dto an
unavoidable increase in safety margin that must be aLl.owedr the
permissible rolling loads are unexploited, resulting in poor utilisation
of the plant. Also, the finish temperature greatly influences the final
microstructure which in turn affects the mechanical properties of the
steel. The principle factors affecting the temperature in both hot
rolling and plane strain compression testing are:

Conduction within the plate/specimen during air cooling and
during deformation
Radiation losses during air cooling
Convection losses during air cooling
Heat loss due to water descale sprays (rolling only)
Heat transfer between the plate/specimen and the work rolls/platens
Heat gained by the plate/specimen due to deformation and friction

2.5.5.1 Numerical method for determining the tempe:rature in plate
rolling

Fourier's Law for heat conduction in an isotropic solid with constant
thermal conductivity is given by:

8T/8t = k/s (8ZT/8xz + 82T/8y2 + 82TJ8zZ) 2.D

The temperature drop or rise of the plate is a function of he~L losses
or gains which in turn depend on the factors mentioned above. Since the
length and the width of the plate are very large compar.ed to the
thickness, it can be assumed that the heat flow takes place between the
flat surfaces only. In circumstances where unidirectional flow takes
place the conduction within the plate can be expressed by the following
equation;
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52T/8Zt = lID 8T/8t 2.20

At the surfaces of the plate the heat radiation follows the Stefan-
801tzmann equation:

2 ".,."-"-

The solution of equation 2.20 is achieved by using a numerical method.
Harding [24] developed a finite difference computer model to simulate the
temperature distribution in the plate at any stage during the rolling
process. The numerical solution of heat flmq as applied in predicting the
temperature drop of the plate during rolling is rather involved, although
it is useful when the temperature gradient inside the plate had to be
known. For thin plates, a simp1.erand faster method, described below, is
preferable [25].

2.5.5.2 Approximate method for determining the temperature in plate
rolling

In rolling flat products such as plates, the top and bottom surfaces only
of the workpiece are considered as heat radiating areas, the heat
emitting from the surface of the edges being neglected. The solution of
the Stefan - Bolzmann equation pertaining to plate cooling given in
equation 2.21 may be rewritten in a simplified form as:

2.22

This may be done subject to three conditions:

i) T» Tamb (ambient temperature neglected)
ii) w» h and I » h

iii) at < 20s (short time intervals)

The emissivity, E, is a strong function of temperature and is given by

E ~ T/1000 (0.125 T/1000 - 0.38) + 1.1 2.23

where T is in °C.
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substituting a finite difference approximation into 8T/8t into equation
2.22 gives

5Tt:LC = 2 s E T4 5t /f c h 2.24

where T is in Kelvin.

If the initial temperature is To. the new temperature T can be calculated
from

T = To + 15T..c 2.25

The values of E, c and
the temperature.

used in equation 2.24 should be appropriate to

Alternatively, to simplify equation 2.22 further, the values of E, c an.d
are considered constant, indepenc;l.antof the temperature. Solving

equation 2.22 analytically, gives:

J jt J c h

J
5T

2 s E T4
2.26

whi.ch gives

t ...c = i c h T-3 / 6 s E + Co 2.27

whar e Co is a constant.

At tAO = 0, T = To [initial conditions]

'S c h 2.28

thus,

T = To / {T03 vl+6 S ET30 tao /) ch} degrees K 2.29

Equation 2.29 is very convenient to use and it yields accurate prediction
of the temperature drop during ,:.hl!:! air cooling of rolled plate.

In plate rolling, the temparatur e drop due to conduction to the work
rolls, 5Tcon, can be eaGily derived from the heat balance equation. Heat
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supplied to the rolls is proportional to the contact area and temperature
difference between _,~ plate and the rolls, and also to the time of
ccnt.ac t . The proportionality factor is the r oLl, heat-conduction
coefficient. The heat supplied is assumed equal to t~e heat given up by
the plate (This assumption is not strictly true since the conduction to
the roller table is ignored).

The heat balance equation is

(1 + r)60
2(RSh)~w(T-Ta)aHGF =< 3Teen w h c

2'11'Rrpm

Hence
60aHGF r

STeen. (T - Ta)
(l-r)'11'crpm (RSh)""

2.30

2.31

where ~EGF is the roll heat generation factor. From equation 2.31 it is
seen that the temperature drop is proportional to the draft taken and
inversely proportional to the rolling speed and rolled thickness.
Equation 2.31 assumes constant temperature across the plate and the rolls
temperature is uniform and constant along the length of the barrel. The
effect of heat coduction losses typical of rolling passes is shown in
Figure 2.8.

The temperature gained due to mechanical deformation is a function of
mean flow stress and strain of the material rolled. The estimated
temperature rise due to ,york done on the plate during deformation is
given by:

2.32

Typical increases in temperature during the plate rolling of steel are
shown ln Figure 2.9

The de scaHng we\:'E'lrsprays are used during certain rolling passes to
ensure removal of the loose scale which would other-~ise damage the
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surface of the plate. The jecs are operated at high pressure to generate

high kinetic energy. The resulting water flow impinges on the plate and

reduces its temperature. The heat transfer to the boiling water at the

sur= ',::e of the moving plate is very complex and cannot be sufficiently

defined analytically [25].

The overall mean temperature of thr~ plate at any time may then be

approximated by:

2.33

2 • .:>.5.2 Ntllllerical method for the detrmination of the temperature in

plane strain compression testing

Foster [~9] developed a finite difference computer model to simulate the

t empera t.ur e distribution in plane strain compression specimens and

deforma tion platens during air cccLi ng , furnace cooling and compression

stages. The model is capable of pr ed.LctLng the specimen temperat.ure at

any point with;i.l1.10 'c. This model is discussed in more detail in Appendix

1.

r'igure 2.8 Temperature drop due to conduction during rolling[2S]
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Figure 2.9 Temperature ri.sedue to work done during rolling[25]

2.5.6 Cooling rate after deformation

The cooling rate after plate rolling may be predicted by means of, the
equivalent diameter method [26]. The "equivalent diameter" refers to that
sLze of round bar in which the axial temperature falls through a
specified range in the same time as the temperature in the slowest
cooling position in an irregular shaped body. Table 2.l shows the
equivalent diameter for various rectangular plate dimensions. This value
is then used in Table 2.2 to calculate the plate t emparat.ure at any time
from the initial cooling temperature. For example, from Table 2.l, a
plate 20 mm thick and 60 mm wide has an equivalent diameter of 30 mm.
Referring to Table 2.2 it is seen that the time taken to cool EL 30 lll1."1

round bar from 1000 °C to 700°C is 37.2 seconds.

As a prerequisite for the evaluation of cooling curves the transformation
behaviour of the steel has to be examined under equilibrium conditions.
For this purpose, AC3 and AcJ..transformation temperatures have to be
determined in a preliminary test by performing a slow heating
(0.OlK/s)[17]. Afterwards, the recorded cooling curves are processed in
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such a way that zero time is taken as the moment of crossing the AC3

temperature. Figure 2.10 shows a number of cooling curves processed in
such a way as well as the previously measured AC3 temperature.

The transformations of austenite into the various kinds of
microstructures such as ferrite, pearlite, bainite or mart.ensiteare heat
generating i.~. exothermic processes, which result in characteristic
deviations from the exponential course of the cooling curve. However, by

t~e analysiS of the cooling curve itself transformation temperatures can
hardly be established. Any quantitative information on transformation
ranges can only be gained by the computation of the differentiated form,
oT/at of the cooling curve.

Table 2.1
Equivalent diameters for rectangular sections, air cooled

Width Thickness (mm)
(mm) 10 12 16 20 25 I 30 40 50 60 80 100I

mm mm mm mm mm mm mm i mm mm mm mm
II)

I
10

I I12

I
II 12

I16 12 14 16
20 13 15 I 18 20
25 14 16 19 22 25
30 15 17 21 I 24 27
40

I
16 18 23 27 31

50 17 19 24 29 33
60 20 26 30 36
80 I ,d 21 27 33 38
100 I 18 22 28 34 41
120 19 22 28 35 42
160 19 ~.., "9 36 44
20r 19 "' .... 30 37 ~5~~
25(, 19 23 30 37 46JOO 19 23 30 38 46
400 19 23 31 38 47
500 20 23 31 39 48
600 20 23 31 39 48
eo 20 23 31 39 49

30
3d 40 •
38 45
41 48
44 54
47 Sll
49 61
52 65
53 69
54 71
55 72
56 73
57 74
57 7S
59 78

I

I
I

I

50
S5 60
62 69 80
67 76 90 100
72 82 98 110
78 89 110 125
82 95 115 135
86 100 125 145
89 105 130 155
91 105 140 170
92 110 145 175
93 110 145 180
91 115 155 190,
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Table 2.2

Axial cooling time fCIr fra.ctional intervals during air cooling of

round steel baz s of 0.01 - 2500mmdiameter

Time to eDDI Fractionnl Temperature lntervala-s-seecnds l
I D%~ar-0:9;:-1 u.9u"1 o"'i(s:-'O:'B;).I 0.75., n-:7o::r(jJ,)_1-O.6U_ 0.35-' -O-.S-O"-'--O-.4-~"'--0-.4-0_-r'--O.-3)-·_r---O.-30-_I'--0-.2-5~-1! -6:!10 0.S5 C-.80 1).75 I 0.70 O.bS 0.6U· 0.55 0..50 0.45 0.40 O.JS 0.30 0.25 0.20

0,011 0.0012 0,OU291 0.(038 O.004ij 110060 0.0075 0.0090 0.11108' 0.0126 0.0145 0.017 0.01951 0 om 0.0250 0.028 I
0.02 0.0050 O.OU64 0.C080 0.0101 11.013 0.016 0.019 0.023 0.026 0.030 oms 0.041 0.047 0.053. 0.062om 0.00SO 0.0100 o.cus 0.0155 1).020 0.024 0.0295 O,OJS 0.041 0.048 0.055 0.004 0.074 0.084 0.097
0.04 0.0110 0.014 0.C175 0.022 1).027S 0.033 0.040 0.048 0.OS5 0.066 0.076 0.090 0.101 ll.IlS 0.135
0.05 0.014 O.UI75 0.{l22 0.028 '1.0)55 0.044 0.051 0.061 0.071 0.083 0.097 0.112 0.130 0.150 0.175
O.07SI 0.023 O.Q2S 0.05 0.043 1).055 0.067 0.081 0.097 .. 0.113 0.132 0.lS5 0.180 0.21 O.~37 0.277
0.10 0.032 0.038 0.t475 0.060 1),071, 1l.094 0.112 0.132 0.155 0.182 0.;n4 0.250 0.29 O.JJS 1.385

8:ig 8:m 8:~~~ 8:1~~ 8J6g ;;H~ g:5~ I 3:~~ g'l~S g:~f g:g~ 8:~t·· g:~! g:$~ m m
OAII U.I(I O.IMS lI.n I).~M 1).;145 IIA25 (I.~I) n.eo 1).11 0.R4 O.ge I.U 1.33 1.55 I.SO
U.~O 0.21 11.24 O.:Y 0.;1(, 11M I).S4 U.64 U.77 0.91 1.06 1.26 1.50 1.75 2.00 2.3S
0:15 u.n 1).39 UAK, U.5{, ,).(,'1 O,KJ O.')K 1.17 1.4U. 1.67 1.9S. 2.n 2.72 '.17 .1.72

., 1.1l0 U.4S 0.53 0'(·4 1),77 ').Y4 1.13 • 1.34 1.60 1.90 2.25 2.7 3.15 3.7 4.37 5.1
2.0 1.01 1.20 1.1) 1.65 1.00 2.4U 2.8 1,4 4.05 4.85 5.H 6.8 8.1 •• 1 11.3

. 3.0 1.60 1.37 FO U8 )'10 n0 4.3 5.3 6.~ ;.5 i·11 10.5 13•0 I IS.5 r!·q
tg i:~s g~ j:~:~ 4.6 t5 6:5 ~:~ ~:i Y·I.O Ig:g Ih l~j 2~:~I ~t5 J~')
7.5 4.5 5.15 6.0 7.1 3.4 9.9 11.7 14.0 16.7 20.2 24.5 29 35.5 43 52

. ~g:g t4~O Iio ~.:-, ii9 11.4 1ij·5 ~~:~ !~.O ~~.5 ;~.5 W I ~~ 1~S5 T~8 n3
; 30.0 22.3 25 2s.i 32.5 11.2 42.5 51.S 62 75 91 113 136 166 20J 255
40.0 11.5 34.5 .39 44.5 51 59 71 8S 103 125 154 18H 228 280 360
50.0 40 44 49 57 ~5 76 89 108 IJ2 160 198 237 295 .l60 4toQ
75 63.5 '0 77 87 '19 119 139 168 20J 245 J;J, 370 455 570 7)0
100 88 95 IU,; 120 135 160 19U 220 270 335 410 50S 620 no 1000
200 194 2UK 221, ::!50 180 ;128 la5 46S 570 710 87'. 1090 1330 1700 2170
300 305 328 35S 390 I3S 500 595 715 870 1100 I G 1700 2100 2650 3450
400 ~2S 455 49) 535 59; 680 BIO 980 1190 1500 1.70 2310 2900 3650 4750sao 54S 5~0 625 675 750 84S 1010 122\1 ISOQ 1900 2330 2950 3640 4650 6100

1668 mil ri~5 mo I~J~ ms I~jg ~~~8I i~J8 mg 5~SS ~~~g ~igg ~~~~ IJ~go f~rJo
150U 1~1I11 l'iliO 20)11 2iSO nsc I 270U .1I5U I' 37S0 4750 6UtO 76110 %00 12200 I~l!oo 2W\l0
2000 25011 2(>l1l) 2;'0 :950 )200 I 3SliU 415U SIUO 64UU 8:UI) 11~21UOUOImoo liUOO 221)00I :~lIIJU

~2_S0_0__ L-32_51_1.~_34_2_0~_3_S_SU__ ~37_5_U~_j_00_O~~U_~6_S_00~_H_UU_O~_I_OS_0_0k- ~1_70_00_~2_IS_00~_28_S0_jO~i__3;_SOO~

~u:t:'e2.11 illustrates the determination of the start and end of the

transf.ormadon range on the cooling curve T(log t). Additionally, two

numer Lca Ll.y diff~~tentiated forms of the cooling curve are dLc nl.ayed ,

which enable Ute ;Lnteract:lve evaluation of the transformation points.

Firstly, the differentiated temperature values or cooling rate, CR, are

displayed EIS a function of time, CR(log t). Secondly, a time-independent

display, CIt(T) is drawn, which refers the cooling r.ate directly to the

tempera ture! values. Distinct local peaks can be seen on both cooling ra te

(CR) curves. The points of deviation from the smooth parts of the curves

correspond to the start and end of trasforma tion. The transformation

start, T", and end temperatures? T"" for various cooling rates can then

be joined to generate a compLet e CCTdi.agram,
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Cooling curves with zero time taken as momen~ of crossing
the A3 temperature[17]
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2.6 Microstructu.ral char-gas in the hot worlting of C-Mn steels

Microstructural changes that take place during deformation are referred

to as 'dynamic' changes and those that take place in the time Lnt.e rva l.s

between passes as 'static' changes.

In the sdmul.a tLon of mu.l t.Lvpa ss def'ormat Lon the microstructure r esuI tLng

from recrystallisation and grain growth in the first pass is assillled to

become the starting structure for the second pass. etc if deformation

takes place in the fully recrystallised reg.Lon (T > lOSOOC) [l,:Z.27].

However, if recrystallisation is incomplete (predominant Lr; the

intermediate temperature range (950°C < T < l0500C). the grain size in

the rectystallised fraction and the grain size and in the

unrecrystallised fraction must be taken into account [2,27]. The amount

of retained strain present in the unrecrystallised fraction det errr ae s

the subsequent r ec ry s t.s.Ll.Lsa t.Lon kinetics.

2.6.1 Dynamic structural changes

These are structural changes arising from the competing effects of. work

hardening and of softening by dyna.mic recovary and dynamic

recrystal1isation. The occurrence of dynamic recrystallisation depends

primarily on the rate of dynamic recov9ry.

2.6.1.1 Dynamic recovery

This is a thermally activated process and is favoured at low strain rate

and/or deforma.tion at high temperature (21).

The characteristic form of the stress-strain curve for dynamic recovery

is shown in Figu:r,e 2.12s. Initially work ha.tdening is rapid, leading to

an increase in dislocation density and a rise in flow stress. As the

dislocation density increases, dynamic recovery occurs more rapidly and

leads to softening by annihilation of some of the dislocations and

r ear rangement of others to f.orm subgrain boundar i.es ,

At point S in the figure, the hard~ning and softening pro;:;esses ball'!.nce,

leading to a steady state flow stress and a well developed, approxiL~tely

equiaxed, dislocation subgrain structure at h:lgher st.radns ,
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2.6.1..2 Dynamic recrystallisation

With steel in the austenitic condition, dymunic recovery is relatively

slow, leading to a more rapid increase i:n dislocation density with

increaSing strain and to the development of sUbgtains with boundaries

that are not we1.1 formed [27]. The ddscrder in the subgrain boundaries

increases with increasing dislocation denad cy which increases with

increasing strain until a critical total dislocation density is reached

at which nucleation of new grains takes pl.ace . The nucleation and growth

of these gr.ains is called dyrn.mi.c recrystallisation.

Dynamic recrystallisation results in the characteristic form of stress-

strain curve illustrated in Figure 2.12 [27]. Work hardening and slow

dynamic recovery lead to the rapid increase in flow stress initially and

this would continue if dynamic recovery WElrethe only softening process.

The flow stress falls as recrystallisatioll proc~eds leading to a maximum

in stress at strain E1'" At a critical st ra Ln, Ea, dynamic

recrystal1isation occurs and provides an additional softening mechanism

as the ne....t grains form.

Under normal hot working conditions dynami,c recrystallisation is a very

poten~ mechanism of grain refinement. Dynamic recrystallisation does not

ocCUr in plate rolling in the austenite region since high strains cannot

be obtained [27]. In later passes however, when there is considerable

retained strain, this form of recrystallisation may well occur.

Lebon et al [28] have shown by optical microscopy that E1" and the

critical strain for dynamic recrystallisation, ED, may be approximately

relat~d by:

Eo = 0.8!:1" 2.34

2.35

For C-Mn steels, Z is given by [27]:

312. 000
Z = E exp -~~.-

8.314 T
where T is in Kelvin.

2.36
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Two experimental techniques may be used to determine the onset of dynamic
recrystallisation:

1) Sekine [29] plotted log Z versus reciprocal of ;~ecrystallised
austenite grain size (1/~%) for a C-Mn steel shown in Figura 2.13.

The onset of dynamic recrystallisation cccuxad where the plot
started to follow a linear relationShip.

2. Kaspar et al [13] plotted strain hardening exponent I n, against
strain (Figure 2.14). The onset of dynamic recrystallisation occured
when the n-value passed through n=O. The strain hardening exponent
was calculated from equation 2.37

n b In(6) /bln( E) 2.37

III

lfl.......
III

CI.J
2.....

(a)
dynamic recovery

(b)
dynamic recrystallization

I (III)

True strain

Figure 2.12 Characteristic stress-strain curve for dynamic l':'ecovery

and recrystall.isation (27)1
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2.6.2 Static structural changes

'~'he dislocation structures introduced by deformation make them
thermodynamically unstable so that on holding at high temperature after
deformation further structural changes occur by the process of static
recovery and static recrystallisation [27].

2.6.2.1 Static recovery

For strains less than the critical strain for static recrystallisation,
the only restoration process that occurs is static recovery. Static
recovery occurs immediately after deformation and involves the
annihilation of dislocations. The rate of recovery decreases with time
since the driving force is the dislocation density [30]. If the applied
strain is greater than the critical strain for static recrystallisationt

static recovery takes place in the incubation period before
recrystallisation.

Solute additions e.g Nb, decrease the rate of static recovery since they
increase the incubati time for static recrystallisation [31).

2.6.2.2 Static recrystallisation

If the applied strain is less than that necessary for the onset for.
dynamic recrystallisation, Em, then statically recrystallised austenite
grains form preferentially at the original austenite grain boundaries.
Figure 2.15 [32] shows that the rate of recrystallisation slowly
inc"'eases as nuclei are produce: and then accelerates to a maximum, but
ultimately decreases due to impingement of the growing grains. The
fraction of recrystallised austenite as a function' of hold time can be
described by the Avrami equation 2.38:

x ~ 1 - exp(-O.693(tno~~/~so)2 2.38

Whittaker (33] defined a
r.ecrystallisation kinetics

temperature-compensated time
which takes into account the

equation for
continually
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changing temperatui.'e of the steel over discrete time intervals (Figure

2.16) .

Xcc = 1 - exp(-O.693(Wp/Wp,so»)2 2.39

where

2.40

Z tso 2.41

Figure 2.15 Recrystallisation curves for low-alloy steel[AISI 51601 of
initial grain size 100 ~ deior.med at 1s-~ [32].
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Figure 2.16 Time-temperature compensation curve for determining the
fraction of austenite that has recrystallised under
anisothermal conditions [33].

The rate of recrystallisation in a given material is determined by the
stored. energy, the density of favourable nucleation sites and. the
temperature. Sellars and Whiteman [34] derived the following
relationships to describe the kinetics of static recrystallisation for
C-Mn steels:(sae Figure 2.17).

for E < O.BE", 2.42

tso 1.lxlO-S Z-0.6 exp(~OOOOO/8.314T)

for e > a.8E", 2.43

The time [or full recrystallisation to take place, t99 t may be
approximated [l~] by

2 x tso 2.44
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Figure 2.17 Dependance of time for 50% recrystallisation on strain for
C-Mn and low-alluy steel [34]

For strains less ~han ED, the stored energy, i.e. the driving force for
recrystallisation, increases as the strain increases. The strong
dependence of t50 on e-4, as given in equation 2.42, has ueen observed by
several authors [35,36.37.38]. The rate of recrystallisation is also
determined by the original austenite grain size since grain boundaries
act as preferred sites for nucleation (36,39]. Decreasing the original
grain size therefore increases the density of favourable nucleation sites
and the rate of recrysta1.lisation [36,40]. The abrupt change from strain
and grain size dependence to independence at E = Es arises because pre-
existing recrystallisation nuclei are always present in the deformed
structure at E > Eo, and the driving force remains constant.
Recrystallisation rate is also particularly sensitive to temperature. In
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general, a decrease in the holding temperature decreasee the rate of
recrystallisation. Apart from the holding temr~rature, the variables
which increase recrystallisation rate also decrease the recrystall.ised
grain size. Sellars and Whiteman [34] derived the following equations to
dafing the statically recrystallised grain size for C-Mn steels after a
particular pass (Figure 2.18);

do 0.67

drex ~ 0.5 ------- E > E"" 2.45
E

E < e"" 2 -.46

where
D*=1.8xlO~ z-o'~S 2.47

2.48

and u is a constant.

If recrystal1isation does not take place I the effect of accumula.ted
strain must be taken into account when c;ilcuJ.atingthe effective
austenite grain size for the following pass. In plate rolling, equation
2.45 should be used to calculate the recrystallised grain size since the
applied strain is almost never greater than E""[34].

Ouchi [41] detenlllnedthe statically recrystallised austenite grain size
in 'hot rolled C-Mn steels in terms of interfacial grain boundary area,
flow stress, strain and roll geometry factor:

2.49

where

Sv = {1.67(E - 0.1) + 1}(2/do) + 63(E ~ 0.3) 2.50

•
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A modified double-stroke test was developed by Stri'ssselberger et al [14]
to evaluate the anisothermal softening ratio (fraction recrystallised),
X.., occurring in austenite during interpass hold times or andsothermsL
strengthening, X""' during deformation (Figure 2.19). Both the rise in
temperature due to deformation he~ting and the temperature drop due to
radiation during the hold ~..)eriodare taken into account. By employing
this method for multi-pa$s hot deformation schedules, the state of
austenite strengthening/softening can be evaluated at any intermediate
stage of working. The anisother~~l sorftening ratio is given by:

X.. ~:.51
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Figure 2.19 Principle of the double stroke technique for

evaluating mechanical softening during deformation

[14]

Figure 2.20 shows how to determine the temperature conversion factors, K~

and K2• The symbols O"u.n.:.. and O"un.2 are the yield stresses of the

material with no prior: deformation at the temperature, strain rate and

straln of the end of the first pass and b~gin.m..ng of the second pass

respectively.

If X. = 1, the stru~ 'ure is fully recrystallised. If X. - 0, the

structure is unrecrystallised.

By determining the strengthening ratio, Xr, the strengthened state of

the material at the beginning and end of each deformation can be

measured. For the first pass,
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2.52

2.6.2.3 Grain growth

The grain size due to i sotihe rrnaL grain growth, d99, at time t is related

to th~ recrystallisbd grain size, drex' by the equation [42]:

2.53

Choquet et al [42] found that 0< 99 0.195 for C-Mn steels.
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Figu:7;'e2.20 Yield stress of undeformed 832 C-Mn steel as a

function t2mperature: shows method to

deteroine tempera.ture conversion fat:tor for T =

.... ,

Grain growt.h under continuous cooling conditions may be calculated (42)

US;'ilg equation 2.53, assuming that the act Lvacd.cn energy (300 000 J'/mol)

remains constant during cooling.
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Foster [19] studied the kinetics of grain growth of C-Mn steels at

various temperatures. From Figure 2.21 it is seen that grain growth is
favoured at high temperatures and long holding times. The following

equation was found to describe grain growth kinetics in C-Mn steels at

950aC:

:eol..,

-- Preditt~d

oo~~-,~o~~~~o~~~;o~~~e~o~--*\cn~1
TlHE t, soc

Figure 2.21 Grain growth after static recrystallisation in plain
carbon steels [19J

2..6.3 Effect of deformation parameters on statically
recrystallised grain size

2.6.3 ..1 Strain

In C-Mn steels I strain is a most Lmpcr tant; parameter affecting

recrystal,lised austenite grain size. Figure 2.18 shows that the larger

the strain the finer the recrystallised grain size {34]. Since dynamic

recrystallisation results in finer grain size staticthan
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recrystallisation, very high reductions at high temperatures and low
strain rates should be aimed for. However, in industrial hot rolling,
these conditions cannot be met and schedules have to be designed using
small to medium reductions. Typical conditions (high rolling
temperatures, loW' to medium strains) on the Vanderbijlpark plate mill
result in a fully recrystaillised austenite microstructure.

Austenite microstructure may be divided into three different
morphologies: fully recrystallised by static or. dynamic recrystallisation

partially recrystallised and elongat~d or unrecrystallised
microstructures [43]. Micrographs showing various austenite
microstructures [44] are given in Figure 2.22.

Figure 2.23 shows a schematically represents the expected austenite
microstructure as a function of daformatLon temperature and strain for a
given initial austenite grain size, At high rolling temperatures, full
recrysta~lisation occurs at fairly small to medium strains reSUlting in a
refined, equiaxed austenite structure. However, grai.n growth is also
favoured at high temperatures and thus the optimum condition between ease
of recrystallisation and recrystallised grain size must be found [45]. If
small amounts of strain (typically 8-14%) are applied at high temperature
the resulting austenite is portially recrystBllised consisting of a
comb.ination of large and small grains. If rolling takes place repeatedly
in the partially recrystallised region at high temperatures, full
rec~ystallisation will eventually result [46]. Very low strains « 8%) in
the high temperature region produce abnormally large austenite grains,
larger than the initial grain size, and persist throughout subsequent
passes. This is to be avoided since large austenite grains are difficult
to recrystallise and are detrimental to toughness l 7].

It is also seen that when medium tc' large strains are applied to the
austenite structure in the I!O recrystallisation region at low
temperetures (Ac:~- 9S0 00), the grains become elongated or "pancaked.v ,

Tnls ,I.ntroducesdeformation bands and SUbstructures into the grains.
Deformation bands and pan.caked grains are advantageous for grain
refinement sinCe they respectively, act as nucleation sites for ferrite
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formation and as structural boundaries that inhibit the subsequent grain

growth of ferrite [43].

a) Undeformed austenite

c) Full.y recrystallised

b) Partially recrystallised

d) Elongated (no recrystallisation)

Figux-e :a. 2'2.Different aust~enite micrC)struct~res
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Figure 2.23 MicrO!3tructural changes occurring in the hot working of

steel



2.6.3.2 Temperature

Low reheat temperatures promote finer recrystallised grain size [43,48]
which increases toughness and strength. Small initial grain sizes reduce
the ~~_~~cal reduction for dynamic and/or static recrystallisation [28].

There is no general agreement in the literat~re concerning the effect of
rolling temperature on recrystallised austenite grain size. According to
SeUars [34] and Tanaka [43]. rolling temperature does not have a
signiHcant effect on grain sizE:!for C-Mn steels. Speich [49} and Gohda
[48] however, maintain that the l.ower the rolling temperature in the
austenite region, the finer the grain size.

2.6.3.3 Strain rar.e

From equation 2.5 it was seen that hrge 1:011radE, high roll speeds and
large strains result in large strain ratBS. Although some authors [4,15]
found that strain rate has no influence on microstructure in C-Mn steels
within one or even two orders of magnitude, Ouchi et al [46] found that
an increase in strain rate reduces the grain size during hot rolling.

2.6,3.4 Hold time

It is seen fom Figure 2.17 that at medium to high temperatures (T > 9.50

°C) the recrystallisation times are very rapid in C-Mn steels. In hot
rolling, the time for full recrystallisation to take place is usually
well within interpass delay times provided the initial grain size is
small enough and sufficient strain is applied (equation 2.45). At lower
temperatures recrystallisation is more sluggish and there may be
insufficient time after rolling for· recrystalli"ation to be completed
which leads to a mixed grain snruc ture and poor toughness. Too long a
holding period however, leads to undesirable grain growth,
Rer.tystallisation times are much longer in microalloyed steels due to
carbonitride precipitation retarding the nucleation of new grains.

2.6.4 Transformation to ferrite

The most important microstructural feature that improves the final
mechanical properties of C-Mn steels is the ferrite grain size which
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strongly influences both strength and toughness. There are various ""1ays

of refining ferrite [50]:

Recrystallisation of austenite by repeated deformation in the

high temperature region

Deformation in the no - recrystallisation region to

subgrains in the austenite which act as nucleation sites

Increasing the aus t sndte to ferrite volume ratio by accelerated

cooling through the transformatio~ region

form

Recrystallisation of strain - induced ferrite by deb .mi.ng in

the two-phase (intercritical) region

Use of precipita.tes and inclusions as nuclei . r ferrite

during transformation (generally not applicable in G-:Mn steels)

Suehiro [51] found that the transformed ferrite gra.i.n size may be

expressed in terms of the ferrite transformation start temperature, AC3'
and the prior austenite grain size, dT•

d~ = (5.51 x 10~O dT~'?S exp -(1072./Ac3)) ~/3 2.5

The effect of stored stir a.Ln in hot, deformation on the transformation

kinetics may be eccounted for by using the effective au~ten~te grain size ,
expressed in equation 2.!>6 as a function of residual dislocation density,S'.

2.S7

Umell'l(lto[52] f.ound that the ferrite grain size, formed from continuously

Cooled, fully recrystalllsed austenite, may be expressed Lr rrms of

austenite grain size prior to transformation and cooling rate.

2.58

An effective way of refining the ferrite is by increasing the amount of

ferrite nulclei by increasing the conl.Lng rate [53-59] through the

tra.nsformation range (Aa3 - Ac:t.) instead of ~1·):'l'V'r:mt:cl-;_e.l air coo1.ing. A
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dramatic increase of yield and tensile strength can be obtained without
deteriorating tough~ess. The effect of tile cooling start and end
temperatures as well as the cooling rate on the tensile strength and
toughness of steel are shown schematically in Figure 2.24.

It is generally considered that a cooling rate of abt~t 20 °Cs-~ results
in adequate microstructure and properties in C~Mn steel [54J. The optimum
cooling rate, however, for a particular steel depends. on the chemical
composition.

Accelerated cooling from above the Ac~ effectively shifts the AC3 to a

lower value and produces ferrite grain refinement by a mechanism similar
to that by alloying. However, too fast a cooling rate always results in
undesirably coarse bainite. This arises from the fact that only
?referential sites on austenitic grain boundaries are able to nucleate
ferrite. Finish accelerated cooling below about 450 °c usuaLly gives
rise to a large strengthening effect accompanied by noticeable
deterioration in FATT due to the presence of large amounts of various
low temperature transformation products. Finish accelerated cooling above
500°C is preferred in practice [55}.
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Figure 2.24 Effect of cooling start and end temperatures and the
cooling rate on the tansile strength and toughness of
steel [54]



2.7 Correlation between microstructure and mechanical properties

The unique feature of ferrite grain refinement is that it improves both
strength and toughness. However, the strength and toughness of ferritic-
pearlitic steels depend not only on the final ferrite grain size but also
on the volume proportion and distribution of the pearlite (or bainite).

2.7.1 Yield strength

The effects of chemical composition and ferrite grain size on the yield
stress of ferritic-pearlitic steels are usually represented in the form
of empirical equations examples of which are given below. Strengthening
contributions due to solid solution strengthening is accounted for by the
chemical composition terms.

R..- 105 + 83[Si] + 43[Mu] + 18.4d~-~/2~1540(N] [60]

R.."" 105 + 84(5i] + 33[Mu] + 17.5d...-~/:z. [61]

2.60
2.61

Speich found that low deformation temperatures in the
ferrite/pearlite region also produced a strengthening contribution from
the dislocation ~ubstructure generated in the ferrite.

R.....8 + lO[Si] + 5(Mu] + 2.6d",,-~/:z. + O"d.:l.sl. 2.62

The effect of finishing temperature on the Ra-ferrite grain size
relationship is shown in Figure 2.2.5. The usual d.".-1./2 dependence of
yield strength is obeyed until low finish temperatures (677QC) where a
sharp departure from this trend is observed and the yield stress
increase~ rclpidlywith little further decrease in grain size. Speich {49]
f ound that pearlite only contributes about 7 MIla to the strer~gth of low
CEl bon steels.

2.7.2 Tensile strength

Whilst pearlite in low carbon steels does not affect the yield stress, it
has an effect on tensile strength. Small ferrite grain size and high
volume f ractLons of pearLdce increase the tensile strength [62].
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Figure 2.25 Effect of finishing temperature on the yield stress
grain size relationship [48]

2.7.3 Toughness

The major toughness parameters which have been correlated with grain size
are the impact - transition - temperature , I.TT, and the fracture -
appearance transition temperature, fATT. The general equation
developed [61] to relate the ITT with ferrite grain siz~ is:

A.ITT ....In(A) -In(B) ..In(dOt,-!l./2) 2.64

where A and B are constants, ITT is in °C and d~ is in mm.

Many r-eLatLonshdps have been formulated to show the effect of grain
and Gomposition on FATT. A typical relationship is as follows [621.

size
_.

FATT = -19 + 44[5i] + 700[N) + 2.2(Pear] - 11.5.d~ 2.65
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where FATTis in ae.
Small pearlite col ord.es are beneficial to the FATT because cleavage

cracks aze often observed to stop and change direction at pearlite colony

boundaries [54J.

The effect of finishing temperature and compos1tion on the FATTof C- Hn
steels [49] is given in Figure 2.26. The tr aneLt.Lon temperature of an
steels decreases with decreasing finishing temperature according to a

d-:l./2. relationship if all the deformation is in the austenite region.

When deformation is extended to the austenite/ferrite zone the FATT

increases ,"'ith little change in grain size.

I 1 I

~"-cloa FINISHINGTEUPERATUIlE

\

-aco

; I I I I d-ISO -

4~--~----a~~~lo~--~IZ~--~14~--~16~~'8

Figure 2.26 Effect of finishing temperature and composition on the
FATTof C-Mn steels [49].
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2.8 Computer simulation of multi-pass rolling

If the Lasic relationships between the deformation variables and
microstructural changas discussed above are verified or established from
single and multi-pass laboratory tests. the sequential changes during
multi-pass rolling can be computed [1,34]. By combining t:18se
microstructura.l changes with a finite difference computation of
temperature changes in plane strain compression test.Lng• rolling
conditions can be closely simulated, as illustrated in Table 2.3.

Equations for flow stress as a function of rolling '~ariables and
microstructure can be incorporated into the computer progxam to enable
the prediction of rolling loads (and torques).

Table 2.3

Simulation results for rolling with 20% reductions
per pass and 15s hold time between passes [1].

P!";',l'lE STR.r.m
ROLLING COMPaESSION CCMEu'"TAT!ON

Temp °c dl-lm Te::!;? °c dllJ:! TeIllp OC d ).:m

0.12'!!C,1.46'lsMn,0.032'!sNbsteel
Reheat 1160 110 1160 110 1160 iac
Pass 1 1140 ll39 60 1142 53
Pass 2 1060 1058 39 1061 38
Pass 3 900 9CO 40 899 38

(53 x 31) (47 x 30)
Pass 4 850 37 850 39 848 38

(57 x 23) (61 x 25) (59 x 24)
:Ferrite 8.3 7.5 9.5

0.12'!!C,1.4,6'lsMnsteel
Reheat 1127 115 1127 115
PasS 1 1092 SS 1083 61
Pass 2 1027 44 1025 48
Pass 3 904 32 900 35
Pass 4 850 32 850 32

(I\,Q<\ Re:<:. I (43% Rex.)
Ferrite 9 12-:1.5
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The advantage of this form of simulation is that there arc no limitations
to the deformation conditions that can be simulated. 'l'hedisadvantage is

that it requires a considerable body of reliable basic data to establish
the complex quantitative struct.ure-proper ty relationships requ}.red for a
particular material.
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3 EXPERIMENTAL PROCEDURES

3.1 Introduction

This chapter discusses the equipment and experimental methods used during
plan~ strain compression tests. Techniques used for retrieving and analysing
data are presented. The formulation of a computer programme to predict the
temperature distribution in a rectangular specImen during, plane strain
compression is briefly presented with a more detailed discussion given in
Appendix 1. A computer
mechanical and kinetic

programme written to s4,ulate
changes occurring during hot

important thermal,
plate rolling is

discussed.

3.2 Materials

Three samples of a.s-rolled SOB C-Mn plate steel of slightly different chemical
composition were supplied by Iscor Vanderbijlpdrk Works. The samples were cut
from the tail end of each plate. The chemical compositions of each sample are
given in Table 3.1.

Tabie 3.1

Chemical ':omposition of SCB C-MIl Steel

C Mn Si S Al P N

Grade 11,: 0.11 1.21 0.27 0.003 0.0,,4 0.004 0.Q02
Grade J3: 0.18 1.05 0.27 0.003 0.004 O. ~OLI 0.002
Grade C: 0.11 0.65 0.27 0.003 0.004 0.004 0.002
--.......,._

3.3 Experimental techniques used in plane strain compression testing

3.3.1 The servo-hydraulic machine and ancillar.y equipment

Plai,lestrain compression tests wete performed on a modified, 1500 kN capacity
ser:vo - hydraulic machine. The test arrangement is shown in Fig'lre S.la.
Photographs showing the plane strain compression specimen during the reheating
and de f ormatLon stages of the plane strain compression test are giv'en in
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Figures 3.1b and Figure 3.1c respectively. The testing machine comprises
essentially of:

1. A lOOmm stroke servo actuator.

2. Electronic control unit comprising of three mode controls (displacement,
strain and load) and additional modules viz. computer cantrol interface,
IBM micro computer, monitor, dual disk system, Epson printer and plotter.

3. Hydraulic powez pack supplying 180 litres/nlin at 280 bar via high
pressure hoses.

The servo-actuator is capable of applying 50 mm of st.r oke to the ram in
tension and compression . Four accumulators ~1ere added to the machine to
increase the hydraulic capacity for faster strokes in order to achieve simil~.!:
strain rates (1 - 100 s-~) to those found in rolling.

Compression platens, whose dimensions are shown in Figure 3.2. were machi'1ed
from B13 high temperature die steel. The platen breadth was 30mm. This gave a
blh rat.io of 1.2 (see section 2.5.1) for 25 mm thick specimens. After
machi"\ir.g.the tools were hardened by austenitising at 1050°C for 12 hours,
followed by air cooling. Special fixtures were made to mount the upper and
lower platens to the ram and base respectively of the servo-hydraulic machine.

The specimen transport trOlley, shown in Figure 3.3, conveyed the specimen
between the three (in~uction heating, deformation and air/water cooling)
regions of the plane strain compression test. The trolley was mounted on four
wheels which moved along angle iron rails by means of two pneumatic cylinders
operating at 5 bar air pressure. The trolley was open at one end to facilitate
specimen movement tnto the induction coil during a heating period.
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Figure 3.la Plane strain compression test layout
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Specimer;_..
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Figure 3.1b Reheating the specimen by induction

Spring
suppor t

De:f:ormed
specimen

Figure 3.1c Deforming the specimen
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Both cylinders were operated manually through ani off switches. The specimen

was supported xn the centre of the trolley by means of two stainless steel

arm'3 attached to each end of one side of the specimen. The arms were

attached to a cross support resting on three springs fixed on either side of

the trolley. The arms were free to open symmetrically as the specLmen extended

lengthwise during deformation and ensured that the specimen remained central

between the platens. The arms were spring loaded to allow the specimen to "8

pushed by the upper platen onto the lower platen during deformation whilst

supporting it freely between deformations This first of all allows the

specimen to be moved easily to and from the deformation region and sacondj.y

reduces the heat transfer between the s,ecimen and platen to a minimum.

The first cylinder (400 rom full stroke) was at tacr.ed to the rear of the

trolley and to the front of the second cylinder and enables specimen

t r ans porca tLon to and from the heating and def ormat Io-a regions. The second

cylinder. (1100 rom full stroke) was fixed tb the end of the rail support

structure and facilitated the movement of the specimen to and from the

def'ormat.Lon and cooling regions. The air pressure was ad juat.ed to provide a

specimen travelling time between each region of less than 1 sucond.

A 50 kW capacity induction furnace was used to reheat the specimen to the

required austenitising temperature. The furnace has a PIn (potential integral

differential) controller which enables the user to vary and control the

specimen heating cycle. Due to the shape of the specimen, a rectangular

induction coil had to be made to provide a uniform heating rate to the

specimen. The coil was manufactured out of 10 romdiameter copper tubing.

A second computer, complete with PC-LabcardR.t a multi - function control card I

has recently been installed which enables the specimen heating cycle to be

controlled from a remote set point. The comput.ez also controls the pneumatic

cylinders thereby allowing simultaneous. automatic cont ro l of the specimen

temperature and specimen transportation.
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Platen Dimensions

s

9

Legend:
1. Specimen
2. piston
3. Piston attadunent
4. Cross support
5. Trolley "heel

n. lo1heelaxle
7. Spring
8. Angle iron frame
9. Attachment to pneumatic

cylinder

Figure 3.3 Specimen Transpor.t Trolley
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The quench unit consisted of adjustable bza..s noz.zles fixed to aluminium
blocks situated above and beneath the fully retracted specimen posdtLon
(Figure 3.4). The distance from the nozzle ends to the specimen surface wa s
120 mm , Water channels • drilled into the interior of the blocks, supplied

to the specimen top and bottom surfaces. The nozzle apertures were
adjusted to vary the water velocity and hence specimen cooling rate 3.ccordin;:;
to the requirements of each test.

Figure 3.4 Water cooling apparatus used in plane strain compression tests

3.3 .2 Specimen prepara tion

The dimensions of th~ specimen were 25x90x120mm3 and were chosen so that~

a) The maxtmum load capacity of the machine (J.500 kN): should not be
exceeded during deformation. Wide specimens have a large deformation area
and result in large force requirements.

b) The deformed material should be sufficiently thick to allow the
preparation of tensile and Charpy impact specimens.
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c} Plane strain conditions should be obtained. or apprpximat.ed as closely as
possible: thin, wide specimens are necessary for bhi s , (see section
2.5.1).

Holes were drilled to position thermocouples in the centre of the specimen.
K-type, mineral insulated, inconel sheathed thermocouples of 2.Smm diameter
were implanted into the holes to continuously measUre the temperature of the
specimen in the deformation zone.

To overcome oxidation to a certain degree, the specimens were sand blasted and
given two coats of Rockgrip heat recistant aluminium paint.

3.3.3 Planfl strain compression test sequence

A multi-section ramp program, MULTR2, was written by HAND (Pty) Ltd. to
control the servo-hydraulic machine.

At _ne start of a test the test number and machine control mode i.e. load.
strain or position were entered followed by the load, strain and position
limits. The time into the test, in seconds, followed by the actuator position
required at that point were entered. The programme was capable of controlling
fourteen contInnous time-position sequences. A graphic display of the time-
position sequence during a typical four pass plane' strain comp eessLon schedule
is given in Figure 3.5).

Load time and platen position data were logged (the fastest data
acquisition rate was 0.0059-;1.)and stored in binary format on hard disk.
Sample output data are given in Figure 3.6. A programme was written in
TurboBasic in order to c.7nvert this data to ASCII text format. The data
represented in this format could then be further analysed using standard
cOlTlpu.terpackages. Listings of the computer programmes converting load,
position and time to ASCII code are given in Appendix 2.
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Figure 3.5 Graphic display of time-position sequence .luring a four pass

plane strain compression test

"':10

.---

I
i rI

-t--

/1 \h I
I

I-IT I /I

17 1)1 fG I /I

...ft
, " I

p
o
s
i
t
i -:-30
o
n

:::tL--__j___f _J.__t ___j__!--L] _J
50

m
m

o 10 4(')20 30
Time (8)

FE::;:DSACK DATAIT!t1E (Seconds.) LOAD O:N) ~,rRAIN (%) FOSITION (mm)

1.421 -0.005 -5.0=91.431 -Q.OI)S -6.384
1.450 -0.005 -7.739
1.445 -0.005 -9 ..1)94
1.440 ..·O.t)I:'5 -1(1.44'7
1.455 -0.OCl5 -11.792
1.504 0.0(10 -1:::.147
1.53'8 -(I. tl05 -14.51)2
1 ..53:3 -0.0(.15 -15.869
1$528 -0.0(15 -17.212
1.5:::8 -O.()OS -18.579
1.529 -0.005 719.9'::::
1.489 -0.(11:'5 -~CI.r:16B
1. '15(1 -().Oc)S ·"~O.(·Sl
1. .126. -t) ..I)t)Ei -::0. CI681.440 -0.005 ""7';":0.068
1 ..455 -0. (111) -:;:C',068
1..455 -(l,OlC' .,.:::0.e'68
1.465 -0.0(.15 -20. "68
1.484 -(1.005 -:W. (loS
1 ..53:; -O.llOS -:;:0.(l8J
1.56::; ....0. (H)5 -20.1.168
1..54:; -«).(":.5 -20.068
1.504 -0" (J1:,5 -18.762
1.489 -0. (1t:,5 -16.980
1.494 -(I. (I(,S -15.149

Q.I)(lll
0.90(1
1.8(11)
2. 70l~
:::.6QI)
4.500
5.41)1)
6. ::;1)<)
7.21)0
0.11)(1
9.(1)1)
9.9(1(1
10.790
11.6ElI)
12.560
t::>.401)
14.380
15.280
16.181)
17.080
17.9SI)
l8.eEl':1
.19,781)
:::q.661)
21. 561)
22.460

Figure 3.6 Sample o.f t.est output data
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Before the start of a test, the exact position of the upper platen at the

start of the first deformation was determined. This was done by slowly

lowering the platen until a small increase in the initial load was recorded.

This increase in load indicated that both platens were flush against the upper

and lower specimen surfaces. At the beginning of the test, the upper platen

took 30 seconds to reach the upper surface of the specimen from its initial

position (0 mm). The initial ramp period of 30 seconds was too long for

certain tests. When it was required to deform the specimen shortly after

r eheating, a shorter time interval was included at the beginning of the

program in.puts.

After the specimen was reheated to the required austenitisirtg temperature and

soaked for 30 mi.nuces , the first cylinder (400mmstroke) was activated and

traI~sported the specimen to a fixed point directly between the upper and lower

deformation platens. Temperature data acquisition commenced immediately after

the specimen was retracted frcm t.he furnace.

After the specimen was positioned between the two platens, the machine control

programme, MULTR2,was initiated and the programmed upper platen time-position

sequence was carried out.

After the defurmation sequence was complete, tb .. second pneumatic cylinder

(1100 nun stroke) was activated and transported the specimen to the cooling

unit whare the specimen was cooled accordinr; to test requirements. Most

specimens "F~re air cooled to simulate cooling rates found ,.:'.tring run-out table

cooling after plate rolling. Some specimens were subjected to varying cooling

xat.e (lCCs-J.. - 50cCs-J..) in order to determine the effect of coolL.g ra ce on

£\"al microstructure.

3.3.4 Measurement and calculation of deformation parameters

3.3.4.1 Calculation of temperature

The specimen centre temperature was continuous ly monzto red • Thermocouple

voltage readings were recorded using a six channel IF85 data acquisition unit.

The strong inconel sheathing ensured that the: thermocouple remained functional

throughout each test. Software for communications between the data
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acquisition unit and a computer was written by the author and is given in
Appendix 3. Thf:!data acquisition unit has the capability of recording at a
sampling rate of ~ess than lus. The sampling rate was chosen to allow
sufficient recording time for the entire duration of the test (e.g. 50ms = 14
min. of recording tLme ). Voltages recorded during a test were converted to
temperature, °C and time, s, using programme CONVERT, givpn in Appendix 3.

3.3.4.2 Calculation of strain

The equivalent strain, E, was calculated from the platen position data using
equation 2.1 and equation 2.2. The initial specimen thickness, ho,
corresponded to the initial upper platen position before the first
deformation. The position of t.he lower platen remained constant throughout a
test.

The strain origin for each pass (E = 0) during mUlti-pass tests was taken at
the point of total relaxati.on of stress in the previous pass.

Table 3.2 showed excellent agreement between recorded and measured final
total specLmen strain, the maximum difference between the two being not more
than 4%. The recorded strain did not quite achieve the programmed strain due
to the momentum offset of the machine. To compensate for this error, slightly
la.rger strain values than requdrad were programmed into the computer
programme.

3.3.4.3 Calculation of strain rate

The instantaneous strain rate throughout a test was found by calculating the
ratio of the incremental change in strain with respect to incremental change
in time from equation 2.6.

Figure 3.7 shows the effect of strain rate on deformation time for 25mm thick
specimens. Strain rate increased hyperbolically with decrease in deformation
time and reached a maximum of 2.5 s-~. This corresponded to a total
deforIIla.tiontime of 0.1 second. Strain rates faster than 2.5 s-~ could not be
achieved due to the actuator speed limitations. The mach.ine cannot respond
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effectively to shorter deformation times than 0.1 second. Higher st~ain rates
may be obtained on thinner specimens « 25mm).

Strain Rate e.
:3

1

1\

\
\
"r

2.5

1.5

0.5

a
a 1 2 3

Deform Time (s)
4 5

Figure 3.7 Influence of deformation time on strain rate q(25mm thick

specimenJ, deforxned 1125°C)
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Table 3.2

Comparison of recorded and measured spe=imen
total st:tains for selected tests

__,
No:I MeasuredjRecorded 1% Error

S2 0.26 0.27 r 4
S7 0.51 0.52 I 2

S13 o.n 0.95 2
S14 0.98 0.99 .1
S15 0.71; 0.76 0
516 O. F:,6 0.85 1
S21 0.79 0.81 3
S23 0.88 0.88 0

~==

From Figure 3.8 it is seen that the strain ,rate in S16 had a fairly flat

region at the b~ginning of each deformation then decreased rapidly towards the

end of deforme.tion as the velocity of the ram at~proached zero. The atr aLn rate

behaviour encountered in plane strain compresa.i.on tests was similar to the

strain rate response found in plate rolling [21). The strain rate during

rolling is at a maximumat t ••a plane of ent.ry and steadilj decreased to zero

at the plane of exit.
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3.3.4.4 Calculation of flow stress

The flow stress during plane strain compression tests was calculated from the
platen force-position data using the procedure outlined in section 2.4.4. A
mean coefficient of friction of 0.42 was used in all flow stress calculations
since this value was found by Kapellner et al [13] to be applicable for a
wide range of C-Mn steels in unlubricated plane atrain compression specimens.
This value is applicable for specimen thicknesses between 18 and 40 nun. The
onset of flow stress was taken at a strain of 0.015. This value was chosen
since the sttess is very sensitive at values lower than 0.015 and could result
in large errors.

The mean stress during each pass was determined using equation 2.11 by
numerically integrating the area under each flow curve, the lower limit of
integration being the strain at the start of each pass (e = 0) and the upper
limit of integration taken as the total strain in the pass, e~.

A modified version of Barager's formula (see equation 2.12) [22] was used to
predict the hot flow stress of C-Mn steel in terms of temperature, strain and
strain rate:

o
cr' = eO,3psc(BE 0.4 + ce O.S + DE ~.2) 3.7

The constants 13.C and D we.,l determined by tr',ultiplelinear regression for
varIous temperature ranges in the practical plate rolling region (12500C > T >
10000C) end are given in the EoLLowf.ngchapter (Table 4.3 in section 4.1.6.1).

3.3.4.5 Measurement of cooling rate

Figure 3.9 shows a plot of water flow rate elitres/min) as a linear function
of the setting of the spray nozzle situater.1above and below the specimen
during the cooling stage. The flow rate was determined by measuring the time
taken for the water to £ill a 10 Htre container. Figure 3.10 shows a plot of
cooling rate at AC3 (865°C) as a funcrLon of water flow rate. The fastest
c"'''lingrate recorded using .the existing apparatus was 35°Cs-~ for a 25 mm
tu~ck specimen and the slowest rate was 2°Cs-:L during air cooling. By

consulting these graphs it was possible to set the water nozzles to apply the
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required cool rate to the specimen. Direc\". quenching to room temperM.ure or
accelerated cooling at different rates was possible.

Water flow rate (I/mln)
30

22

Tap 1
__.~- 5 Turns

+8 Turns

/' ~l...;t..'- 11 Turns

~
~7/r

~
t> 1_
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20
3 5 7 9

Tap 2, Turns
11

Figure 3.9 Water flaw rate as a function of nozzle opening

Cooling rate at 800'0 °C/8so~~~~~~~~~-------- __--~

so

10
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Water flew tate Iltro!l/mfn

Figure 3.10 Cooling ra.te as a. function of water flow rate (25mm
specimen)
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3.3.4.6 Calculation of strain hardening exponent

The strain hardening exponent, n, was calculated from the In(6")-ln(£) data

found from the respective flow curve using equation 2.37. A Turbo Pascal

numerical differentiation program, DERIV.PAS, was used to perform the

calculations.

3.4 Initial grain size tests

simple tests were conducted to determine the effect of austenitising

temperature on austenite grain size. Specimens (30 x 30 x 30 mm3)were heated

in a rapid heating furnace and soaked for one hour at temperatures bebleen

900°C and 1250 °C before quenching in cold water. The prior austenite grain

size was then determined and quantitatively related to the corresponding

reheat temperature using an exponential c' eve fit.

3.5 Metallograph!

Considerable spread of material occurred at the specimen edge during large

deformations. Metallographic sections were therefore taken at a mi.nimum

distance of l5mm from the specimen edge in the deformation zone. Grain size

determinations were always taken in the mid-thickness position of the

deformation zone. The air cooled ferrite pearlite microstructure of specimens

was studied rather than prior austenite structures since mechanical properties

in the as-deformed condition were required. Ferrite grain sizes as well as

ferrite and pearlite volume percentages were determined by means of image

analysis. A two percent Nital solution was used to etch the ferrite

pearlite structure in air cooled specimens. A warm (70°C) saturated aqueous

picric acid solutIon was used to etch prior austeni'l < r:rrains in quenched

specimens obtained from initial grain size tests. All micrographs were taken

at 400X ~agnification.

3.6 Mechani \1 tests

Standard ASTMtensiles tests were conducted on specimens machined from the

deformation zone of each plane strain compression specimen. Due to size

limitations, only two specimens could be machined p~.'r plane strain compression

specimen. Three sub standard (7. 5xlOmm) Charpy specimens were also machined
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from each plane strain compression specimen. The V-notch was taken along the
centre of the deformation zone shown in Figure 3.11

Figure 3.11 Deformed plane strain compression specimen showing the
positions from where tensile and Charpy specimens were
machined.

3.7 Hodel to simulate the temperature distribution in
compression specimens

plane strain

A finite difference computer model, PSG_TEMP, was written in Turbo Pascal to
simulate the temperature distribution in a rectangular steel opecimen before.
during and after plane strain compression. The model is discussed in detail
in Appendix 1. The programme takes into account heat transfer within the
specimen as well as heat losses due to heat cond~ction to the platen,
convection to t.he surroundings and radiation. The temperature rise in the
specimen due to work done during deformation is also accounted for. A flow
chart showing the logical stages of PSG_TEHP is shown in Figure 3.12. Sample
input data are shown in Figure 3.13. The programme predicts the temperature at
any point in the specimen deformation zone as well as the platens during
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simple air cooling or mUlti-pass plane strain compression tests. Sample output
data ar~ shown in Figure 3.14.

, i
"ST'D'T"'~I
~r-l Input i------,

T L--..J I

lu' ."; I" U Of II n~::Qr;:;,I·,on n~ or::a,
'1

Calculate speci~en di=ensions

icalCUla~e ..6t for air,cooling!
and de!or=at~on pe~~ods :

I

i ,;,1
1

~T • -'t'-;-C_OO_L_P_EP..lI_O_D_-'r----]

,'calCulate new specl=en ~e=pe~atures;
Calculate new platen te=peracures :

IWrite Te=peratures

ST~T DEl:'Orol PE:.B.IOD

1

Icalc. Defor=ation te=p. rise in specin:eni

I'.-- ::r..y....., rr==-;-

Ii passes HI R.~:I

Calcu).ate nee specin:en te:::peratures
Calculate ne~ platen te=peraturesL___ -. __ ~ ~

R.~ DEFO&~ PEElOD

Figur:e 3.12 Flow chart showing the stages of programme PSC TEMP
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Fi 1a '.arne for Output Oata Fi1e Temp_F4

NUmber of Passes: 3 T9'i~paratures

Initial Specimell :1250Element width :0.003
element height:O.a025 :25

:25
Initial Platen
Ambient

HTC fOr deformation :16 Uniform / Non~Uniform [U/HUl :U

Soundary condi t i ';:10 factor :O.9

strain:
0.13

0.14

Stra.. 'late: Hean stress: Delay Time:
60 6

97 5

113 4

Pass:

2

Sample input cata for programme PSC_TEMP

Platen

25 2S 25 25 25

25 25 25 25 25

25 25 25 25 25

43 43 43 42 43

217 217 216 20e 1:'6

Specimen

a16 91~ 91S 931 935 1193 1205
1,94 1172 1173 1178 1196 1218 1220
1229 1226 1226 1227 1229 1230 1231
1237 1236 1?-36 1236 1237 1237 1237
1240 1240 1240 1240 1241 1241 1240

Dafqrmaticn: Pass 11me; 6.26

sample output data for programme PSC~TEMP
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3.8 Model to simulate the mechanical and me'callurgica.l changes during hot

plate rolling

A computer programme, PLATESIM,was written in Turbo Pascal 5.0 to predict the

roll separating forces, evolution of austenite, plate temperature, f~rrite

grain size and mechanical properties of SGa c-~~ steel plate during and after

hot rolling. The programme was run on an IBMcompatible AT personal computer.

A flow chart showing the logical stages of PLATESIMis given in Figure 3.15. A

listing of the programme is given in Appendix 4. The aim of writing the

programme was to supply the Vanderbijlpark plate mill with an accu .. te and

quick method for optimising their plate rolling schedules.

The inputs necessary to run the programme were entered either directly from

the keyboard or from a data file. TSteel SGa rolling schedules consisting of

up to 17 passes may be simulated. A sample of input data is shown in Figure

3.16. For ease of use, a schematic diagram showing the current position of the

slab/plate during the rolling schedule was included in the input stage of the

programme.

The nominal strain and mean strain rate during aach pass were calculated from

equation 2.1 and equation 2.5 respectively. The f Low stress of the slab was

calculated using equation 3.7 for a specific temperature range. The mean

stress was found by analytically integruting equat.Lon 3.7 over the strain

range using equation 3.8:

E::I.

Eo.:3pscf
0" =

E:I.
,0

3.8

The roll separating forces were calculated from S:.m's theory using equation

2.7. The roll geometry factor, Q, was calculated using equations 2.8-2.10.

Ini tially the roll force was overe st imat.ed in the early passes. This was

attributed to the assumption that the slab width remained constant throughout

the schedule. Subsequently, a linear increase in billet/plate width with pass

reduction was incorporated into programme PL11TESIM.This provided a much

better estimation of the roll force in the early passes.
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Plot T
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diagram

deo• R..
Rm, CR

Figure 3.15 Flow chart showang the stages of programme PLATESIM

Since plate rolling was always conduc:ted at high temperatures on the

Vanderbijlpark mill (T > 10500C), it wa~l assumed that full r ecryst.a Ll.LsetLon

took place after each pass. The recrystallised austenite grain size and the

time required for recrystallisation to be! completed were found from equation

2.45 and 2.44 respectively. The grain gro'wth kinetics aft"I" recrystallisation

was simulated using equation 2.55.
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since only plate surface temperatures can be measured on the plant, it was
essential that programme PLATESIM provided an estimate of the surface
temperature for comparitive purposes. Linear regression was performed on the
surface temperature and mean temperatur.e data obtained by Rauder.ski [63]. The
temperature profile in steel plates is given in Figure 3.17. The mean plate
temperature with respect to r(.,lllingtime, found from equation 2.33, was
substituted into equation 3.9 to calculate the plate sU:tJ:~<:e temperature.

T surface == O. 6Tn\ + 381 '.9

Equation 3.9 was an oversimplification since the temperature gradient is not
linear.. Nevertheless, the predicted plate surface temperatures were in fairly
good agreement with the corresponding measured values.

Inputs ftom (k)eyboard or fi(l)e 1
Reheat: 1220 'c Pass h(mm) 'c t(s) Force Finish Temp
Thick 210 mm 1 180 1180 6 1300 1071
W (i) · 1250 mm 2 160 1175 10 1300
H (f) · 2540 mm 3 140 1170 6 2200
Radius: 490 mm .:. 120 1160 5 2600
r,p.m " 60 5 100 1150 5 2800·Passes: '13 6 84 1147 5 2400
1'0 227 j.!m 7 75 1134 5 800
t(ruf): 6 s 8 62 '1127 5 2200
Rotation 2 9 50 1116 6 2600

10 39 1103 5 2600
11 30 1095 5 2600
12 24 1084 5 2200
13 20 1073 5 1600

Figure 3.16 Sample input data for programme PLATESIM
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Figure 3.17 temperature profile across sla.b during plate rolling [63)

The air cooling rate o~ the plate was ~imulated using the equivalent diameter
method dE'!scribedin section 2.5.6. The equivalent air cooling rate of a round
steel bar for various plate dimensions was determined. These values were used
to formulate an equation which determined the cooling rate, CR, for any final
plate thickness:

CR = 1.1 + (h - 0.25)/10 3.10

A conventional CCT diagram of an 0.19C-1.2Mn-0.42Si steel (similar in chemical
composition to SCa) was incorporated Lntc PLATESIM to enable the user to get a
fair idea of what microstructure to expect after subjecting the plate to a
particular cooling rate. It should be mentioned that convent i onaI CCT diagrams
should only De used when the starting microstructure before transformation is
fully recrystallised i. e. when no accumulated strain, due to deformation in
the no recrystallication region, is pces ent.-d.nthe material. The use of this
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diagram was justified in the present work sinc~ all C-Mn plate rolling
schedules on the Vanderbijlpark plate mill are filLished at high temperatures
(T > 10500C) and result in fully recrystallised austenite being formed prior
to transformation.

The ferrite grain size resulting from air cooling the specimen down to room
temperature was calculated from equation 2.58.

Multiple linear regression was used on data obtained from all three SGS steel
grades to generate equations describing the yield strength and Charpy impact
energy at O~C in terms of chemical composition and importal1t process
parameters. Thtl relevant formulae are given in the following chapter (see
Equation 4.7 and Table 4.5).

It was not possible to determine the fracture - appearance - transition-
temperature, FATT, from a single plane strain compression experiment becaus~
only three Gharpy specimens could be machined from the deformation zone
was estimated that at least 20 Charpy tests are required for a reliable FA'rT

determination. However, the influence of ierrite grain size on toughness wa!J
studied on a semi-quantitative basis by means of Gharpy impact energy tests,
conducted at OOC.

Output data I corresponding to the input. data iTt Figure 3.16. are given. in
Figure 3.18. The printout includes for each P~SS, the total strain, the mean
flow stress, simulated and measured roll separat.Lng forces, measured and
simulated defor.w~tion temperatures, hold times, strain rates, recrystallised
austenite grain size, and austenite grain size after grain growth. Al so
included in the printout are the austenite grain size just prior to
transformation, the ferrite grain size, the yield and tensile strengths as
well as the impact energy at ooC.
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('(m) T(s) T(m) dgg Hold PCs) "Pass 4E om drex Erate
=-

1 0.15 63 979 1214 1180 123 181 6 1300 3.9
2 0,27 65 749 1202 i 175 138 173 10 1300 3.7
3 0.41 68 1638 1198 1170 118 157 6 2200 4.2
4 0.56 73 1792 1195 1160 96 143 5 2600 4.8
5 0.14 79 2009 1192 1150 76 129 5 2800 5.7
6 0.92 79 1847 1189 1147 74 123 5 2400 6.i
7 1.03 72 1211 1183 1134 111 126 5 800 5.3
8 1.22 85 1883 1175 1127 67 114 5 2200 7.3
9 1.44 92 2042 1160 1116 55 101 6 2600 8.6

10 1.69 125 2844 1i48 1103 44 87 5 2600 10.4
11 1.95 133 2893 1132 1095 38 75 5 2600 12.2
12 2.18 130 2337 11 i 1 1084 40 70 5 2200 '12 •.7
13 2.36 125 1832 1086 1073 47 66 5 1600 12.7

"

Cool rate (·C/s) L(~m) a(~) ay(MPa) aUTS(MPa) CVN O'C
1.22 66 22.2 292 447

Figure 3.18. Sample output data for programme PLATESlM

Key to Figure 3.18

SymbOll~ Meaning

T(s)
T(m)
pes)
P'(m)
dre:x:
dgg
hold
I>erat~
om
(JY
(JUTS
CVN

Total strain
Simulated temperature,QC
Meas~ced temperature,~C
Simulated roll separating force, r.ons
Measured roll separating force, tons
Recrystallised aus tendte grain si2.e,j.L.'1l

Austenite grain size after grain growth, ~
Interpass delay time, s
Strain rate s-~
Mean flow streess, MFa
Yield strength, MFa
Tensile strength, MFa
Impact energy at O~C, Joules

ke
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4 EXPERIMENTAL RESULTS

This chapter presents the results of mUlti-pass plane strain compression tests

conducted on steel SU8. The effect of the important process parameters on

strength and toughness are given. Equations, determined by mul t.Lpl e linear

regression, were formulated which quantitatively predict tha yield strength

and impact energy in terms of procdss parameters. Results obtained from

computer model, PLA'l'ESIM, are presented and compared with parameter

mea&urements taken on the Vanderbijlpark plate mill.

4.1 Results of plane strain compression tests

The results of single and multi - pass p.Lane strain compression tests on sca
C-Mn plate steel are presented in Table 4.1. The specimens were marked with an

S prescript f oLl.cwed by tb.e test number. This notation was used to identify a

specific test or specimen throughout this chapter. Specimens S1, 83,85,86 I 88

and 828 were rejected because of noise problems encountered in the

the rmocoup.le read.ings. The platen load and platen position. specimen

temperature and test times were analysed on an IBM compatible personal

compucer using software progre.mm~~w_dtteIL...in._T.1..trboPascal and Quickbasic.

Borland' s Quatrro Spreadsheet and Harvard Graphics were used to analyse the

raT.Tdata and present it for output.

4.1.1 Performance of specimens and test equipme~t

Figure 4.1 shows the geometry of specimen S18 after a total strain of 0.62
over four passes. The ~easured re0~ction in thickness Was constant across the

sp~cimen width The specimen size (25x90x120 mm3)was ideally suited for the

equipment used e T" vxdmum platen load recorded was 1;1.:50 1<:Nat 680°C.· This

value was well within the maximumload limit of 1500 kN for the servohydraulic

machine and confirms tha.t, for the specimen size used, virtually any plate

rolling condition can be s imul.at.ed for C~Mnsteels. Total strains of 0.98 'liere

achieved witho~t any sticking of the specimen to the non lubricated platens.

However, when one specimen Was deformed to a total strain of 1.6 at a strain

rate of 0.2, bending at the specimen ends and sticking of the specimen to the
platens occurred.
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Table 4.1
Plane strain co:a:.pressiontest results

Test C lin Pass To T. thnld E do Pear CVH R., (l." e%
.,' ·C 5-1 um % J liPa rJ'a II"

S2 .18 1.04 1240 1195 .09 13 2.5
use ,17 5 2.5 24 23 39 282 474 ~4

515 .18 :.04 1 1225 1125 .31 30 1.7
~ 1010 .45 40 1.7 14 23 57 311 52.7 '11

514 .18 1.04 1240 1135 .38 30 0,'4
1010 .GO 40 0.4 17 23

512 .18 1.04 1200 1140 .J8 30 0.9
989 .48 40 0.9 -

510 .18 1.04 1 1220 1133 .29 30 2.5
937 .26 70 2.5 20 19 48 295 489 37

54 .11 1.20 1 1220 1075 .23 46 2.:
2 1051 • 17 5 2 •• 24 14 65 266 4S4 38

S7 .11 1.20 1 1245 1095 .28 35 2.5
2 1047 ,23 10 2.5 24 17 67 275 467 38

S9 .11 1.20 1200 1120 .26 30 L5
990 .32 40 2.5 19 17 69 293 469 37

513 .ll 1.20 1230 1144 .36 30 0.1
947 .60 40 0.1 8 15 l~i 323 473 30

Sl1 .11 0.65 1 1210 1140 .38 30 0.2
980 .G2 40 0.2 17 10 112 285 443 36

516 .11 1.20 1200 1139 .18 30 2.5
1076 .19 15 2.5

3 1012 .27 2.5
4 1066 .22 2.S t£l 15 95 281 463 34

527 .11 1.20 1100 1083 .2Q 2.5
1058 .20 2.5
t019 .25 2 2.5
965 .26 2 ~.5 n 27 92 265 466 35

521 .11 1.20 I 1230 1136 .18 30 2.~
85Z .20 100 ,.5
844 .26 1 2.5
836 .15 1 2.5 15 15 no 306 475 31

S18 .Il 1.20 1218 1143 .12 30 2.5
812 .15 140 2.5
S09 .25 1 2.5
807 .10 1 2.5 9 15 92 305 479 32

525 .18 1.04 1 1230 1225 .17 10 2.5
2 1185 .07 5 2.5
3 1165 .10 5 Z.S
4 1130 .37 5 2.5 19 26 37 301 384 6.4

517 .18 1.04 1 1240 1144 .18 30 2.5
2 867 .19 100 2.5
3 882 .27 1 2.5
4 876 .14 1 2.5 16 24 67 321 526 29

522 .18 1.04 1 1175 1100 .15 30 2.5
2 840 .25 140 2.5
3 837 .25 1 2.5

832 .15 1 2.5 16 24 70 317 489 32
519 .18 1.04 1 1240 1142 .18 30 2.5

2 79Z .19 180 2.5
3 789 .25 1 2.5

782 .10 1 2.5 10 23 72 299 495 26
520 .18 1.04 1 1200 1130 .19 30 2.5

2 730 .16 200 2.5
3 700 .25 1 2.5

680 .11 1 2.5 8 18 60 333 491 30

523 .11 .65 1 1230 1142 .11 30 2.5
2 820 .19 200 z,5
3 750 .26 1 2.5
4 746 .26 I 2.5 8 15 110 305 445 31

524 .11 .65 1 1240 1140 .21 20 2.5
2 1074 .21 20 2.5
3 1005 .22 20 2.S
4 943 .19 20 2.5 21 12 101 270 441 28

529 .18 1.04 953 937 .19 12 2.5 5.825 39 353 541 29
530 .18 1.04 1001 985 .19 7 2.5 - 23 22 Ja9 556 22
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Figure 4.2
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Photograph of deformed specimen 818
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The avers.ge increase in spread in the defiormat Lon zone as a function of

nominal strain is given in Figure 4.2, It was found that the mean width of the

specimen in the deformation zone increased linearly with the amount of total

strain applied to the specimen. The maximum recorded increase in specimen

width wa s 12 nun at a strain of 0.98.

The deformation platens (b = 30nun) were suitable for deforming 25x9(h:J.20nun3

rectangular specimens in single and multi-pass schedules. The nC'n lubricated

platens were used for 40 high temperature multi-pass tests without blunting

the:!.r sharp edges. This confirmed that the HI3 steel, used to manufacture the

platens, was suitable for high temperature compression tests.

The stainless steel arms and spring system (Figt1r~ 3.1) UPE::dto "':"? -the

specimen during induction hezvt.Lng and multi-plss defurmation we l

in preventing bending or 'buckling of any ancHlary equf.pi. du.....: '"

deformation. A disadvantage of using this specimen suppurt E:yt.t~!m_.'as that it

caused an uneven temperature ddst.rd but.Lon 'In one side of the spee Imen dUril"b

the test.

The semi-automatic specimen transport system proved to be efficient in

transporting the specimen to and from tnt;! heating, deformation and cooling

stages of the test. The travel time for full contraction of the l' 00 rom

pneumatic cylinder was 1.5 seconds.' The travel time for full contraction for

the 400 mm pneumatic cylinder was 0.7 second. These small delay times were

satisfactory for toe present work although much faster cyl.inder speeds can be

achieved by adjusting the a:;'r pressure gauge. Computer hardware and sof twar e

has recently been commissioned to simultaneously control the specimen movement

and the specimen heating cycle.

The 50 kW induction furnace waf; capable elf heating the specimen to 1250°C

within 3 minutes. Thermocouple readings were not affected due to the induction

since the furnace was switched off innnediately after soaking the specimen at

the austenitizing temperature. Some noise was encountered whilst the specunen

was cooling down. This can be attributed to specimen contraction and dirt in

the thermocouple holes.
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4.1..2 Specimen Temperature

4.1.2.1 Comparison between measured and simulated specimen temperature

during air cooling

Undeformed specimens (h=>25 rnm) were air cooled

respectively. Figure 4.3 shows the measured time-temperature history and

simula ted time-temperature history, calculated using programme, PSC_TEHP, £01

each specimen.

The effect of oxidation acting as an insulator at the specimen surf ace was

clearly seen in Figure 4.3. The simulated and measured cooling curves agreed

more closely when the specimen was reheated to intermediate temperatures

(1000ClC) where significant oxidation did not; occur. The difference between

the measured and simulated temperatures in the centre of the specimen during

cooling from 10000C was 10 to 15°C. At higher reheat temperatures (12200C),

oxidation acted as a thernml insulator and caused the simulated temperature to

differ souewhat from the measured temperature. The difference between measured

and simulated centre temperatures during cooling from 12000C was 15 to 25°C.

The close agreement between measured and simulated specimen cooling curves

showed that the heat trensfer coefficient, calculated using equation Al.15,

gave fairly accurate predictions of the temperature at the surface of the

specimen. Also, the number of finite elements chosen were sufficient to

simulate the heat flow within the specimen.

4.1.2.2 Comparison between measured and simulated specimen temperature

during plane strain compression

The temperature distribution in the specimen during multi-pass plane strain

compression tests was simulated using computer programme, PSC_TEMP.Figure 4.4

shows the measured and simulated temperature - time plots for multi-pass,

anisothermal, plane strain compression tests, 325 and 327. Specimens 325 and

S27 were zehaat.ed to 12300C and 11000G respectively. The initial (marked 2)

and final (marked 1) thermucouple posLtLo-is are also shown. It was seen t' at

large and rapidly changing temperature gradients between the surface and

centre of the specimen were formed during and immediately after each

def ormatLcn , At the start of each def ozmakd on , the centre of the specimen
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experienced a temperature rise due to deformation heating. At the same time,

positions close to the surface of the deformation ~one dropped in temperature

because of conduction of heat to the
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colder platens. Immediately following deformatio:'l, there was thu~ a steep

t.empara cur e gradient through the specimen thickness in the deformation zone

and heat flowed rapidly from the specimen centre to the surface. This was

observed by a sharp decrease in temperature at the specim~n centre. This net

heat loss in the deformed zone of the specimen led to a steep longitudinal

temperature gra.dient in the specimen and heat f'lowed rapidly from the

neighbouring I undeformed rnaterial into the deformaHon zone. Once the steep

temperature gradient had dissipated, the simulated temperature at the two
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corresponding thermocouple positions approached equilibrium during the
intermediate air cooling period until the next deformation took place. This
suggested that heat floW'ed continuously towards the deformation zone
equilibrating the cooling rates in the sections of different

1300

1260

T
e
m
p
e
r
a 1100
t
u
r 1050
9

0 1000

960

900 .
0

DaforlTl{;}d epGolman

Thermocouple
--1
__ . 2

._ Surface

- Measured

6 ro· w W
Tlma 5

825i Four pase schedule

26 :30

1GOG
1260

1200
T
e 1150m
p 1100G
r
a 1060
t
u 1000
t
9 960
0

900

860

~~'" ............... _ -..-~"
\ -:"-- ~t,/ \ \V l.~~"-1'-,.:,,;\ .- 1 t( V' \,• \ I _-.__

2 r-......... Surface-Measured

800
o 6 16 2010

TIme s

827: Four pass schedule

Figure 4.4 Spec:Lmen temperature during multi-pl.ss plane strain

compxeesLon tests S25 and S21 (simulated versus measured)



84

thickness. As the volume of material in the deformation zone decreased with
consecutive passes, the temperature drop in the deformation zone increased.

It was seen that the simulated temperature furthest from the specimen centre
(marked 1) was in best agreement to the measured specimen temperature. This
was understandable since the thermocouple wn.s displaced from its central
position during deformation. It was seen that the simulated temperature at the
specimen centre was always lower than the temperature at the final
;-'Qermocoupleposition. The simulated and measured temperatures were in very
gbod agreement in the early stages of the test but differed increasingly in
the last stages. This error could be due to a programming error by allowing
too much heat transfer froin the specimen surface to the platen. .A further
explanation is the insulating effect of scale on the specimen surface. The
simulated temperature did not however, deviate from the measured value at any
time by more than 25°C. During deformation, the simulated surface temperature
dropped and rose again very rapidly. This can be e:x:plainedby the ra.pir.1
exchange of heat between the hot specimen surface and the much colder platens
during a deformation. The surface temperature however, appr.oached equilibrium
conditions few seconds after the deformation.

Platen surface temperatures rose to between 200°C and 400°C during
deformation, depending 1. contact time and deformation temperature. After
deformation, the platen surface temperature dropped rapidly due to heat
conduction to their colder interiors. The platen temperature could not be
measured due to difficulties in attaching thermocouples to the platens.

Two constants, C and liTC,had to be determined for use in programme PSC_TEMP.
The time-temperatur.ehistories of the specimen centre element, simulated using
different heat transfer constants, C, (see Appendix 1. equations A1.43 and
Al.44) are given in Figure 4.5. The optimum value had be determined by trial
and error. It was found that large heat transfer ccnGtants caused the
simulated surface temperature to drop too low. The optimum heat transfer
constant for the given test configuration was found to be 10 kW/m2K. A value
of 0.9 chosen for the boundary condition factor, HTC, (Appendix 1, equation
Al.9) was suitable for Simulating the heat transfer between the deformed and
undeformed zone of the specimen. Very short stable time intervals (equation
Al. 23) were necessary after the first pass due to the reduction in element
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height. The optimum specimen element width and initial height to ensure stable
heat transfer within and from the specimen was found to be 2.5mm.
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4.1.2.3 Influence of reheat temperature on initial 'austeni'tegrain size

Micrographs showing the austenite grain size at reheat temperatures of 11S0oe

and 12S0°C are given in Figure 4.6. All specimens were hel.d for 1 hour at
temperature. The austenite grain sizes at 1150 and 12500C were 200~ and 270~
respectively.
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A plot of reheat, temperature ag:I "nst initial austenite grain size is given in

Figure 4.7. It was seen that the austenite grain size increased exponentially

with increase in temperature. l'he results were in agreement with values

obtained for C-Mn eteels of similar chemical composition by various authors

(3,29.64] .

It was assumed that the grain size expr eas ed as a function of temperature

could be given by

d~ = A exp (Qgg/8.3l4 T) 4.1

where A is a constant, T is in Kelvin and the soaking time ~s kept constant at
one hour.

Taking the logarithm of both sides gives

In(dT) = In(A) + Qgg/(8.314 T) 4.2

Linear regression for data obt aIned from initial grain size tests resulted in

the £ollowing constants:

R~ = 0.9748 4.3

4.1.2.4 Effect of reheat temperature on ferrite grain Rize

The small influence of reheat temperature on ferrite grain size is shown in

Figure 4.8. Four pass schedules 524 and 827 were reheated to 12400C (d., '"

250!JJll)and 1l000C (d.,. '" 150fJ.lJ1)respectively. Both specimens were deformed at

approximately the same temperature. strain and strain rate per pass. The

ferrite grain size in both specdmens was between 21 and 22!J.I1l.A similar

effect was also found in two pass schedules, 84 and 87.
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Reheat 1150°C (X400)

Reheat 12500C (X400)

Figure 4.6 Micrographs showing austenite grain size at 11500C and 1250°C

,..,."
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4.1.2.5 Effect of finish temperature on ferrite grain si~e

Lowering the temperature in the final pass during mUlti-pass plane strain

compressLon tests significantly refined the as-deformed ferrite grain :;ize.

Figure 4.9 shows the microstructure of specimens, 825 and S20, finished after

four passes at 1130°C and 680°C respectively. The microstructure of specimen

825 was Coarse but equ.Laxed and had e. ferrite grain size of 19j.LIll.The

microetructure of specimen 820 shewed alternating regions of fine and coarse

ferrite (me?n da. = 8~).

Figure 4.10 shows the relationship between finishing temperature and mean

ferrite grain size in all m.ulti-pass tests. It was seen t.hat , for all SG8

grades, lower finish temperatures resulted in finer ferrite. These grain sizes

were in close agreement with DeAardo's [58] r esuLt.s obtained from

O.12C-l.3Mn-O.3Si steel. Ferrite grain sizes found in this work were larger

than those found by Vodop.Lvec[65] for an 0.13C-0.46Mn steel grade. Ferrite

grain refinement was significant when the finsh temperature was lowered within

the 11500C-8500C temperature rang~ but became increasingly difficult when the

finish temperature was below 8'.)o°C.

Pearlite bandd.ng was more significant in spec imens finished at low

temperatures. This is clearly seen in Figure 4.11.

4.1.3 Effect of carbon cont.ent; on microstructure

After deforming at high f::.rlishinr: temperatures, the air cooled microstructures

consLs+ad of ferrite a:,1 pearlite in all steels. The pearlite volume fraction

decreased with decreasing carbon content. This is cleal-ly seen in Figure 4.12

where 89 (O.l1C) and 815 (0.18C) were given appr oxdma.t al.y t.he same amounts of

strain and both finished at approximately 1000°C. Specimen 89 contained 17%

pearlite and 815 contained 23% pearlite. Pearlite banding was present in both

structures when vie"'7ed at, l!:;n:V'e:r: .magnification which was typical of air cooled

manganese containing ferrite/pearlite ~late steels.
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Figure 4.11

S16 Finish temperature = 1066°C

S21 Finish temperature = 836°C

Micrographs showing the effect of pearlite banding at
pr-ogz-eas Lvely lower finishing temperatures. X400
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SiS Finish temperature = 807°C

Figure 4.11 (Cant) Micrographt~ showing the effect of pearl:i.te banding

at progressively lower i'inishing +emper-a'tur-oa,

X400
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a)S9 (O.l1C) X400 b)SlS (O.laC) X400
Reheat 1200°C Reheat 1225°C
Pass T E Pass T c
1 1120 .26 1 1125 .31
2 990 .32 2 1010 .45
d = 19.rm d .= 14,.m

Figure 4.1:2 Micrographs showing the effect of carbon content on
pp.ar1ite vo1ume frdctio~ X400

4.1.4 Cooling rate

4.1.4.1 Effedt of cooling rate on hardness

l<~igure 4.13 stows graphically the cooling rate at the A(;3temperature (866°C)

for tests 82, 821, 829 and S30. These specLmens experienced cooling rates of

2, 2.8, 15 and '35 oCs-1 respectively.

In order to determine the uniformity of cooling, hardness values were

determined through the thickness of the deformation zone. Figure 4.14-4.16

shows the hardness maps in the deformation ~ones of specimens s2, S29 and S30.

It waS found that i~creasing the cooling rate increases the hardness gradients

in both the width and thickness planes. For a cooling rate of 35°cs-1, the
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maximum difference in hardness between centre and surface was 60 HV30 whereas
the maximum difference for a cooling rate of 2°0s-1 was 3 HV30 .•Micrographs
showing the final microstructures of specimens S2, S29 and S30 are given in
Figure 4.17.

The top water nozzles were more efficient in cooling the specimen resulting in
slightly higher hardness of the top specimen surface.
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4.1.4.2 Prediction of ferrite grain size for slow cooling rates

It was found from examining various ferrite grain size prediction models

[51,52], that equation 2.58 (used in conjunction with equat.Lon 2.45 and

equation 2.44), which simulates the ferrite grain size in terms of austenite

grain size before transformation and coaling rate, was the most suitable for

steel se8. It must be noted 'that equation 2.58 is appl.i.cable t.o C·-Mnsteel

continuous cooled from fully recrystallised austenite i.e the residual stress

due ,to deforma'tion was not taken into account. Calculated austenite grain

sizes and cooling zat.e obtained from air-cooied (about 2OCS-1) plane strain

compression tests were fitted to equation 2.58 to quantitatively predict the

final ferrite grain size. The mea~ured ferrite grain size is plotted in Figure

4.18 against ca' .culated ferrite grain sizf? It f'1asseen that for large ferrite

grain sizeF' (d > 181m, r-' .:.ained at high finip.~lng temperatures and from fUlly

recrystallised austenite) the predicted values obtained from equation 2.58

were in good agreement with measured. values. However, for smaller ferrite

grain sizes (d < 18,m), the predicted values were somewhat larger than the

measured value by about 5~m. This can be attributed to residual strains in

the structure, generated by deforming the steel at low temperatul:es (T <

850°C), resulting Ln unrecrystallised austenite with elongated Or "J;'ancaked"

grains. On transformation, this "pancaked structure" provides more potential

sites for ferrite nucleation than a fully recrystallised austenite strl" ':ure.

Due to limited tests, it was not possible to quantify the effect of faster

cooling rates on the ferr.i.te grain size.



Figure 4.18

99
..

35r------------------~------------~

30
0
a
I
c 25
u
I
a
t 20e
d

F
e 15
r
r

e 10 ~

I-l
m

5

o

o

o

o

o Transformed from
recrystalllsed

austenite

o 0

/Transformed
from un- I

recrvstallleed:
austenite :

I
I
I
I
I0~---~----~----4---~----~--~~--~

o 5 25 80 35

Comparison between measured anc'l cal.culated ferrite

grain sizes

10 2015
Measured Ferrite urn



100

4.1.5 Effect of strain on ferri t>~ grain size

The effect of final strain on the ferrite grain sizG is shown in Figure 4.19.
Both specimens S10 and 813 were reheated to 12000C and 1.2500C respectively and
given similar strains of 0.29 and 0.36 in the first pass at temperatures of
1133°C and 1144°C. The amount of strain applied in the second pass, conducted
at 940°C, was varied. 810 had a ferrite grain size of 20~ after 0.28 strain
in the second pass. The ferrite grain size in 813 was 8lLIDafter a final
sttain of ,0.6.

The effect of finish strain and finish temperature on ..clrrite grain size for
various two pass schedules is shown in Figure 4.20. Increased strain and
decreased temperature in the last pass refined ,the ferrite grain size.

S10 S13

Reheat 12000C Reheat 12500C
Pass T E Pass T E
1 1133 .28 1 1144 .37
2 937 .28 2 947 .60
de.< 20 um do< ee 8).LIIl

Figure 4.19 ,Hicrographs showing the effect of finish ::;tra;i.non ft;rrite
grain size X400
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4.1.6 Analysis of flow curves

4.1.6.1 Flow stress
The platen load , plotted against platen position for spBcimen S16 is given in
Figure 4.21. It was seen that platen force increased in each subsequent pass
due to contit..uous cooling conditions in the specimen after reheating was
completed.

The equivalent flow stress, corrected using the Von Mises criterion, of four
multi - pass plane strain compression tests conducted in the high temperature
austenitic regLon (> 990°C) , was plotted against nominal strain in Figut;'e
4.22. The numbers above each flow curve indicate the temperatures at which
each pass commenced. The flow stress was simulated using a modified form of
Barager's formula (equation 3.7). The constants for equation, :3.7were found
from plane strain compression tests using multiple linear regression and are
shown in Table 4.3 for various temper~ture ranges. Results of the simulated
flow stress during multi-pass plane strain compression schedules are also
given in Figure 4.22. There was close agreem~nt between measured and simUlated
flow stresses for deformation at high temperatures (T > 990°C).
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Table 4.3

Flow' stress Con.stants for Eqn. 3.7

I
Temperature Range B C D

~'_"!III:::II:r

T > 1150°C 122 -39 ~56
1150 .> T .> 1115°C 153 -49 -70
1115 .> T > 1040°C 179 -79 -44
1040 .> T > 950°C 204 -109 -18
950 .> T .> 825°C 206 157 .-264
825 .> T > 700°C 267 231 -371

It is seen in Table 4.4 that the mean flow stress for def.ormat.Lon conditions,

compared fa.vourably with results obtained by Akben et al [64] from torsion

tests on 0.12C - 1.2Mn steels.
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Table 4.4
Comparison between calculated mean flow stress in specimen S16 and flow
stress values obtained by Akben [64] for similar test conditions

Pass E T E r~t I'0" t "'

Numbe. s-:l. °c I Eqn 3.7 Akbe
-
1 2.5 1145 .18 49 47
2 2.5 1076 .19 61 55
3 2.5 1072 .27 71 68
(. 2.5 1066 .22 77 74( __ '"

n

Figure 4.23 shows t';,einfluence o£ stra.inrate on £lm'l stress for specimens
511, 812. 814 and 815. The deformation parameters in all four tests were
similar. The strain rate was varied between 0.25 and 1.7 s-:1..It was found
that varyf.ng the strain rate between 0.25 and O. 9s-:1.had aln.ostno effect on
the flow stress. However, when the strain rate was increased to 1.77 s-l-.'1.
815, the flow stress in each pass was about 12 MFa higher than in the previous
tests. Thi~ effect is expected to become more pronounced as the strain rate is
increased further. Investigations into the influence of higher strain rates on
various phenomena were prevented due to the velocity limit of the machine
servo-actuator \.

A compar+son of measured and simulated flow stress at Low tf)mperatures is
given in Figure 4.24 for specimen 820. At low temperatures (730-680°0)
equation 3.7 was not accut:'atein predicting the flow stress. In the first pass
of 820 at 113Ci"CI the simulated flow st::ess was in good agreement with the
measured values. However, in the last two ~ 'sses at 700°C and 680°0
respectively, the simulat;:)d:How stress was significantly lower than the
m.easured values.

4.1.6.2 Deformation indttct.idtransformation

Figure 4.25 shows the flow curve of specimen 823, in which the start of the
austenite to f'.!rritetransformation was induced by deformation. The first pass
was conducted at. 1142°C and the shape of the fl.(JwCUrve was typ!Lcal of a
specimen deformed. in the fully recrystallised austenite range. Signifi("ant
strengthening took place ill pass two which ,\las conducted in the no

"
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respectively show the typical shape of flow curves when straIn
induced transformation of austenite to ferrite occurs. A flattening out and
eventual drop in the flow stress is recorded due to the softer ferrite phase.
If deformation is continued in this region the flow stress starts to increase
again due to strain hardening of the ferrite.
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Figure 4.24 Flaw stress at low temperatures (specimen 520)
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4.1.6.3 Anisothermal softening

Figure 4.26 shows the undeformed flow stress, a~n.~, as a function of

deformation temperature T~ for sea steel. Using linear regression, the

undeformed flow stress at a strain rate of 2.59-:1. was r epr es ent.ed as a

functic,n of temperature only, according to equation ~\.4:

a~n.~ = 291.7 - 0.2234 Toe (MFa) 4.4

Th~ results from the evaluation of the anisothermal softening ratio X.. aze

shown in Figure 4.27. 87 ~"p,s reheated to 1245°C and deformed Ln two passes;

the first at 1095°C and 0.28 strain and the second pass at 1047°e and 0.23
strain. The values of ao, al. and az were 31, 59 and 36 MFa respectively. From

Figure 4.26, K:1. and K2 we:r.e found to be 0.81 and 0.66 respectively. The

anisothermal restoration index was 1.04 which showed that the structure was

fully recrystRllised, S2 was reheated to 1240°C and deformed in two passes at

1195°e at 0.09 strain and 11500e at 0.17 strain. The values of ao, a:l. and a2

were 33, 44 and 40 MFa respectively. K~ and K2 were found to be 1.2 and 1 12
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respectively. The restoration index was 0.404 ahowdrig that only 40% of the
austenite recrystallised.

The anisothermal restoration indices for 82 and 87 are in agreement with the
results obtained by 8ekine [29] shown in Figure 4.28. As predLct.ed, the
austenite structure after the first pass of a O.llC steel w'ith an initia:!..
austenite grain size of 270~ (reheat lZ20-12S00C) and deformed at 1095°C and
0.28 strain was fully recrystallised. The predicted austenite morphology after
deformation at 1195°C and 0.09 strain was a partially recrystallised
structure.
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Figure 4.26 Undefor.med flaw stress of sea steel
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4.1.6.4 Strain hardening exponent

The strain hardening exponent, n, was continuously monitored throughout two
multi-pass plane strain compression tests, S16 and S20. The results are given
in Figur, 4.29. It can be seen that the value of n did not pass through ~ero
at any stage durinb deformation of specimen S16 implying that dynamic
recrystallisation did not take place. In 820 however. the strain hardening
exponent passes through zero in the last pass indicating that dynamic
recrystallisation occurred.
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4.1. 7 Ferrite grain size

Effect of .ferrite grain size on yield strength

The results cf measured and simulated yield strenLth values (equation 2.61)

for the three different grades of steel SG8, couipr essed in plane strain are
given in Figure 4.30. It can be seen that simulated yield strength increased
linearly with increasing d~-~/2. Thi.sbehaviour was also found for grain sizes
in the 8 to 15 ~ range. However, at da values greater than 16~ the measured
proof strength values were somewhat lower than the ::.i.mulatedvalues,
Nevertheless, there was generally good agreement between measured and
simulated values. The yield stress of steel SG8 with 0.18% carbon was 330 MFa
and 335 MPa for ferrite grain sizes of 8f.LIIland 25 J..LIll respectively.

The effect of chemical composition on yield strength :i.s also shown in Figure
4.30 • The yield strength of the higher C steel (0.18C) was about 20 MFa
higher than the O,l1e steel for any ghren ferrite grain size, Lower manganese
content (0.65%) resulted in lower yiald strength for a given carbon content
and given ferrite grain qize due to less solid solution strengthening.

Simple regression analysis was performed on the yield stre.igchs and ferrite
grain sizes of all air cooled specimens given in Table 4.1 and resulted in the
following Hall-Petch type equations:

RZ '" 0,82 4,5

Grade B: Ro = 24~ + 8.15 ~-~/2 MP.a RZ ..0.89 4.6

and ~ is in mm,

The co~relation coefficients were rather low and led to the conclusioIL that an
accurate prediction of yield strength in terms of ferrite grain sbe only
could not be formulated for the entire range of deformation conditions used in
this work. A more accurarte approach to quantifying yield strength is
discussed in section 4.1.8.
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on yield strength

4.l.7.2 Effect of ferrite grain size on tensile strength

The results of measured and sdrnuLat.ed tensile strength for the three Se8

grades is given in Figure 4.31. It is seen that the tensile strength increased
only slightly with decrease in ferrite g"ain size. Over the ferrite grain size
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range of Bf.Ul1to 25j.U1lthe t ensi.l,estrength of the 0.llC-O.6SHn varied between
420 MFa and 440 MFa. The tensile strength of the C .1J.C-l.2Mn graete varied
between 460 and 475 MFa whilst the 0 .lBC-l.05l'-1n grade showed tensile strengths
of between 475 and SOO-MFa over the ferrite grain eize ..:angeconsidered. The
predicted tensile strength showed a sHghtly larger increase (30-50 MFa)
between 8f.Ul1and 2Sf.Ul1.

For a given ferrite grain size. the tensile strength increased with increased
carbon and manganese contents. For t.he O.llC steel at 8J.Ul", the tensile
strength was 400 MFa compared to 410 for the O.lBC steel grade. There was good
agreement between measured and simulated (equation 2.62) tensile st r, 19ths.
Taking all air cooled tests into account, the measured and simulated tensile
strengths did not differ by more than about 20 MFa.
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4.1.7.3 Effect of ferritE) grain size on impact values

The effect of ferrite grain size and chemical composition on the average

impact energy at 0° C is shown in Figure 4.32. '1?he impact energy of all

steels increases vrith d-acreasing ferr;i.te grain size according to a d"",-:L./z

until about 11 jJJIl. At ferrite grain sizes below 11 ~),mth.~ impact ene;:~y

started to decrease. This observation was in good agreement with results

obtained by Speich et al [49].

Chemical composition had a marked effect on impact value, independent of grain

size. For a given ferrite graan size, thu lowar carbon steel(O.1J.C) had higher

impact values than thp. higher carbon (0.l8C) steel. It was found that a

decrease in manganese con.t.ent also improved the impact value slightly.

For the O.llC steel, the elon!:, ~ion decreased from 36% at 23 jJJIlto 3;]% at 8jJJIl.

This showed that refinement of fer~~ite grai:- size did not reduce ductility to

a large extent. Elongation in thl• O.lSC steel ~lag about 2% higher than the

o .11C steel for e. gLven ferrit~ gxaIn size.

4.1.8 ~perimental simulation of plate roll~ d schedules

In simulating hot pla.te 1.:r~n.i.ngit 'Has assumed that the main metallurgical

LnfLueness Ol.'L the material must be found ;i.n the last passes. Hence the first

pas s ,::.t $t.lch schedule was performed b.atweer. 1120 and 1I500C to induce a

certain amount ()f recrystallisation associated with encly roughing. Th~

parameters in the remaining passes were chosen to simulate different

conditions toward the end of plate rolling.
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Multiple linear regression was performed on all the air cooled specimens in
Table 4.1 to quantitatively determine the influence of the important rolling
parameters on mechanical properties. The regression equation took the
following form:



117

Ptoperty = A + B %C + C %Mi1+ D Ef + E Tf~n~ah 4.7

where A-E are constants. The properties of intetest included the yield
strength and the impact value at DoC. The constants determined for the yield
strength and impact enetgy are given in Table 4.5.

Table 4.5
Constants for equation 4.7

Property A B C D E Correlation,

Re, MFa 321 255.3 32.4 76.3 -0.119 0.9598
GVN, OOC, J 227 -514.7 - 37.8 -0.095 0.92.51. ; ) -
It is seen from Table 4.5 that carbon content, finish strain and finish
temperature had the most influence over both yield strength and impact energy.
An increase in carbon content improved yield strength but decreased impact
values. An Lncrease in manganese conterrt also improved yield s"rength. The
high correlation coefficients implied that this regression equation was
representative of the overall behaviour of steel SCB when subjected to range
of deformation conditions given in Table 4.1. Equation 4.7 was incorporated
into prcgramme PLATESIM to predict the yield strength and impact values of
steel SG8 using actual mill data. Results are given in the following section.

4.1.9 Summary of plane strain compression tests

Multi-pass plane strain compzossLon tes.:swere conducted suc:,,assfully on a
modified servo-hydraulic machine. Thd control programme, MULTR2, was capable
of performing up to six consecutive deformations on 25mm thick steel specimens
well within the 1500kN load capacity of the machine. The maximum strain rate
that could be ach'Leved on these specimens was 2.5s-:l..Strains of up to 0.96
were possible without any sticking to the non lUbricated platens. The specimen
transport system was able ~o transport the plane strain compression specimen
rapidly to and from the heat.ing, deformation and cooling stages of.the test.
The data acquisition systems used were able to record test data well within
the required limit. The specimen temperature, strain, strain rate and cooling
rate were accurately controlled. The specimen temperature at any point in the

~"
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def ormae Lon zone was predicted to within a maximum error of 25°0 of the
measured values using a finite difference computer programme, PSC_TEMP.

The flow stress of SGB plate steel was accurately predicted at any strain and
strain rate in the practical rolling temperature range using equation 3.7. The
ferrite gr aLn size obtained from continuously cooling fully recrystallised
austenite may be adequately described by Umemoto' s equation. Low finishing
temperatures, large finish strains and medium cooling rates were all found to
playa significant role in refining the ferrite grain size.

Yield and tensile strength increased with decreasing ferrite grain size. The
optimum Oharpy value at 0°0 was found at a ferrite grain size of about 13-15
~. Impact values decreased at smaller ferrite grain sizes. The reheat
temperature did not have a direct influence on final ferrite grain size.
Impact energy values increased with decreasing carbon and mangane se contents.
The optimum cooling rat.& for SG8 steel lies between 15 and 35Gs-~.

Hultiple linear regression equa t.Lons were formulated to predict the yield
strength and impact energy at DOG in terms of chemical composition, finish
ut raLn and finish temperature. The high correlation ccef f LcLent.s implied that
che above mentioned parameters governed the final quality of air cooled steel
SOB.

4.2 Plate rolling results

This section presents a comparison between measured results of deformation
parameters found in industrial hot plate rolling and the corresponding
predicted values obtained from the computer programme, PLATESIM.

Results of the ro1ling parameters measured and simulated during rolling of SCB
C-MIl steel plate at the Iscor Plate Mill, South Works, Vanderbijlpark are
shown in Tables 4.6 -4.9. Final microstructure and mechanical properties'
were determined from samples cut from the tail end of each plate after the
rolling process.

A computer programme, PLATESIM, based on the resul.ts obtained from plane
strain compression tests (section 4.1) and models d~.scus.st:ldi~ Ghaptet ~ was
wdtten to simulate the mechanical and metallurgicaj, changes occurring during
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and after hot plate rolling. The formulation of the programme was discussed in

Chapter 3.

Key to Symbols used in Tables 4.6 to 4.9:

E Nominal strainE Strain rate (S-1)
dr~x Recrystallised Grain Size(~m)
dgg Grain Size after

grain gro\\'th(um)
F(m) Measured Roll For.ce(tons)
F(s) Simu!.ated Roll Fo!'ce(tons)
T(~) Measured Surface T (OC)
Tes) SiLulated Surface T(OC)
Time Interpass time(s)
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Table 4.6
Measured and simulated deformation parameters - SCHEDULE 1

Initial Width: 1250mm Reheat Temp: 1206°C c : 0.18
Final Width : 2540mm Ave r age RPM:60 Mn: 1.05

~Pass Height E E T(m) T(s)1time F(m) F(s) drex dgg
J I

Heat 210 0 0 I 8 0 a 220 *
1 180 .15 3.9 1141 11391 10 1300 1224 120 126
2 160 .27 3.7 1136 11281 5 1300 936 108 116
3 140 .41 4.2 1120 1124 6 2200 2047 91 98
4 120 .56 4.8 1110 1121 5 2600 2240 70 78
5 100 .74 5.7 1105 1117 5 2800 2511 51 61
6 84 .92 6.1 1100 11: 3 7 2400 2309 45 56
7 • ..J 1.03 5.3 1100 1108 6 800 1513 I 56 66
8 62 1.22 7.3 1095 1102 10 2200 2353 43 55
9 50 1.44 8.6 1090 1091 6 12600 2552 34 50
10 39 1.69 10.4 1088 1082 6

11

2600 2844 28 44
11 30 1.95 12.2 1075 1071 6 2600 2893 24 42
12 24 2.18 12.7

~

1058 6

1

2200 2337 27 44
13 20 2.36 12.7 5 1052 10 1600 1832 34 66 I

Out 1 _jLJ

39

IIHeasured Simulated
IF=======================~

Property / Parameter
Ferrite Grain Size
Cooling Rate
Yield Strength
Tensile Strength
Elongation
Impact Energy ooe

(I-Lffi)
(OCs-.l.)
(MFa)
(MFa)
( % )
(Joules) I

25
0.98
330
444
14.4
35

22.9
1.22
295
429

do<= 25fl.m X 400
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Table 4.7
Measured and simulated deformation parameters - SCHEDULE 2

IIn~tial Width: 1250mm Reheat: 1206°C C : 0.18
IIFinal \vidth : 2540mm Ave. RPM: 60 MIl: 1.05

Ifpas~Height E • ~ T(m) T{S):timeIR=F=(m=,=)ii"'iF=(=S=)=rr==d=r=ex=rr=d=g=g=l1

I . ~~=
IHe1at 210 0 0 0 0 :-;;I * .

180 .15 3.9 1140 1140 5 1300 1224 ~3J 1135

I 23 170 .21 2.5 1120 1130 10 800 532 13~ 142
150 .34 3.9 1105 1126 5 2200 1970 110 116

4 130 .48 4.5 1110 1123 5 2800 2137 84 91
5 110 .65 5.2 1105 1118 5 2800 2353 61 71
6 90 .85 6.2 1100 11114 6 3000 2692 43 55
7 80 .97 5.2 1100 1111 5 900 1590 55 65

I 65 1.18 7.5 1100 1104
50 1.44 9.4 1100 1094
38 1.72 11.0 1095 1085
30 1.95 11.6
24 2.18 12.7
20 2.36 12.7

8 7 2400 2595 39 52

Out
I

1076
1074
1065

1076
1061
1054

10 2600 3155
6 3000 3161
7 2800 2577
6 2200 2337

9
10
11
12
13 10 1600 1832

27 45
23 41
26 42
28 44
34 67

1060

,Property / Parameter JjMeasured II Simula ted I
Ferrite Grain Size (jJ.IT1) 22 20.1
Cooling Rate (OCs-:l..)0.96 1.22
Yield Strength (MPa) 330 297
Tensile Strength (MFa) 455 [.35
Elongation (% ) 14 -
Impact Energy COC (Joules) 37 37

dOl = 22 iJ.Il1 X 400
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Table 4.8
Measured and simulated deformation parameters - SCHEDULE 3

rr===================--========================~
I
·lnitial Width: 1250mm Rel.ea t; Temp: 1206°C C: 0.18
Final Width : 2540mm Average RPM: 60 Hn: 1.04

! Pas~ Height1
E IEjIT(m) IT': s)IlumeijF(m)IIF's) Iidrexidgg

Heat 210 0 0 1150 111371 ~~~1~~
1 200 .05 2.1 1120 '1127 ; 750 496 250 252
2 180 .15 3.3 1105 1124 10 2100 1787 193 198
3 160 .27 3.7 1100 1121 5 2400 1902 147 150
4 140 .41 4.2 1100 1118 5 2400 2047 108 113
5 120 .56 4.8 1100 1115 S 2500 2240 I 77 84 I~ 1~:I :~!;:~i~:;ii;; ; I~~~oI~~~~~~~~
8 80 .97 6.3 1092 1099 5 12000 1908 53 63
9 64 1.19 7.8 1083 1093 5 2400 2785 36 49
10 50 1.44 9.2 1075 1090 5 2700 2953 28 44
11 I 40 1. 56 9.8 1070 11085 5 2900 2544 28 44
12 31 1.92 11.8 1067 1074 8 2500 2816 25 421
13 24 2.18 13.5 1060 1067 10 2300 2722lJ4 42

14 20 2.36 12.7 JI:::: 1
'06°10° 190°11'83" I" 66

~J 'I ! _jL_j ,=

Property / P~•..:ameter _].~easllred Simulated

Ferrite Grain Size (!illl) 22 20.4
Cooling Rate (OCs-J..)0.98 1.22
Yield Strength (HPa) 333 295
Tensile Strength (MFa) 444 420I Elongation (%) 15

IIImpact Energy DOG (Joules) 40. 39

do. = 22!J.m X 400
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Table 4.9
Measured aud simulated deformation parameters - SCHEDULE 4

Initial Width: 1250mm Reheat : 1206°C
Final Width : 2540mm Average RPM: 60

f. JIT(m) IT(s)ltimeiF(m)!E)l drexldgg'
1F==9F===9F==9F===9F===~F==~F==9

o I 8 0 0 250 *
2.7 1155 1140 10 1600 688 232 235
3.0 1144 1138 5 1600 901 203 206
4.1 1134 1127 6 1300 1367 109 117
2.9 1122 1124 5 1300,682 117 123
5.1 1108 1094 5 12600'2968 64 79

I .78 5.2 1102 1092 7 2900 2456 56 66

1:~!'1~:~ ~~~~~~:~ ~O I~~~~ ;~~: :i I ~~
1.27 5.8 1090 1087 6 2600 1668 59 69
1.48 8.2 1085 1086 6 2600 2665 40 54
1.73 9.~ 1088 1078 6 2800 2976 29 47
1.99 11.6 1070 1074 6 2800 3083 25 42
2.27 13.7 1060 1065 5 2400 122 22 40
2.49 13.9 1050 1060 10 2200 2366 27 43
2.72 15.5 1050 1052 10 1180.0:22.97 28 68

L__j~~====IU=6==0~~==~L==~~~==~I~

Pass Height e:

Heat 240 0
1 220 .09
2 200 .18
3 170 .35
4 158 .42
5 130 .62

I ~
8
9
J.O
11
12
13
14
15

lout

C : 0.18
Mn: 1.04

110
90
77
68
55
43
33
25
20
16

Property / Parameter Meas~redilSimulrt4

20.3
1.31
296
425

37

do.= 22lJ.I11 X 400
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4.2.1 Plate mill reheating temperature

The reheating furnace temperature of all sea schedules was between 1206°e und
12200e. It was assumed that the ingots at.t.ad.nedthe furnace temperature at the
end of soaking. The ingot soaking times were between 1 and 2 hours. The
initial austenite grain size corresponding to this temperature range was found
from equation 4.1 to be between 220~ and 250~.

4.2.2 Strain during rolling

All sca ingots had a starting thickness of between 210mm and 240mm and were
reduced in 12-14 passes to So final thickness of between 16 and 20 mm. The
total nominal strain, calculated from equation 2.1, was between 2.36 and 2.47.

4.2.3 Strain rate during rolling

Work rolls of 492mm radius were used in all schedules and operated at an
average roll speed of 50 rpm. The strain rate in each pass was calculated,
using these values. from equation 2.5. The mean strain rate was between
2.1s-~ in the initial pass and about 15s-~ in the final pass.

4.2.4 :Flatetemperature

The plate surface temperature was measured using a radiation pyrometer
situated at the pl':11eof entry to the mill. Th'a finishing temperature was
measured using a r.adiationpyrometer situated about 5m from the plane of exit
of the mill. The measured and simulated slab centre temperatures for Schedule
1 are shown in Figure 4.33. Clearly seen is the drop in simulated temperature
due to air cooling and the temperature ri~e due to deformation heat input. It
was found ·~.hata significant difference existed between the simulated centre
and surface temperat.ure of the plate which gradually decreased with time.
After 10 seconds into the schedule the simulated centre temperl:Lturewas about
1220°C and the simulated surface temperature was 1120°C. Immediately after the
last pass the centre temperature was 1130°C whilst the surface temperature was
1075°C. There was very good agreement between measured and a.irnulatied surface
temperatures although the simulated temperatura was consistently lower than
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the measured. values by about 20°C. The maximum difference throughout the
schedule was about 25°C. It was also found that the temperature rise due to
deformation and the temperature drop due to conduction to the work rolls was
more pronounced in the last passes where the temperature was lower. The faster
temperature drep Bxperienced between the last passes was due to a more rapid
heat loss from thinner plates.

COO"" (SI.J ~
Surface(Slm)

Surlace(Measure;

11150

~

~ 0 0 0 0 0 0 \ !
1100 .1·.. ··,····'·· .. 1•••• ,... c I..... I 0

r

· !.••.! :~.0 0 I
1050 '. ··;···.1

_j
1000L-------_J--------~--------~---

o 20 40
Time,s

60 80

Figure 4.33 Measured and simulated plate temperature in Schedule 1

4.2.5 Roll separating force

A comparison between predicted and measured roll separating forces for plate
rolling schedules is shown in the Mechanical Response graphs in Figures 4.34 -
4.37. There was very good agreement overall. Measured and predicted roll
separating forces were fairly low (600-1600 tons) in all the initial passes
due to the relatively narrow width (1250-1500 rom)of the plates as well as the
high ingot temperature in the early stage of rolling (1150-11000C). As soon as
slab rotation took place to achieve the desired plate width, the roll force
increased considerably to between 2200 and 3200 tons. A significant drop in
roll force in the middle of the schedule was recorded because of plate profile
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correction. Decrease in the roll force in the final few passes was due to

small reductions in order to achd.eve the required final thickness.

4.2.6 Evolution of austenite

Equation 2.45 and equat.ion 2.53 were incorporated in the computer program

PLATESIMand used to simulate the kinetics of static recrystallisation and

grain growth of the austt.mite during plate rolling schedules 1,2,3 and 4.

The simulated evolution or austenite during schedules 1,2,3 and 4 are shown in

the 14etallurgical Response graphs of Figures 4.34-4.37. In the early stage~ it

was seen that the silllll.ated austenite was reduced to between 50 and 60 !JJl1

after the f.:i.fth pass. In the middle passes however (llOO-10700C) there was

little difference in the predicted grain size. This was because, at hig.l

rolling temperatures (1120-10400C) and medium strains (0.15-0.25), the

austenite reaches a limiting recrystallised grain size aft~r which further

refinement using conventional hot rolling practice becomes increasingly

difficul t. Towards the end of t:he schedule. sma11 strains result in fairly

large recrystallised austenite grain sizes. The predicted final austenite

grain size was between 66!JJl1and 68!JJl1for all sca rolling schedules.
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4.2.'".Plate cooling rate

After the last pass the SGB plates were air cooled from about 1050°C-1070oC
down to room temperature. At about 950°C',a light water cool was applied to
the plate as it passed t.hrough a cooling spray bank and were subjected to
water cooling for about 3 seconds. The cooling rare during the brief water
cooling period was determined by extrapolating temperature time
measurements at points of entry and exit of the cooling sprays. The average
cooling rate for all plates was found to be 1.22 °Gs-:I.during air cooling
periods and 15°Cs-:I.during the water cooling period. It was found that the
water cooling applied to the plate was insufficient to have a significant
effect on the cooling rate since the temperature only dropped from 950°C to
900°C during this period.

4.2.8 As-rolled ferrite grain size

All microstructures obtained from as-rolled samples consisted of uniform
coarse ferrite and pearlite (see Tables 4.6-4.9). Ferrite grain sizes varied
between 22 and 25 ~.

Predicted ferrite grain sizes calculated from equation 2.58 for the four plate
schedules compared reasonably well with the measured values. The measured
grain size for schedules 1,2,3 and 4 were 25,22,22 and 22 ~ respectively. The
predicted "alues for schedUles 1,2,3 and 4 were 22.9, ZO.l, 20.4 and 20.3 ~
r e spec tLve Ly ,

4.2.9 Mechanical properties

The simUlated yield stress (equation 4.7) values were consistently lower than
the measured yield strengths abtained for the sca grade A steel iu sch~~ules
1,2,3 an~ 4. For the four schedules considered. the average simu~ated yield
stress was 296 MFa and the average measured val.uewas 331 twlPa.The simulated
tensile stress (equation 2.62) was also consistently lower than the measured
value although the mean error of 3.6% was somewhat less than in the yield
stress. The average aimulated tensile strength was 427 MFa and the measured
mean yield strength was 443 HPa.
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The measured Charpy values at Q"C were all 10,>1 to the very high finishing
temperatures on the mill (T > LOSO"C). The measured impact energy of all four
schedules was between 3.5 and 40 Joules. The simulated impact values, using
equation 4.7, compared well with the measvred values. For example, in schedule
1, the simulated impact energy was 39 J at O"C, compared .l'ithths measured
value of 35 J.

4.2.10 Improvement of rolling schedUles - SCHEDULE 1

The hot deformation parameters encountered during the hot rolling of schedule
1 were varied using the simulation programme, 2LATESIM. The mechanical
properties obtained by varying certain rolling parameters are given in Table
4.10. The resu~.tingroll separating forc£; are given in Figure 4.38.

Decreasing the reheat temperature in s~hedule lA from 1250"C to l150°C
resulted in a reduction in ferrite grain size from 22.9 ~ to 20.6~ due to
the lowering of the simulated finish temperature from 1052°C to 1041°C. The
lower reheat temperature resulted in an increase of approximately 15 MFa Ln

the yield strength.

Increasing the predi~ted cooling rate in schedule IB from 1.2°Cs-1 to 15°s-1
resulted in a reduction in predicted final ferrite grain size from 22.9~ down
to 14.31l.tl1.The yield strength and impact energy for these conditions were not
determined because the model only takes air cooling into account. However, an
increase in yield strength without a deterioration i.n im!,act energy were
expected due to the significant grain refinement.

Doubling the work ~olls speed to 120 rpm in schedule 1....resulted in very
little change in microstructure and mechanical properties. Although the roll
separating forces were higher in all passes in schedule lC, they did noc
exceed the mill capacity of 4000 tons.

An increase in strain in the final pass was simulated in sched:llelD. The roll
separating force in the last pass was well above the mill capacity of 4000
tons.



Table 4.10

Optimisation of Schedule 1 using Programme PLATESIM

Sched. Reheat rpm CR d... d<l R.. Rm. CVN

1 1206 60 1.2 66 22.9 295 447 39
H. 1150 60 1.2 52 20.6 310 451 39
1B 1206 60 15 67 14.3
1C 1206 120 1.2 68 22.5 287 447 39
1D 1206 60 1.2 46 19.5 314 454 48

Roil Force, Tons (Thousands)6~------~------------------------------~----------~
-+- eehodUle 10

4
-e- Schedule 10
-l:r Sohedule 1A
~ Sohedule 1

3

o~----~------_.------~--·----._------~----~------~
o e 8

Paatl Number
10 12

Figure 4.38
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Roll separating forces resulting from Schedules 1, L~, IC
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CHAPTER 5 DISCUSSION

5.1 General discussion

The hot deformation simulator has performed exceptionally well in the short
period of its use, both in respect of t.he basic simulation concept and in
respect. of its technical design. '£he incorporation of computer equipment to
control the induction furnace, the deformation sequence and the movement of
the specimen between each process region as well as the =apid data acquisition
has improved the efficiency of the test significantly. The results obtained
for C-Mn steel SGB were in fairly good agreement 'with vaLues obtained in the
literature for steels of similar composition. This has pointed out a new way
of analysing the complex processes occurring in the mater3,al during industrial
deforma tion, particularly hot rolling, more scientifically and with greater
deta.1.1than ever before ....· plane strain compression tect not only allows the
shaping conditions of ex_~ting production plants to be simulated in the
laboratory, as we11 as the investigation of schedules using extreme parameters
which may only be practically implemented at a later stage. This makes the hot
deformation simulator capable not only of scientifically explaining phenomena
which are already known empirically, but of providing the opportunity of
advancing into uncharted terri.t.ory ahead of technology in the field of
material development.

The simulation of hot rolling of microalloyed steels is a distinct possibility
in the future, althrl\gh the higher flow stresses of these steels will require
~he use of smaller rectangular specimens.

In the simulation of thermomechanical processes, the shape and final thickness
of the specimen should allow sampling of various secondary specimens for
metallographic, hardness and mechanical tests. However, small specimens are
advantageous for thernml analysis as temperature variations within the
specimen are less serious. Therefore, plane strain compression on large
rectangular bulk specimens will in the future be supported by tests on small,
cylindrical specimens. Iscor Research and Development ha~ recently pur~~ased a
GLEEBLE 1500 testing machine to accomplish this.

Most laboratory tests do not simulate the temperature conditions of a rolling
pass closely due to the differences existing between the laboratory and the
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rolling mill. However, the use of relevant mean strain rates and temperatures

lead to useful flow caLcu.LatLons. The proof of this is that. when the correct

microstructure is present, the rolling loads predicted by using the flow

stresses in a r~lling theory such as that of Sims are in very good agreement

~v:i.thmeasured ".....slues. The key to this is to ensure that the appropriate

initial microstructure for the pass of interest is present in the specimens.

A number of factors prevent a complete industrial rolling schedule (typically

13 passes, total strain = 2,5) to be simulated in one plane strain

compression test. These include very high friction between the platens and

specimen at high strains, machine load limitations, machine programming

lirnitations (only 5 Or 6 pasnes can be simulated in a single test). as well as

rapid heat losses from the specimen. However. if the initial austenite

morphology and grain size pre known before a particular pass in the complete

rolling schedule. then the re~ulting microstructure after that pass/passes can

be determined. Adding to this the assumption that the most important

metallurgical changes occur in the last passes, the final microstructure and

mechanical properties can be simulated. The results in this work showed that

if plane strain compression tests are concentrated in the final plate rolling

passes for C-Mnsteels, the final microstructure and mechanical properties may

be predicted fairly accurately.

S.2 Mes.s11rementof tempera'ture

From the examination of individual temperature measur ements recorded during

rolling it was evident that despite the efforts to ubtain accurat.e readings.

there were some inconsistencies. The temperature measurement errors were

attributed to scale on the eurf ace of the plate, water vapour or smoke

obscuring pyrometer readings. In hot rolling, the material moves through the

entire roll gap during each pass. In plane strain compression., ':he geometry is

such that only the centre region of the specimen is deformed. Also temperature

losses from the side of the specimen have more of an Lnf.Luence in plane strain

compression tests than in rolling in which b » h. In spite of unavcfdabl.a

er ror s in temperature readings, a large number of readings made it possible to

evaluate the simulation model used for predicting plate temperature. However,

if the first pass temperature is incorrectly predicted. all the subsequent
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readings will be in error. It is possible that the pJ:'edictedtemperatures were
more accurate than the measured temperatures because of the difficulties
sncoun.ce red during measuring.

5.3 Effect of temperature on microstructure and mechanical properdes

Reheat temperature
Because of the large dependence of the recrystallised austenite grain size on
the austenite grain size before deformation, the initial differenc.:·~in
simulated austenite grain size with reheat temperature disappeared fairly
rapidly with successive deformations. Lowering the reheat temperature however.
had an indirect effect On the state of the austenite prior to transformation
to ferrite. By lowering the reheat temperature the deformation temperature
during each subsequent pass as well as the finish temperature were reduced.
The reheating temperatures in plate rolling were very high (1220°C) resulting
in large initial austenite grain sizes. This large initial grain size is
hardly likely to affect the final ferrite grain size significantly because the
large strains experienced in reducing the plate from 210mm do~~ to 20mm tends
to reduce the ·)ffect.Lowering the reheat temperature effectively reduces the
deformation temperature of all successive passes. The traditional slab
reheating temperature of 12500C whLch has, in the past, softened the slabs for
easy rolling in plate mills can be lowered for high speed production. Low
temperature reheating gives the rolled products a definite improvement in
yield and toughness. Moreover, the energy saving may be easily combined with
efforts to savs alloying elements and reduce heat treatment by the use of
controlled rolling and controlled co~ling. Finishing at too Iowa temperature
may result in e~cessive mill loads.

Finish ;emperature

The finish rolling temperature and the final strain are - besides the slab
reheating temperature the most important process parameters in the
thermomechanical procp-ssing of plates and play a decisive role in the
metallurgical process of recrystallisation, precipitation and transformation.
Hj.gh finishing temperatures (> 1050°C) result in the steel being in the
recrystallisation region and will produce coarse ferrite-pearlite
microstructures and low yield streng~hs and toughness values. Finishing in the
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no-recrystallisation region (lOOOOC > T > Ac3) will result in elongat2d prior
austenite and a ref.:i.nementin the ferrite grain size lea.ding to Lncreusad
strength. Although grain refinement has a favourable inf~uence on toughness,
heavy elongation of grains during deformation in this region can result in a
drop in toughness due to increasing dislocation strengthening and unfavourable
crystallographic ori~~tation. By means of a lower finish temperature in the
two phase region, :he increased effect of precipitation hardening and
dislocation density produces substantially higher strength values. The finish
tempera.ture is determined by the desired strength and toughness properties,
whereby the load limits of the rolling stands must also be taken into account.

5.4 Simulation of specimen temperature
The number of finite elements chosen in the deformation zone in PSC_TEMP (5
elements in the thickness direction and 7 elements in the length direction)
was sufficient to simulate the temperature distribution in plane strain
compression specimens dur:i.ngair cooling and deformation. When less than 35
elements ~"ere used, the heat transfer wiuhLn and frot:.::ne specimen ",'asnot
stab.Le and the temperature ciropped too rapidly. Although greater accuracy
would have been achieved .if multiple columns of rhomboidal elements were used,
the choLcc of one column of rhomboida.lelemen.tsat the edge of the deformation
zone provided a simple and fairly accurate means of predicting the rate of
heat transfer between deformed and undeformed regions of the specimen.

The heat transfer coefficient, H (Appendix 1, equation Al.J.5)was found to be
suitable in acc,ounting for radiation and convection losses from the specimen
surface to the surroundings. The optimum heat transfer constant, C, in
(Appendix I, equations A1.43 and A1.44) was found to be about 10 kW/mZK. These
values "rerein good agreement "dth the values of 4 - 21 kW/m2K Eounr' by Foster
[19] for plane strain compression specimens. Thp.constants in equation Al.15
and C would have to be re-formulated if specimens and platens of other
geometries are used in the future.

Equation 3.7 (see section 4.1.6.1), which predicts the flow stress of steel
sca in terms of process parameters was used to calculate the temperature rise
due to wor)!:done on the apecdmen, Relevant ccnstant;ain this equation however,
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will have to be determined for each steel that is simulated using programme

PSC_TEMP.

5.5 Effect of strain on microstructure and mechanical properties

The strain in the last passes of a multi-pass deformation schedule refined the

final microstructu~e of steel SG8 significantly. This was most effective when

specimens weJ;'e f i.nd.shad in the low temperature region. T!:l.S Ls due to little

if any recrystallisat:..on taking place at low temperatures and results in. an

elongated austen.ite structure in which deformation bands and other

substructures are formed. These substructures provide more nucleation sites

for ferrite than fully recrystallised austenite and result in a finer ferrite

grain size. The degree of strain in the last pass and th~ finish temperature

must be optimised to produce a 5ine final structure to improve strength and

toughness.

It is not always a simple matter to apply large strains in practice for fear

of exceeding the rolling mill capacity. A small increase in finish strain

increases the roll separating forces significaIltly. This is because the

rolling force is a strong function of flow stress which in turn is increased

by an increase in strain.

5.6 Effect of strain rate on microstructure and flow stress

The strain rate incr.eased with increasing plate reduction. How~~er, no

significant changes in microstructure were found by increasing t.he rolling

speed from 60 rpm to 120 rpm. This observation is in agreement with Kaspar et

a1 [12) who found that an increase in strain rate of up to 1 order of

magnitude did not influence the microstructure in C-Mn steels. Ouchi[46]

however I found that an increase in strain rate refines the recrystallised

austenite grain size and hence the transformed ferrite grain size. Faster

strain rates increased the flow stress at high temperatures because of the

rapid build up of dislocations in the material. This effect becomes more

pronounced at lower rolling temperatures where it is more difficult for

recrystallisation to take place.

On the basis of r~sults obtained from this work the only advantage of

increasing the strain tate is to increase production rates. The rolling mill
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capacity must always be taken into consideration when 'Jtrain rates are
increased on the mill since rolling force is a strong function of the rolling
speed.

5.7 Performance of cooling apparatus

Fairly uniform hardness values were_ob~ained for slow and intermediate cooling
rates. This implied that, for the water flow rates used during these tests,
the water nozzle spacings allowed an even distribution of water over the upper
and lower surfaces of the specimen. More careful control must be exercised
when the specimen is cooled at vp.ry fast rates since the hardness gradient
becomes more severe.

One drawback of the cooling unit on the hot deformation simulator is the
cooling rate limit. The maximum cooling rate that can be simulated on 25 rnrn
thick specimens is 35°Cs-1. Fully martensitlc structures are not obtained for
C-Mn steels when 25 mm thick plane s~rain compression specimens are subjected
to this cooling rate. Either the cooling rate needs to be increased or the
initial specimen thickness reduced if a fully xnartensitic structure is to be
obtained for exa~ining prior austenite structures at intermediate stages of a
deformation schedule.

5.S Flow curves and roll separating force

No corrections for geometry or friction effects on the flow stress were
included in this work. In plane strain compression tests, thicker specimens
have the effect of increasing t.he flow stress for a given set of defe -mat.Lon

conditions. In contrast to this, frictional effects give higher flow stresses
in thinner specimens. The opposing effects of specimen geometry and frL::tion
on flow stress tend to cancel one another out [191.

Deviation of the simulated flow stress from the measured stress at lower
deformation temperatures can be explained in terms of the metallurgical
changes taking place in the steel. Above 950°C ,the amount of applied strain
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required for full recrystallisatl.on to take place is less than at temperatures
below 950°C. Deformation in the intermediate tempHrature range (10S0-9S00C)
resulted in partially recrystallised austenite ~nd a certain amount of
residual strain was generated in the unrecrystallised structure. Deformation
in the low temperature regions resulted in unrecrystallised austenite and a
certain amount of residual strain was present in the specimen when it entered
the following pass. Retained s:train generated in the partially recrystallised
and non recrystallised structures must be taken into account separately in the
flow stress simulation model using ~he following e~~ation [22J:

.' .
6' 0:'i I T i ' £ i) == X6' (E if Ti,t'i) + (1- X) 6' ( E i+ li -1'Ti-11 Ej-1) 4 • 8

It should be noted that auooe ssi'ul, application of equation 4.8 requires
accurate quantitative knowledge of th~ metallurgical changes occurring in the
steel during and after deformation.

In the plane strain compression test, part of the shaping energy is consumed
in heating the specimen. When the deformation is large the temperature of the
specimen increases significantly. This leads to a reduction in flow stress and
should be taken into account. Acting in opposition to this is the fact that a
large amount of heat is lost to the platens through thermal conduction which
,tends to neutralise t.he heating up effect. When the shape of the 'flow stress
curves are interpreted metallurgically, it is important to distinguish
accurately bet\leen the causes of flow stress drops, which may , apart from the
temperature increase of the specimen, include dynamic recovery,
recrystallisation and precipitation processes.

Deformation induced transformation is attributed to differences in the number
of slip systems in austenite and ferrite which makes 1\-. possible to identify
the formation of ferrite from the flow curve. If continuous deformation is
conducted over the entire rolling temperature range (1200°- 7000C) the flow
stress increases steadily due to the drop in temperature as well as
dislocation build-up in the no recrystalU.sation region. However, low
temperatures it is possible to detect the start of ferrite transformation
under mill conditions, Ac3 by a drop in the flow stress. This has been
achieved by other workers [6&,67,69].
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. A quick cnsck on the state of the austenite at any stage of a multipass

deformation schedule using the anisothermal softening index obtained from

multiple pass hot rolling simulations or on line measurements dan reduce the

number of microstructural investigations normally requir~d.

Although the simulated roll separating forces were gener~lly very close to the

measured va.Lue s error'" .:'n the predicted values were attributed to a number of

factors. Firstly the mean flow stress obtained for a specific strain and

strain rate over a determined temperature range might not be applied

accurately to the mill because of uncertainties regarding the platp.

temperature. Secondly, the instantaneous plate width was not known and can

result in errors when calculating the actual deformation area cJuring rOlling.

Finally, frictional effects were accounted for in rolling by including the

roll geometry factor, Q, in roll force calculations. No correction fOl:"the

effect of friction on mean flow stress was made in plane strain compression.

The underestimation of roll force in the early passes may be explained in

terms of the plate width. The computer programmePLATESIMunderestimated the

width ill the early passes. The exact increase in slab width dur ing each pass

was not measured. The computer model assumed that after the required final

width was attained in the early passes, no further increase in width occurred

due to the prevailing plane strain ccmdit:i.ons. The large roll forces in the

middle passe~ call be explained in terms of ~tra iPd austenite grain size.

Large stJ7'i'.ins in the middle passes result in larger mean flow stresses and

hence larger roll forces. Also, the mediumstrains found in the middle passes

were sUfficient in fully recrystallising the austenite resulting in smaller

austenite grain sizes during deformation. It .LS well known that smaller
I

austenite grain size increases roll separating forces for a given set of

deformation conditions.
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5.9 Evolution of austenite during hot rolling

The structural refinement of austenib:,. during the hot rolling of steels is

produced by successive recrystallisation events during or after repeated

rolling reductions at high temperatuI:'es. In the l.ow-temperature range, a

heavily deformed, unrecrystallised austenite is deSirable, as this increases

tr.e number of nucleation sites for ferrite formation. This contributes to the

improvement of the mechanical properties of the steel.

Static recrystallisation takes place very' rapidly in C-Mn steels at high

tempera.tures (less than 1 second) if medium strains (lS-2Sfl;) are applied.

Actual mill delay times were used in the simulation and provided ample time

for full recrystallisation and grain growth to take place during the middle

passes where medium strains were applied. Very low strains however, were

applied to the slab c.luring the early passea which might have been insufficient

for recrystallisat iem to have taken place. Accumulated s:train energy in the

material led to the evenblal recrystallisation of the austenite in the middle

passes.

~'1henrecrystallisation times are much shoI:'ter than inteI:'pass times, OI:'much

longeI:' than interpass times, then small erI:'ors are of little consequence.

HoweverI when recrystallisation times are similar to int:erpass times, small

errors can result in large differences between the predicted and observed

microstructures. The rolling of sce pla'te steel took place between 12S0"C and

10S0"c and recrystallisation times at these tempo::ratures are very short. This

implied that only small errors occurred in the '..::}.culation of the evolution of

austenite during these rolling schedules.
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5.10 Mechanical properties

Equation 4.5 and equation 4.6, which correlated the yield str~'lgths of steel A

and steel B in termfl of ferrite grain size only, were not accurate enough in

predicting the yield strengths of steel SCS under most deformation conditions

during multi-Jass plane strain compression tests. This was due to the presence

of residual strain in some speci.mens deformed at very low temperatures

resulting in an additional incracse in strength. The non-linear dependence of

ferrite grain size with finishing temperature also affected the accuracy of

the correlation. It was found that the finish strain and finish temperature,

as well as chemical composition, had to be t;J.ken into account to accurately

,?redict the yield strength for any rolling schedule. The use of equation 4.7

produced more accurate results than equation 4.5 or equation 4.6. Although

equation 4.7 was only formulated to predict yield strangth and impact energy,

the same procedure may be used to formulate similar equations that predict

~ther mechanical properties, such as elongation and tensile strength, in terms

of process parameters.

The small variation in tensile strength in all air cooled tests implied that

little, if any, strain hardening occurS in steel SCS under hot rolling

conditions. This small variation in tensile strength was expected since SCS is

a C-1-1n steel and no dynamic carbonitride precipitation occurs duril1g

deformation which results in no strain hardening taking place.

The decrease in impact energy at ferrite grain sizes larger than l~m (high

temperatures, air cooling) was attributed to the slow cooling rate resulting

in coarse interlamellar pearlite upacLnqs which are detrimental to toughness.

At relatively low finishing temperatures, a marked downward trend in the

impact energy was found, and the Charpy value decreased with decreasing

ferrite grain size. This downward deviation in impact energy probably resulted

due to deformation of the steel in the b/o-phase region (austenite-ferrite).

The drop in Charpy values can be attributed to CI.nincreased dLnLocat.Lon

density in the ferrite which causes a deterioration in toughness [49].

The ferrite grain size to achieve the maximumimpact energy at OOCin SCB

ateel lies between 12.3tm and 15.~m.
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CHAP~ER6 CONCLUSIONS

1 Plane strain compression tests gave reliable, quantitative predictions of

the roll separating forces and microstructural changes in industrial

rolling processes. Limit.ations to the precision of the simulations were

imposed by the test and by the complex variations in deformation

conditions in the rolled plate.

2 The conditions of plane strain compression testing are suitable for the

simulation of hot plate roll~ng. With' computer control the strain and

strain rate history in each pass can be closely simulated j:o give the

required stress conditions

3 Problems with oxidation were partly overcome by applying two coats of

aluminium paint to the test pieces. This coat is effective in preventing

oxidation up to 1180°C although at temperature above this the effect is

lost.

4 A finite difference computer model, PSC_~EMP,can be used to predict the

temperature distrib1.ltion in plane strain compression specimens during air

cooling and deformation. The simulated and measured temperatures did not

differ by more than 25°C f·or any defozmabLon schedule.

5 The model developed by Seredynski to

plat.e rolling is accura1::e to within

simulate the temperature during

30°C of the measured values.

Differences

attribllted

plate.

between measured and computed temperature values can be

to a non-linear temperature gradient existing across the

6 Good agreement; was cbce Lnad between th,<;measured and simulated hot flow

stresseSI using equation 3.7. '.rhe equation gavo excellent results at

temperatures above 1000°C. However, at: temperatures below lOOOoC, the

simulated flow stress differed markedly from the. measured values. This

was due to equation 3.7 not; taking into account the effect of increased

strengthening due to d.LsLocatrd.on bu.LLd+up when the specimen is deformed

in the no~recrystallisation and two-phaf3e regions.



7 The double stroke technique is useful for determining the amount of

recrystallisation taking place between passes during multi-pass

deformation. This technique may be used as a quick w~thod to monitor the

evolution of austenite during rolling simulations thereby avoiding time

consuming metallographic examinations.

a Sims model for predicting the roll separating force was successful in

providing good agreement with measured forces.

9 Lower finish roll temperatures~and large strains in the last pass refined

t:ht;;! ferrite grain size significantly leading ·t.o superior mechanical

properties

10 The cooling rate during plane strain compression may be accurately

determined by differentiating the cooling curve using a numericr m~ '-1.

The differentiated form of the cooling curve may also

determine the start and end of trans.forma·cion in s·t.eels ~urt;:I"'~

processed t:o generate deformation CCTdiagrams.

11 The influence of

impact energy of

multiple linear

industrial

steel sca
regression

rolling parameters on yield :::;tn-an')th and

way be determined by perf."ormJ.·'g simple

on data obtained during plane strain

compression tests.

12 computer programme, PLATESIM, is a quick and

designing plate rolling schedules for f'teel sca.
efficient method for

The programme may be

used for other C-Mn steels but the constants in the equations used to

describe the various mechanical and metallu~gical phenomena during

rolling must be determined in the laboratory.
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APPENDIX 1

Sll1ULA1'ION OF THE TEMPERATUllli DISTRIBUTION IN SPECIMENS AND PLATENS
DURING PLAL1'ESTRAIN COMPRESSION (LISTING OF PROGRAMMEPSC_TEMP INCLUDED)



SYMBOLS

A

C

ext[i]
H

Area, mm2
Heat transfer .constant
Distance penetrated by temperature gradient
into specimen, rom
Elongation of specimen during pass i, rom
Heat transfer coefficient for radiation &
convection during air cooling
H at start of deformation, t = 0
H at end of interval, t = fit

s

Average H during compression
Boundary condition factor
Heat flow through platen element, kW/m2

Thermal conductivity of specimen steel
Thermal conductivity of platen steel
Heat flow through specimen elsment, kW/m2
Heat flow along x direction from notional column, kW/m2
Specific heat capacity of specimen steel
Specific heat capacity of platen steel
Specimen element temperature, t 0
Specimen element temperature, t = 8t
Platen eLement; temperature, t ,.0
PIacen eLement; temperature, t = 8t
Specilnen surface element.temperat.ure, t" 0
Platen surface elemont temperature, t~O
Specimen surface element temperature, t=ot
Platen surface element temperaturp., t=8t
Speci.men surface temperature \\teO
Platen surface temperature, t=O
Specimen surface temperature t=8t
Platen surface temperature t=8t
Initial temperature of specimen, °C
Tempe.ratures of rectangular elements
adjacent to rhomboidal elements
Element columns

H

HTe
J1-J5

k

k'
QI-Q5
Q2'"

s'

TPl. ...
W.M

T1,T2

v



vv
Vol
Vol'
W

:£J

.tQ

BQ/Bt
Bt
Bx
8y[i)
By[O]
Bz

St=a.:x:
BTsPd...:e

BT"Pcond.

ii

Element columns in deformation zone
Specimen Element volUille,mm3
Platen element volume, mm3
Number of element rows
Distance between the discrete elements, nun

Net pIaten element heat flow , l·;}l/m7.
Net specimen element heatflow, kW/mz
Rate of heat flow, kW/mz
Time interval, s
Element width, rom
Element thickness in pass i, mm

Initial element height, rom
Element breadth,rom
Stable calculation time , seconds
Temperature rise in specimen due to
plastic deformation,OC
Temperature gain in platen elements in
deformation zone due to conduction to the
specimen during deformation, °c.
Temperature loss, OCt in specimen surface
e:!.ementsin the deformation zone due to
conduction to the platens during deformation
Temperature drop in specimen elements due to
condu.ction with.in the specimen, °C
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~.1 Introduction

The heat conduction inside the workpiece during hot rolling or plan~ strain
compression testing depends on the initial temperature distribution and on the
thermal properties of steel. The temperature gradient inside the workpiece is
a function of time and may be calculated by solving equation Al.l for an
isotropic solid with constant thermal conductivity

1 aT
+ + Al.l

Bx2 OZZ DBt
If one assumes that there is no heat flow through the sides of the workpiace
then equation Al.l may be rewritten as:

82T 1 f,T
Al.2

8x2 D 8t

The solution of this differential equation lies iIlnumerical analysis based or.

the finite difference method which solves for the temperature change at
discrete points in the workpiece over dd screte time intervals. Using this
method, Harding [24] and Foster [19] developed mathematical models that
predict the temperature rhanges occurring during hot rolling and 1,)lanestrain
compression testing respectively.

Al.2 Heat flow durip~ air cooling in an undeformed plane straiu
compre~s_on specimen. (Refer to Figure Al)

Two-dimensional heat conduction was considered between the elements of a
longitudinal section of the specimen i.e. ignoring heat flow from the sides of
the specimen.

It was also assumed that the top and bottom faces of the specimen were
subjected to identical cooling conditions (rad.iation and convection). This
assumption allows, by symmetry, the consideration of only one quarter of the
longitudinal slice (see inset to Figure Ai). The representative section of the
specimen consists of W rows each of initial height By(OJ and V coluums each of
constant width 8J.:.This secHon does not rep.:esent the whole length of the
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specimen sLnce this woul.d require a very Lange number of elements. Instead, a.
notional colwnn of:elements is considered at M ::: 0 which allows the length of
the section under considera.tion to be reduf.!ed.
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r• Q2_L~to. t

l-
03

I
- LI 01

_i I I
I 'IIU01 0211TQ41 .,_

.
I ~;M II II
I

03I " 01
I II
1

1 II
1

02 - l-I
I
I

.J

Mtt1 M'M M·V

I
I

N"'\J
I
I••••••
I
I

:020 _.l-
I
1
1
1--"·"·
1
I

NaN
1
1
1- •••••
1
1
1
I

1
I
1, .

dylOI
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Specimen
Centre

Figto.reAl Element dimensions and heat flow in an undefor.med ~lane strain
compression specimen

Each element, of constant length, 8z, in the section, is represented using
matri~ notation as N,M, where N is the row numb~r and M the column number. The
temperature at each node is represented by T"PN•M• The finite difference
a.pproximation then allows the representation of equation Al.2 by
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Q ::I Al.3
Xfl.OW'

";onsidering the heat flow between the N ,M element and its four surrounding

elements , equation Al.3 gives the amount of heat flowing between adjacent

nodes in a small time Lnt erva L, 8t I as

Ql (TDPN•M - T"PN+:l..M) k 8x 8z 8t /8y[O] Al.4

Q2. (TUPN•M - Tap!l'r.M_:1.)k 8y[O] 8z at I 8x Al.5

Q3 "" (TOPN-:l..M - TCPN.M) k 8x 8z 8t. /8y[O] A1.6

Q4 (T"PN:M+:I.- TapN.M) k 8y[O] 8z 8t ! 8x Al. 7

The convention used is ha'; heat flow away from the centre element, (l,V) , is

pod_ive.

The net heat flow into the N,M element is given by

~Q "" - Ql - Q2 + Q3 + Q4 Al.B

Considering the situation where M '" 1 , since the M = 0 column consists of

notional elements that have no defined temperature, Q2 cannot. be calculated

using equation Al.3 as it was for M > L Instead I Q2 is estimated using a

boundary condition factor, HTe:

Q2.... =: HTe • Q4 Al.9

The Use of the notional column of elements therefore allows firstly the number

of elements in the section to be teduced and secondly the heat flow across title

boundary XX' to be controlled.

The net amount of heat, Q, flowing into any non-aurf'ace eletnent is given by

one of the following combinations:

M "" 1, N ""2 to (W- 1) ~Q "" Q4 - Q2"+ Q1 - Q3 Al.IO

N "" 1, M "" 2. to (V - 1) ~Q '" Q4 - Q2 - Q3 Al.li
N '" 1, M c V l:Q .. - Q2 - Q3 Al.12

M"" V, N "" 2 to (Vl - 1) l:Q =:I ,. Q3 - Q2 + Ql Al.13
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M ::r 1, N = 1 ~Q = Q4 - Q3 - Q2w Al.14

In any hot working operation a certain amount of heat; is lost at the surface

during air cooling due to radiation and convect.Lon , The heat lost from t.he

specimen surface is governed by the heat transfer c::>efficient, H , wh.i ch is a

function of the surface temperature, T"Pou:t.".The relationship between TBP",U:t."

and H for plane strain compression specimens is givem by Foster as

Al.15

Equation A1.15 is also used for calculating the heat lost from the platen

surface by replacing the specimen surface tempera cure, r":';"",ur, wi t.h the p.l aten

surface temperature, TP1au:t.".

Foster[l9] found that the specimen surfa.ce temperature may be approximated by

equa t.Lon Al.l4:

A1.l6

where TOPW•M is the specimen surface element centre temperature.

The heat lost from the specimen surface to the surroundings, Q.5, in a time

interval, 8t, is given by

Q5 "" a 8x 8z 8t Al.l7

Thus, for the surface elements

N t:;! W, M::I 2 to V-l IQ ." - Q5 - Q2 + Q1 + Q4 Al.l8
N .. \f, M '" 1 IQ ." - Q5 - Q2"'+Ql + Q4 Al.19

N => W" 11 "" V IQ ." - Q5 - Q2 + Q1 A1.20

Having found IQ for any element., the new temperature for that element at the

end of the time interval may be calculated. The temperature change in an

element due to conduction from its four neighboudng elements over a tIme
interval, at, is given by



vii

IQ
Al.21

8x OZ 8y[i] 'f I.
where IQ is the net heat flow through an element and ay[i] is the element

height in the ith. pass.

The new temperature, TmpN•Mw, at the end of time interval 8t is given by

Al.22

Equations Al.4-Al.~2 were also used in determining the conduction within the

compression platens in both air cooling and deformation since the element

ddmeneLons remain constant during both periods. The only changes are:

a) The elemental height remain.s constant at dy(O]

b) The notional column at 1-1 '" I, is replaced with a column of surface

e~sments.

c) The heat flow, Q. is replaced with J for notational purpose ...

The successful solution Clf explicit finite difference equations is dependent

on the COr1;'9ct choice of the computational time, 8t. If Bt is too large,

spurious temperatures are, obtained from the computations. Foster [19] found

the maximumallowable stable time, 8t=~=, for finite difference calculations

in pLane strain compceseLon testing to be

8y[i]2 'f S

5 k
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Al.3 Plane Strain Compression

Al. 3.1 Dimension Changes During Plane Strain Compression(Refer to Figure

A2)

During a period of deformation the elements in the specimen shoulder remain
unchanged, while the geometries of the elements in the deformation zone are
altered. As the deformation proceeds the ele...mt al, height in the deformation
zone (initially dy[O]) is reduced to 8y[i]. Several assumptions have been made
concerning the changing geometry of che elements during deformation:

The volume of material in the specimen remains
deformation.

constant throughout the

True plane strain conditions exist so that the specimen does not spread
in the breadth direction i.e 8z of each element remeins constant.

All elem"!nts between the tools remain equa l, in shape and size, except
thickness.

Elements remain in vertical columns throughout the deformation.

The line of symmetry DU'in Figure A2 remains stationary
at the centre or the platen width throughout.

The line or symmetry XX' in Figure A2 remains at the
the specimen throughout the deformation.

mid thickness of

The elemental material that is effectively squeezed
the platns to form a column of rhomhod.daj,elements

out from beneath
of equal volume

between the deformed and undeformed elements.
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Al.3.l.1 Specimen element dimension changes in deformation zone

In plane strain 1eformation, the strain applied to the specimen during pass i
is

E' = In(h(",)/h£) In
By[O]
8y[i]

Al.24

St
Al.25

BE

Rearrangement of equations Al. 2.4 and Al. 25 gives

8y[0]
By[i] ". Al.26

Equation Al.26 gives the height of the elements in the deformation zone for
any period during a test.

AI.S.I.2 Specimen element dimensions just outside the deformation zone
Dtu·:l.ngdeformation the dimensions of the elements remaining between the
platens are continually changing. Consequently the dimensions of elements at
the platen edges are also continually changing and the relevant dimensions of
these elements must therefore be calculated for each interval.

It was assumed that the elements in the column at the platen edges (M = 2) are
rhomboidal in shape and increased in volume with successive def orma tLons .
However this assumption greatly simplifies the calculations of the specimen
dimensions and heat transfer.

The width of the rhomboidal elements, ext[i], is obtained by manipulation of
the equation defining the area of a rhombus:

8,::By(3.]

axt(i] = A1.27
8y[i-l] + oy[i]
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The Longer parallel side remains constant at the initial element height,

By(O], whereas the shorter side equals the height of the elements under the

platen, oy[i], for that pass. During deformation the representative

temperature of an element is assumed to remaan at the centre of gra.vity of the

element.

A1.3.2 Heat Transfer During plane Strain Compressioh

During deformation, the rate of heat transfered between the specimen and

platens is governed by the average heat transfer coefficient, H, and is a

function of element thickness and the heat transfer coefficients at the

beginning and end of the contact period. H is not simply related to time and

must be estimated.

Before and after deformation, heat is considered to flow in the specimen

thickness direction and along the specimen length (i. e. in the z and x

directions) for all specimen elements, as in air cooling. The area of the heat

conducting path is perpendicular to the direction of heat flow.

Considering the N,H element in Figure A2, the formulae for Ql - Q4 remain

basically the same as for air cooling (equat.ions Al. 4- Al. 7) the only

difference being the.t

calculations i.e.

the deformed element d.imensions are used in the

Ql = ('I'''PN•M T"PN+:J...M) k ox oz Btl oy(i] A1.28
Q2 = (T"PN,M T"PN+:J...M) k oy(i) oz otl ox A1.29
Q3 '" (TaPN_:J...M - TUPN•M) k ox oz otl oy[i) A1.30
Q4 "" (TaPN_:J...M - T'"PN•M) ~, 8y[i] oz otl 8x A1.31

For the rhomboidal column of elements, heat flow in the X direction is given

hy;

Q4 '"(Tl ~ TmpN•M) k 8z ot lext[il

Q2 '" (T2 - TapN.M_:J..) k 8z at lextri]
A1.32
A1.33

It was shown lJy Foster [19] that the value of T1 obtained by interpolation is
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Al.34

where P"" Pz are defined in Figure A2. The value of T2 is obtained in a
silIlilarway.

Al.3.2.1 Specimen Surface Temperatures in deformation zone during deformation

Foster (18] found that the surface element temperature of the specimen in the
de Eormat.Lon zone at the end of a time interval, St, is given by equation
Al. 35:

t .,r JHl. 5y[i) D"", ~D""
W --- _I -

2 W k 8y[i:1 8y[i]
Al.35

5 k 8t
A1.36

'f s

The surface temperatures, TPl.~~=, of the platen at the end of time interval,
ot, were also calculated using equation Al.35, except that the platen su~face
element temperatures, TPl.w.~,were used and k is replaced with k'.

Al.3.2.Z Temperature drop due to conduction to the platens

The temperature droop at the surface of the specimen due to conduction during
deformation is

2 H
8T"'Paonc1 Bt A1.37

8y[i] s f
The temperature risE! at the surface of the platens due to conduction during
deformation is

2 H at Al ..38
8y[O] s'!'
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The temperature at the centre of the specimen surface elements at the end of
the deformation time interval, 8t, is given by

i:Q
A1.39

Vol s 1

Similat'ly the surface temperature at the centre of the platen surface elements
is given by

A1.40
Vol's' '1 '

A suitable value of, 8t, was calculated so that the distance penetrated by the
temperature gradient into the specimen ,D".". is juat; less than the specimen
element thickness in the deformation zone, 8y(i]. Ideally, the value of the
stable calculation time increment, 8tUUQx. giving By[i] = Dz• is required.
Howe'Ter, this cannot be obtained by equating the re.LatLon shLps for D:x: and
8y[i] and an iteration method is therefore used to find a value of 8t&=x such
that

Al.41

The value of D"" that satisfies equat~on A1.41 is used in equation Al.23 to
calculate 8t=ax.

A1.3.2.3 Estimation of Heat Transfer Coefficient Between specdmen and Platen

During Deformation

The heat transfer coefficient is a rapidly changing function with thue and it
is necessary to average its value for any particular time interval. Since it
is not simply related to time it is impossible to obtain the true value of H
and it was found by Foster (19] to be estimated using equations Al.42 - AI.50:

Ho + 9H;l.
H Al.42

10

where

A1.43
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A1.44

where
Al.45

1 + F3 + F4

and
i:Q

F1 '" Al.46
8x 8y[i] i s 8y [0] 8x ~ f S'

F2 = 0.1 C 8t(T"Pcur-TP:l..,urJ [1 + ___:_--J A1.47
~Y [0] Sf,!' 8y[i] s :)

F3 = 9 F2 A1.48

~

Y[i] [F4 = C 2W
2 W k

where
FlO = (W + l)Z - 0.33 {(W+l)3 _ W3)} Al.SO

Al.3.2.4 Temperature rise due to mechanical work

The temperature gained due to mechanical work in both rolling and plane str~in
compression is a function of the yield stress. R.., of the material deformed
and of the thickness ratio [19].

R.. ho
8TaPd<>:e = -In-

s hf
Al.S1

8TIIPd.e:e is added to each element temperature after deformation.



uses
dos,crt;

Const

V =0 7:
W '" 5;
VI '" 5:

Type

arrayltype '"array[1 ••5,1 ••7]of rral;
arra~2type a array[l ••5,l ••7)of real;
ari'ay3type =0 array[O ..15]of real;
array4type =0 array(1 ••15]of integer;

Val'

JJ,It,HH,GG,dx,dyy,f!T,kl,sl,rhol,H,k,s,rho
DD,f",EE,T,101init,Tamb,deltaT,add,addl
Jl,J5.J2.J3.J4.Ql,Q2.Q3,Q4,Q5,Tinit,L
factor',deIta .drop,r tse.dtstance.dtdef'trv
Fl,F2,F3,F4.FlO,C,D_x,Dxx,Hnew,Hold,Hmean
AA,CC,counter,test,i,passes,m,n
plusl,plus2,nett,nettl,nett2
dtool,dspec,spec,tool,Q,J
surface, tool surface
KK,LL,dy,deftime,timeair,dtair,dtdef
MM,HN,extension,strain,rate,stress
logger
BB,fi lestratn, fi lename
strainfi1e,thefile
key,A,U,NU

Procedure Initial:
belgln
clrscr:
Texcco 101'(13);
writeln('
write1n;
window(1,1,79,30):
textco lor( 11):
writeln('Schedule Number:
writeln:
writeln('Number of Passes:
I'Irit~ln;
write'ln( 'Element width:
writnln('Element height:
writeln('

:real;
:real;
:real;
:real:
:real:
:lnteger;
:integer:
:arrayltype;
:array2typej
:array3type;
:array3type;
:array4type;
:string[80);
:text:
:char;

** INPUTS **');

File Name for Output Data File :'):

Temperatures '):

Initial Specimen :'):
Initial Platen :'):
Ambient :');

writeln:
writeln{'HTC for defort1'k':tion~ Uniform / Non-Uniform ~U/NU] ');
writeln:
writeln('Boundary condition factor :');



write)n:
writeln('Pass: Strain: Strain Rate:

textcolor(white):
gotoxy(19 ,3):
readl n(test):
gotoxy(60,3):
readln(filename):
gotoxy( 19,5) :
readlntpasses):
gotuxy( 45,7) :
readln(tinit) i
gotoxy( 45,8) :
readln( tco llnit}:
gotoxy( 45,9) :
read In(tambj:
gotoxy(16, 7):
rcadln(dx):
gotoxy(16,8) :
readln(dyy) :
gotoxy(22 ,11):
readln(r.}:
gotoxy( 57 ,11) :
readln(key) ;
gotoxy(28,13):
readln(factor) :

for i!~lto passes do
begin
gotoxy(5,15+i):
write1n(i):
gotoXy(12,15+i):
readln(strafn[i]):
gotoxy(25.15+il:
readln(rate[i]):
gotoxy(41.15+i);
readln(stress[i]):
gotoxy(S6,15+i):
readln('i:imeair[iJ):
end:

assign(thefile,filenama):
rewrite(thefile):

if key a 'U' then
begin
for m:=l to V do begin
for n:~l to W do begin
Spec[n,m]:aTinlt:
end:
end:
end
else
begin

Mean St~ss: Delay Time:'):



c1rscr;
textco101'(13):
writeln('Non Uniform T~mperatur~ Input');
textco 101'(11);
writeln:
'it'iteIn('
writeln:
textco 101'(14):
write1r,(I[5,7] [5,6]
writeln;
writeln('[4,7] [4,61
write1n:
writAln('(3,7] [3,6]
writeln;
writeln(I[2,7] [2.6J
write]n:
writeln('[1.7] [1.6]
textco 10r(11);
writeln{'Centre
textcolor(15):
gotoxy(6,5):
read1n(spec[5.7]):
gotoxy(18,5):
readln(spec(5,6]):
gotoxy(3r .:i);
readl~(sper.[5,5]):
goto)ly(41,5);
read1n(spec(5,4]);
gotoXY(52,5):
readln(spec(5.3]i:
gotoXY(63,5)i
readln(spec[5,2]):
gotoxy(!4,o):
readln(spec[5,1]):
gotoxy(6, 7):
readln(specL4,J]):
gotoxy(18,7):
readln(spec[4,6]):
gotoxy(30,7) I
readln(spec[4,5]):
gotoXy(41,7);
readln(spec[4,4]):
gotol(y(52,7);
read'n(spec(4,3]):
gotoxy(63,7):
readln(spec[4,2]):
gotoxy(74,7):
readln(spec[4,l]);
gotoxy(6,9) :
readln(spec[3.Z]):
gotoxy(18,9) ;
readln(~pec[3,~1):
gotoxy(30,9);
readln(spec[3,5]):

;

___________________ .surface '):

[5,5] [5,4] [5,3] [5.2] [5.1] ) ,

[4,5] [4,4) (4.3] [4.2) [~.1] ') :

[3,5] [3,4] [3,3] [3,:n [3,1] ') :

[2,5] [2,4] (2.3) [2.3] [2.1) .):
[1.5) [1,4] [1.3] (1.3) (1.1] ')i

Midthickness ' ):



gotoxy( 41,9);
readln(spec[3,4]):
gotoxy(52.9):
readln(spec(3,3]):
gotoXY( 63,9):
readln(spec[3,2]):
gotoxy(74,9) :
readln(spec[3,1]):
gotoxy(6,11):
readln(spec[2,7]):
gotoXY( 18,11) :
readln(spec[2,5]):

toxy(30, 11):
,~adln(spec(2,5)}:
gotoxy(41, 11):
readln(spec[2,4]):
gotouy( 52, 11) :
readln(spec[2,3]):
gotoXY( 53,11):
readln(spec(2,2]):
gotoXY( 74,11) i
readln(spec[2,1]):
gotoxy(6,13);
readln(spec[l,7]):
gotoXY( 18,13) :
readln(spec[1,6]):
gotoxy(30 ,13):
readln(spec(l,5]);
gotoxy( 41,13):
readln(spec[1,4]):
gotClXY(52 ,13):
readln(spec[1,3]):
gotoxy(63,13):
readln(spec[l,2]):
gotoxy(74, 13):
readln(spec(1,1]):
end:

for m:a3 to 7 do begin
for n:=1 to W do begin
Tool[n,IlI]:"Toolinit:
end:
end:
clrscr;
add:aO:
addl:"Oi
dy(O]:=dyy;

for I: .. 1 to passes du 00910
dYC1]: ..dy[1~1]/exp(str<l.il1(i]);
extension[i]:c2*dx*dy[i]/(dy[i~1]+dyti]);
deftime[il:=strain(i]/rate[i)i
end:



it

("'for 1:=1 to passes do begin
writeln(thefile,timeair[i]:10:4);
writeln(thefile,deftime[I]:lO:4);
end:"')
rho:=7800;
5:..650;
k:..24:
rhol:",8215:
s1:=425:
k1:",26;
clrscr:
write1n;
textcolor(13);
write)n;
writeln(' element Dimension Changes'):
write1n(' I);
textco 101"( 11) :
write 1n(l Pass Height (om) Extens ion (rrrn) , ):
textcolor(white):
write In:
for 1:=1 to passes do begin
writeln(i:14,dy[i]*1000:17:2,extension(i]"'10GO:19:2):
end:
textcolor(13);
writelr.('
read lm

,):--------------------------------
cnd;

P:'ocedure Air_Stable_Time:
begin
clrscr:
textcolor(13):
writeln(' Times (seconds)'};
write)n(' I);
write In;
textco 101"( 14) :
~witeln(' Air Cooling:'):
textco lor{11):
writeln(' Pass HoldTime Stable Interval');
textcolor(white):
writeln:
for i:..1 to passes do begin
dtair[i]:Qsqr(dy[i-1])"'rho*s/(6*k):
write1n( i:14,tirneair(i]:lO:O,dta irti]:23:4):
end:
writeln:
writeln:
end;

{".-------~----------------------------------------}
i- Iteration for Stable Time During Deformation -}
{------------------_ .._----_ .._ .._----------- ---------}



Procedure Deform_Stable_Time:
begin
textco lore 14) i
write1n(l
textco lore11):
write1n('
textco lorewh ite) :

fi./ormation:') :

pass Contact Time Stable Interval'):

writeln:
for i:u 1 to passes do begin
dtdeftry:=l:
repeat
begin
dtdeftry:=dtdeftry-O,Ol:
distance:osqrt(6*dtdeftry*k/(s*rho»:
end:
until (distance - dy[iJi2) < 0,0001;
dtdef[i]:=rltdeftry;
writeln(i:14,deftime[i]:10:2,dtdef[i]:23:4):
end:
textco lore 13):
writeln( ,
readln:
end:

._-----------' ):

Procedure Print_Tuol:
begin
clrscr:
writeln:
tClI.tcolor(13):
W!"iteln('
te,:\~olore11):
writeln('
textcolJr(white):
for n:= 1 to IV do begin
writeln(tooi(n,7):15:0,tool[n,6]:7:0,tool[n,5):7:0,

tool[n,4]:7:0.tool[n,3]:7:0):

Platen'):

--,--------,):

end:
(*writeln(toolsurface(5,7]:15:0,toolsurface[5,6]:7:0,toolsurface[5,5]:7:0,

toolsurface(5,4]:7:0,toolsurface[5,3]:7:0):*)
textco lore11):
writeln(1
writeln.:
end:

Procedure Print_Spec;
begin
writelnj
textco 10r( 13):
writeln( I Specirnen'):
textco 1ore 11):
\'iriteln(' ')l
textcolor(white);
Ylriteln(surfac:e[5,71:15:0,surface[5.6]:7:0,surface[S,5]:7:0,



surface[S,4]:7:0,surface[S,3]:7:0,surface[S,2]:7:0,
surface[S,l]:1 :0);

for n:~ w downto 1 do begin
writeln(spec[n.7]:i5:0,spec[n,6]:7:0,spec[n,S]:7:0,spec[n,4]:7:0,spec[n,3]:7:0,

spec[n.2]:7:0,spec[n,l]:7:0),
end:
textco lore 11);
write1n(' ________ ~- I):

writeJn;
(*write In(thefi le,add: 10:3 .specjf ,7]: 10:1. spec[2,7]: 10:I, spec[3,7]: HI:1.

spec[4,7]:10:1.spnc[5,7]:lO:1):*)
writeln:
writeln(' Air Cooling before pass ',i:4,' Time: ',add:4:2):

~~iteln(thefile,add:lO:3,spec[l,7]:lO:1Ispec[S,7]:10:1):
end:

{-----------------------}{- AIR COOLING -}
{-----------------------}
Procedure Air_bottomrowspec:
begin
for m:,,2 to V-1 do begin
Ql :0 0:
Q2 ;.. 0;
Q4 :n 0:
deltaT :'" 0:
Ql :'" Ql + (spec[1,m]-spec[2,m])*k*dx*dx*dtair[i]/dy[i-l];
Q2 !a Q2 + (spec[l,m]-spec[l,m-l])*k*dy[1-1]*dtair[i]:
Q4 :'" Q4 + (spec[l,m+l]-spec[l.m])*k*dy[i-l]*dtair[I]:
Q(l.m] != Q4 - Q2 - Ql;
deltaT := deltat + Q[l,m]/(rho*s*dx*dx*dY[i-1]):
spec[l.m]:,. spec[L,m] + de ltaT;
end:
end:

Procedure Air_bottomrowtool;
bagir.
for m:c4 to 6 do begin
J3 :.. 0:
J2 :.. 0:
J4 :e 0:

0:
J3 + (tool[I,m]-tool[2.m])*kl'ldx*dx*dtairtl]/dyy:
J2 + (tool[l,m]-tool[l,m-l])*kl*dyy*dtair[iJ;
J4 + (tool[l.m+lJ-tool[l.m])*kl*dyy*dtair[IJ:
- J3 ..J2 + J4 + factol"'J3:
deltat + J[l,mJ/(rhol*sl*dx ....dx*dyy):
tool[l.m] + d~ltaT:

deltaT :a
J3 :=
J2 :..
J4 :=
J[1,m] r=
deltaT :e
too1(! ,m]:"
end:
end:

Procedure Air_bottomrighcspeci



begin
Ql :" 0;
02 := 0:
de Hat :"
Ql :=
Q2 :"
Q[l ,,'
deltaT :=
spec[l, V]:=
end:

0:
Ql + (spec[l,V]-spec[2,V])*k*dx*dx*dtair[iJ/dy(i-1]:
Q2 + (spec[l,V]-spec[l,V-l])*k*dy[i-l]*dtair[i]:
- Q1 - Q2;
deltat + Q[l,V]/(rho*s*dx*dx*dy[i-l]):
spec(l,V] + deltaT:

Procedure Air_bottomrighttool;
begin
J3 r= 0:
J2 r= 0:
deltat :=
J3 r-
.12 :=
J[l,?] :=
deltaT :=
tool[l,7] :=
end:

0;
J3 + (tool[l,7]-tool[2.7])*k!*dx*dx*dtalr[i]/dyy:
J2 + (tool[l,7]-tool[l,6])*kl*dyy*dtair[1]:
- J3 - J2 + factor*J3:
deltat + J[1.7]/(rhol*sl*dx*dx"'dw);
tool[1,7] + deltaT:

Procedure Air_righthandspec:
begin
for n:,,2 to w-l do begin
Q1 t= 0:
Q2 :,. 0:
Q3 := 0:
deltat := 0:
Q1 := Q1 + (spec[n,v]-spec[n+l,v])*k*dx*dx*dtair[IJ/dy[i-l]:
Q2 := Q2 + (spec[n,v]-spec[n,v-l))*k*dy[l-l]*dtair[i]:
Q3 := Q3 + (spec[n-l,v]-spec[n,v])*k*dx*dx*dtair[I]/dY[i-l]:
Q[n,V] := Q3 - Ql - Q2:
deltat := deltat + Q[n,V)/(rho*s*dx*dx*dy[i-l]):
spec[n,v]:u spec[n,v] + deltat:
end:
end:

Procedure Air_righthandtool:
begin
for 0:=2 to w-l do begin
Jl :" 0:
,J2 t= 0:
13 := 0:
deltat := 0:
Jl r= Jl + (tool[n,7]-tool(n+l,7])*kl*dx*dx*dtair[1]/clyy,
J2 := J2 + (tool[n,7]-tool[n,6])*kl*dyy*dtair[i]:
J3 :0 J3 + (tool[n-l,7]-tool[n,7])*kl*dx~dx1tdtair(i]/d~~:
J[n,7] :- J3 - Jl - J2:
deltat :- deltat + J[n,7]/(rhol1ts,~dx*dx*dyy):
tool[n.7]:= tooltn,7] + deltat:
end:
end:



Procedure Air_bottomleftspec:
begin
Q1 := 0;
Q4 := 0;

0;
Q1 + (spec[1.1)-spec[2.1))*k*dx*dx*dtair[i]/dy(i-l]:
Q4 + (spec[1.2]-spee[1.1])*k*dy[i-l]*dtair[i]:
Q4 - Q1 - factor*Q4;
deltat + Q[l,1]/(rho*s*dx*dx*dy(i-1]):
spee[l,l] + deltat:

deltat :=
Q1 :=
Q4 :=
Q(:.,l] :=
deltat :'"
spec[l.l]:"
end;

Procedure Ajr_bottomlefttool:
begin
J3
J4
J5
deltat :c
H :=
H :=

J5 :=
J3 :a
J4 :'"
J[I,3] :=
deltat :=
tool[I,3]:=
end:

O',:'"
:i:s 0;

0:
0:
0;
H + 0.03227*(tool(l.3]-Tamb)+3.2319E-ll*(sqr(sqr
(tool[1.3]+273)) - sqr(sqr(tamb+273))):
J5 + H*dx*dyy*dtair[i]*lOOO;
J3 + (tool[1.3]-tool[2.3])*k1*dx*dx*dtair[i]/dyy;
J4 + (too 1[1.4 ]-too 1[1,3] )*kl*dyy*dta irei]:
J4 - J3 - J5 - factor*J4:
deltat + J[1.3]ltrhol*sl*dx*dx*dyy):
tool[1,3] + deltat:

Procedure Air_firstspec;
begin
for n:e 2 to w-l do begin
Q1 := 0;
Q2 := 0:
Q3 := 0:
Q4 :.. 0:
deltat :.. 0:
Q1 := Q1 + (spee[n,1].spee[n+1,1])ttk*dx*~.x*dtair[i]/dy[i-l]:
Q3 t= Q3 + {spec[n-l.l]-spee[n.l]}"k*dx*dx*dtal. [i]/dy[1-1];
Q4 : .. Q4 + (spec[nI2]-spec[n,l])*k~'dy[i-l]*dtair[i];
Q2 := Q2 + faetor*Q4:
Q[n.1] := Q3 + Q4 - QZ - Ql:
deltaT := ddltaT + Q[n.l]/(rho*s*dx*dx*dy[i-l]):
spee(n.l]:= spee[n,l] + deltaT;
end:
end:

Procedure Air_firsttool;
begin
for n:= 2 to w-l do begin
Jl !.. 0:
J5 :14 0;
J3 :t:t 0:
J4 := 0:



H
deltat
H

J5
Jl
J3
J4
J[n.3]
deltaT
tool[n.3]
end;
end;

:= 0;
:= 0;
:= H + 0.03227*(tool[n.3]· famb)+3.2319E-ll*(sqr

(sqr(tool[n.3]+273») - sqr(sqr(tamb+273»)}:
:= J5 + H*dx*dyy*dtair[i]*1000;
:= Jl + (tool[n.3}-too1[nH,3])*kl*dx*dx*dtair[i]/dyv:
:= J3 + (_.JI(n-l,3]-tool[n,3])*kl*dx*dx*dtair[i]/uyy;
:= J4 + (tool[n,4]-tool[n,3])*kl*dyy*dtair[i]:
:= J3 + J4 - J5 - Jl:
:= deltaT + J[n,3]/(rhol*sl*dx*dx*dyy);
:= tool[n,3] + deltaT;

procedure Alr_internalspec:
begin
for m:" 2 to '1-1 do begin
for 11:" 2 to w-l do begin
Ql :.. 0:
Q2 := 0:
Q3 :" 0:
Q4 := 0:
deltat :.,
Ql :=
Q2 :'"
Q3 :=
Q4 :'"
Q[n,m] :=
deltaT :~.
spec[n,m]:=
end:
end;
end;

0:
Ql + (spec[n,m]-spec[n+l.m])*k*dx*dx*dtair[i]/dy[i-l]:
Q2 + (spec[n,m]-spec(n,m-l])*k*dy[i-l]*dtair[i];
Q3 + (spec[n-l,m]-spec[n,m])*k*dx*dx*dtair[i]/dy[i-1J:
Q4 + (spec[n,m+l]-5per.(n,m])*k*dy[i-l]*dtair[i):
Q3 + Q4 - Q2 - Ql:
deltaT + Q[n,m]/(rho*s*dx*dx*dy[i-l]):
spec[n,m] + deltaTi

Procedure Air_internaltool:
begin
for m:" 4 to 6 do begin
for n:= 2 to w-l do begin
Jl := 0;
J2 :'" 0:

0:
0:
0;
Jl + (tool[n,mJ-tool[n+l,m])*kl*dx*dx*dtair[i]/dyy:
J2 + (tool[n,m)-tool[n,m-l])*kl*dyy*dtair[i]:
J3 + (taol[n-l, m]-too 1[n ,rn])*kl*dx*dx*dtair( i]/dY:li
J4 + (tool[n,m~l]-tool(n.m])*kl*dyy*dtair[iJ:

J[n,m] r= J3 + J4 - J2 - Jl:
deltaT := deltaT + J[n,mJ/(rhol*sl*dx*dx*dyy);
tool[n,m}:= tool[n.m] + deltaT;
end;
end;
end;

J3 :t:i
J4 :=
deltat :::r
Jl :=
J2 !'"

J3 :=
J4 :=



Procedure Air_surfacespec:
be(;in
for m:=2 to V - 1 do begin
Q2 := 0;
Q3 :" 0:
Q4 r= 0:
Q5 r= 0:
H := 0:
deltaT
Q2
Q3
Q4
H

:" 0,
:= Q2 + (~pec[W,m]-spec[W,m-l])*k*dY[i-l]*dtair[i]:
:= Q3 + {spec(W-l,m]-spec(W,m])*k*dx*dx*dtair(iJ/dy[i-l]:
:= Q4 + (spec[W,m+1]-spec[W,m])*k*dy[i-1]*dtair[i]:
:= H + 0.03227*(spec[W,m]-Tamb)+3.2319E-11*(sqr(sqr

(spec[W,m]+273» - sqr(sqr(tamb+273»):
Q5 ;= Q5 + H*dx*dx*dtair[i]*1000:
Q[W,m] r= - Q5 - Q2 + Q3 + Q4:
deltai :a deltaT + Q[W,m]/(rho*s*dx*dx*dy[i~1]):
spec[W,m):" spec[W,m] + deltai:
sUI'face(W ,m]:"spec[W ,m] + H*1000*dy[ i-1]"'((w*w*w-e)(p(3*ln

(w-l»)/3-w*w)/(2*w*k):
end:
end:

Procedure Air_surfacetool:
begin
for m:" 4 to 6. do begin
J2 := 0;
J3
J4
J5
H :" 0;
de Itaf := 0:
J2 r= J2 + (too1[H,m1-tool[W,m-l])*k1*dyy*dtairtiJ:
J3 r= J3 + (tool[H-l,m]-tool[W,m])*kl*dx*dx*dtair[i]/dw:
J4 := J4 + (tool[W,m+1]-tool(W,m])*kl*dl~*dtair[i]i
H := H+0.03227*(tool(W,m]-Tamb)+3.2319E-l1*(sqr(sqr

(toolCW.m]+273» - sqr(sqr(tamb+273))):
J5 := J5 + H*dx>l"dx"'dtair(i]*lOOO;
J[W,m] := - J5 - J2 + J3 + J4:
deltaT := deltaT + J[W,m]/(rhol*sl*dx*dx*dyy):
tool[\~,m]:" tCJol[W,m] + deltaT:
toolsurface[W.m]:= tool[W,m] + H*1000*dyy*

«w*w*w-exp(3*ln(w-l») /3-w*w)/(2*w"kl):

:" 0:
:= 0:
:= 0;

b. J:
end:

Procedure MI'_surface leftspec;
begin
Q3 r= 0:
Q4 := 0:
Q5 := 0:
H r= 0:
deltaT :Ci 0;



Q3 :..
Q4 :=
H :=

Q5 :=
Q[W,l] :=
deltaT !"

spee[W,l] :=
surface[W,l]:=

end:

Q3 + (spec[W-l,l]-spec[W,l])*k*dx*dx*dtair[i]/dY[i-l]:
Q4 + (spec[W,2]-spec[W,l)*k*dy[i-l)*dtair[i);
H+O.03227*(spec[W,l]-Tamb)+3.2319E-ll*(sqr(sqr
(spec[W,l]+273» - sqr(sqr(tamb+273»\;
Q5 + H*dx*dx*dtair[i)*1000;
~ Q5 - factor*Q4+Q3+Q4;
deltaT + Q[W.l]/(rho*s*dx*dx*dy(i-l]):
spee(W,l] + deltaT:
spee[W.I] + H*lOOO*dy[i-l]*
«w*w*w-exp(3*ln(w-l»)/3-w*w)/(2*w*k);

Procedure Air_surfacelefttool:
begin
J3 := 0;
J4
J5

O'I
:= 0:

H := 0:
deltaT := 0:
J3 := J3 + (tool[W-l,3):-tool[W,3)*kl.*dx*dx*dtair[i]/dyy:
,14 r= J4 + (tool[W,4)-tool[W,3])*kl'kdyy*dtair[i);
H := H+O. 03227*(tool [W,3)-Tamb)+3.2319E-ll*(sqr(sqr

(tool[W,3)+273» - sqr(sqr(tamb+273»):
J5 := J5 + H*dx*dx*dtair[i)*lOOO:
J[W,3] := - J5 - factor*J4 + J3 + J4;
deltaT := deltaT + JtW,3]/(rhol*sl*dx~dx*dy'y);
tool[W,3] := tool[W,3) + deltaT:
toolsurface[W,3]:= tool[W,3] + H~1000*dyy*

«wf.w*w-exp(3*ln(w-l» )/3-w~w)/(2*'II*kl);

Procedure Air_surface~ightspec:
begin
Q2
Q3
Q5
II

end;

deltat
(/2
Q3
H

Q5
Q[w,v)
deltaT
specCW, v1 :=
surface[W, v],;=

end:

:= 0:
:::a 0:

0:
:= 0:

0:
Q2 + (spec[W,V)-spec[W,V-l])*k*dy[i-l]*dtair[i):
Q3 + (spec[W-l,V]-spec[W,V])*R*dx*dx*dtair[iJ/dY[i-l]:
H+U.03227*(spec[W,V]-Tamb)+3.2319E-ll*
(sqr(sqr(spec[W,V]+273» - sqr(sqr(tamb+273»):
Q5 + H*dx*dx*dtair[i]*lOOO:
- Q5 + 'Q3 - Q2:
deltaT + Q[W,v]/(rho*s*dx*dx*dY[i-l]):
spec[W,v] + deltaT:
spec[W,v] + H*lOOO*dY[i-l)*«w*w*w-exp
(3*ln(W-l»)/3-w*w)/(2*w*k):

:..
:=

Procedure Air_surfacerighttoo I:
begin



J2 := 0:
J3 := 0:
.;5 := 0:
H := 0:

:= 0:
:= J2 + (tool[W,7]-tool[W,6])*kl*dyywdtair[1];
:= J3 + (too1[W-l,7J-tool[W,7])kkl*dx*dx*dtair[i]/dyy:
:~ H+0.03227*(tool[W.71-Tamb)+3.2319E-l1*(sqr

(sqr(toollH,7]+273» - sqr(sqr(tamb+273»):
J5 := J5 + H*dx*dx*dtair[i]*1000:
J[w,7] := -J5 + J3 - J2:
deltaT := deltaT + J[W,7]/(rhol*sl*dx*dx*dYYI:
tool[W,7] := tool[W,7] + deitaT:
Toolsurface[W,7j:=!ool[W,7] + H*1000*dyy*

«w"ft~-exp(3~ln(w-1»)/3-w*w)/(2*w*kl):

~"!ltat
J2
J3
H

end:

Procedure Print_Dtoo1:
begin
clrscr:
write1n:
textco 10r( Ill):
write1n(' Platen',:
textco 10r( 11):
writeln(' '):
textcolor(white):
for n:= 1 to w do begin
write1n(dtoo1[n.7]:15:0Idtool[nI6]:7:Oldtool[n,5]:7:0,

dtool[n,4]:7:0, dtool[n,3]:7:0):
end:
textco 1or( 11) :
write1n('
writeln;
end;

, ):

Procedure Print_D
begin
write]n:
textco 101'( 14):
writeln(' Specimen'):
textco 10r(11):
write1n(' '):
textcolor(white):
for n:a w downto 1 do begin
writeln(dspec[n,7]:15:0,dspec[n,6]:7:0,dspec[n,S]:7:0,dspec[n,4]:7:0,

dspec[n,3]:7:0,dspec[n,2]:7;O,dspec[n.l]:7:O):

..
'I

end:
text co 1ore 11):
write1n(' , ');
(*writeln(thefile.addl:10:3,dspec[1.7]:10:1.dspec[2.7]:lU:l,dspec[3,7]:lO:l,

Jspec[4,7]:10:1.dspec(5,7]:10:1):*)
writeln:
text =0 10r(14) j



Iv'l'iteln(' Defotmalion: Pass ',i:4,' Time: ',addl:6:2);

writeln(thefile,addl:l0:3,dspec[1,7]:10:1,dspec[5,7]:10:1);
end;

{-_ .._---------------- }
{- Deformation -}
{--------------------}

Procedure Toprow;
begin
for m:~ 4 to 6 do begin
Q2 := 0;
Q3 r= 0:
Q4 .- 0:
J2 := 0:
J3 := 0;
J4 r= 0:

:= 0;
:= HT+0.OJ227*(dtool[W,m]-Tamb)+3.2319E-11*

(sqr(sqr(dtool(W,m]+273» - sqr(sqr(tamb+273»):
:w H+0.03227*(dspec(W,mJ-Tamb)+3.2319E-ll*(sqr

(~qr(dspec(W,m]+273» - sqr(sqr(tamb~273»);
:= Q2 + (dspec(W,m]-dspec[W,m-l])*k*dy[i]*dtdef(l]i
:.. Q3 + (dspec[W-l,m]-dspec[W,m])*I<*dx*dx>\dtdef(i]/dy('i];
:= Q4 + (dspec(14,m+l]-dspec[H,m])*k*dy(l]*dtdef(i]:
:= J2 + (dtool[W,m]-dtool(W,m-l])*kl*dyy*dtdef[i];
:'" J3 + (dtoo I[W-l,m]-dtoo 1[14,m])*kl *dx*dx*dtdef[ i]/dyy;

J4 :.. J4 + (dtool[W,m+l]-dtool[W,m])*kl*ctyy*dtdef[i]:
Q[W,m] :~ (, Q2 + Q3 + Q4)/(rho*s*dx*dx*dy[i]/2): ;
J[W,m] := (- J2 + J3 + J4)/(rhol*51*dx*dx*dyy):
Fl :~ Q[w,m] - J[w,mJ;
dspec[W,m] := dspec[W,m] + Q(w,m]:
5urface[W,m] :,.dspec[W)aJ ' W'lOOO*dy[ i]/2*( (w*w*w-exp

(3*ln(w-l»)/3-w*w)/(2*w"k);
dtool[W,m] := dtool(W,m] ~.J[w,m]:
toolsurface(W,m):= dtool[W,m] + HT*1000*dyy*«w*w*w-

exp(3*ln(rl-l»)/3-w*w)/(2*w*k):
:= F2 + r.l~C*dtdef[i]*(surfac~(wtmJ - toolsurfa~e

[w ,III) )*(11 (dYY*51*rhOl)+ l/(dy[ iJ*s1*rhol»;
:= F3 '"0.9*C*dtdef(i]*(1/(dyy*sl*rhol)+I/(dy[i]*

51"rhol»:

F1
F2
F3
F4
HT
H
Hold
Hnew
Hmean
dr-op
rise
HT

H

Q2
Q3
Q4
J2
J3

F2

F3

:= 0:
0;
0:
0;
0:
0;
0;
0;
0:

:=
:=
:=
:=
:=
:=
:=
:=



Hnew

r= sql"t(6)1'k*dtdef;l,.'~"10*S»:
:~ Dx/(2*dy[i]/2):
:= 5.666:
:~ F4 + C*«dy[i]/(2*w*k»*(2*W-Dxx)*Dxx +

FIO*dyy/(2*6*kl»:
:" Hnew + C*«dspec(w,m] - dtool[w,m] + Fl - F2)1

(1 +F3 +F4);
:" Hold + C*(surface[w,m] - toolsurface[w,mJ):
:~ Hmean + (Hold + 9*Hnew)/lO;
r= dspec[w,m] + Q[w,m] - lOOO*HI:lean"dtdef[iJ/

(dy[i]*s*rho/2):
:= dtool[w.m] + J[w,m] + 1000*Hmaan*dtuef[i]1

(dyy*sl*rhol):
:= drop + Hmean*dtdef[i]/(dy[i]*s*rho/2):
:= rise + Hmean*dtdef[i]/(dyy*sl*rhol):

D_x
Dxx
flO
F4

Hold
Hmean
dspec[w,m]

dtool[w.m]

drop
rise
end:
end;

Procedure TopRight;
begin
Q2 :=0;
Q3 :=0:
J2 :=0;
J3 :=0;
Fl :=0;
F2 :=0;
F3 :=0;
F4 :=0;
HT :,,0;
H :=0;
Hold :=0:
Hnew :=0;

:=0;Hmean
drop
rise
HT

:=0:
:= HT+0.03227*(dtool[W,7]-Tamb)+3.2319E-ll*(sqr

(sqr(dtool[W,7]+273» - sqr(sqr(tamb+273»):
:= H+0.03227*(dspec[W,7]-Tarnb)+3.2319E-ll*(sqr(sqr

(dspec[W.7]+273» - sqr(sqr(t~nb+273»):
Q2 :..Q2 + (dspec[W,7]-dspec[Ii.6])*k*dy[i]*dtdef[i]:
Q3 := Q3 + (dspec[W-l,7]-dspec(W,7])*k*dx*dx*dtdef[i]ldy[1]:
J2 r= J2 + (dtool[W.7]-dtool[W.6])*kl*dyy*dtdef[i]:
J3 := J3.+ (dtool[W-l.7]-dtool[W,7])*kl"dx*dx*dtdtlf[iJ/dyy:
Q[W,7] :" (- Q2 + Q3 )/(l'ho*s*dX*dx*dY['j]/2); :
J[W,7] r= (- J2 + J3' )/(rhol*sllfdx"dx*dyy):
Fl :=Q[w,7] - J[w,7]:
dspec[W,7] := dspec[W,7] + Q[w,7]i
surface[W.7] :....dspec[W.7] + H*lOOO*dy[i]/2tr«w*w*w-exp

(3*ln(w-l»)/3-w*w)/(2*w*k);
dtool[W,7] := dtool[~,7] + J[w,7];
toolsurface[W,7]:= dtool[W,7] + HT*lOOO*dyy*«w*w*w-exp(3*

In(w-l)))/3-w*w)/(2*w*k);
:= F2 + O.1*C*dtdef[i]*(surface[w.7]-toolsurface

[w,7])*(1/(dyy*sl*rho)+1/(dy[i)*sl*rhol»;

H

F2



F3 :.. F3 + O.9*C*dtdef[1]*(1/(dy,y*sl*rhol)+1/
(dy(i]*sl*rhol)):

D_x != sqrt(6*k*dtdef[i]/(rho*s)):
[Jxx := Dx/(2*dy[i]/2):
:10 ;: 5.666:
F4 :::1 F4 + C*«dy[l]/(2*w*k))*(2*W-Dxx)*Dxx +

FIO*dyy/(2*6*kl));
Hnew := Hnew + C*«dspec[w,7j - dtool[w,7] + PI -

F2)/(1 +F~ +F4)):
Hold :" Hold + C*(surf,ce[w,7] - toolsurface[w,7]):
Hmean := Hmean + (Hold + 9*Hnew)/10:
dspec[w,7] := dspec[w,7] + Q[w,7] - lOOO*Hmean*dtdef(i]/

(dy[i]*s*rho/2):
dtoo 1(~II7] :" dtool[w,7] + J[w,7] + 1000*Hmean*dtdef[iJI

(dyy*sl*rhol):
drop :" drop + Hmean*dtdef[i]/(dy[1]*s*rho/2):
rise ;d rise + Hmean*dtdef[ 1]/(dy,y*sl*rhol):
end:

Procedure :~pLeft:
begin
Q2 :=0,
Q3 :..01
Q4 :",0:
J3 :",0:
J4 :=0:
J5 :=0:
F1 :=0;
F2 :=0:
FZ :-0;
F4 ;=0;
HT :,,0;
H :=0;
flold :=0;
Hnew :=0:
Hmean:=O:
drop :'''0:
rise :=0:
HT :" HT+0.03227*(dtool[W,3]-Tamb)+3.2319E-llw(sqr(sqr

(dtool(W,3]+273)) - sqr(sqr(tamb+273))):
H :..H+0.03227*(dspsc[H, 3]-Tamb)+3.2319E-llw(sqr(sqr

(dspec(W,3]+273») - sqr(sqr(tamb+273)));
Q2 :..Q2 + (dspec[W,3] - dspec(W,2])*k*dy[i]*dx*dtdef[i]/extension(i]:
Q3 :..Q3 + (dspec[H-l, 3]-dspec[W, 3])*k*dx1tdx*dtdef[ i]/dy( 1]:
Q4 i= Q4 + (dspec[W,4]-dspec[W,3])*kll'dy[i]*dtdef[I]:
J3 :" J3 + (dtool[W-l,3]-dtool[W,3])*klll'dx*dx*dtdef[i]/dY.Y:
J4 r= J4 + (dtool[W,4]-dtool[W,3])*kl*dy,y*dtdef[i]:
J5 :" J5 + H*dx*dyy*dtdef(l]*lOUO:
Q[W,3] :.. (- Q2 + Q3 + Q4)/(rho*s*dx*dx*dy[i]/2):
J[W,3] := (- J5 + J3 + J4)/(rhol*sl*dx*dx*dy,y);
Fl :"Q[w,3] - J[w,3]:
dspec[W,3] :..dspec(W,3] + Q[w,3]:
surface[W,3] :udspec[W,3] + H*1000*dy[i]/2*((w*w*w-exp(3*ln

(w-l)))/3-w*w)/(2*w*k):



dtool[W,3) ·dtool(W,3] + J[w.3]:
toolsurface(W,3]:=dtool[W.3] + HT*lOOO*dyy*«w*w*w-exp(3"ln

(W-l»)/3-w*w)/(2*w*k)j
:= F2 + O.1*C*dtdef[i]*{surface(w,3] - tool surface

(w,3])*(1/(dyy*sl*rhol)+1/(dy(i]*sl*rhol»:
:= F3 + O.9*C*dtdef[i]*{1/(dyy*sl*rhol)+1/(dy[i]

*sl*rhol»:
:= sqrt(6*k*dtdef[i]/(~ho*s»:
:= Dx/(2*dy[i]/2):
:= 5.666:
:= F4 + C*«dy[i]/(2*w*k»*(~*W-Dxx)*Oxx +

FIO*dyy/(2*6*kl»:
:= Bnew + C*«dspec[w,3] - dtool[w,3] + Fl - F2)/

(1 +F3 +F4):
r= Hold + C*(surface[w,3] - toolsurface[\~,3]):
:= Hmean + (Hold + 9*Bnew)/lO:
!" dspec[w,3] + Q[w,3] y lOOO*Hmean*dtdef[i]/

(dy[I]*s*rho/2):
:= dtool[w,3] + J[w,3] + 1000*Hroean*dtdef[i]/

(dyy*sl*rhol).i
:= drop + Hmean*dtdef[i]/(dy[i)*s*rho/2):
:= rise + Hmean*dtdef[i]/(dyy*sl*rhol):

F2

F3

D_x
Dxx
flO
F4

Hne'll

Hold cHmean
dspec[\'I,3)

dtool[w,3]

drop
rise
end:

Procedure TopleftSpec:
begin
Q3 :=0;
Q4 :=0:
Q5 :=0;
H :=0:
deltaT
Q3
Q4
H

:=0:
:= Q3 + (dspec[W-l,l]-dspec[W,l])*k*dx*dx*dtdef(i]/dyy:
:= Q4 + (dspec[W.2)-dspec[W,1)*k*dyy*dtdef[i]:
:= H+0.03227*(dspec[W,1]-Tamb)+3.2319E-ll*(sqr(sqr

(spec[W,1)+273» - sqr(sqr(tamb+273»)i
Q5 := Q5 + H*dx*dx*dtdef[i]*lOOO:
Q[W,l] := - Q5 - factor*Q4+Q3+Q4;
de ltal' ~'"deltaT + Q[h,l]/(rho*sll'dx*dx*dyy):
dspec[W,l]:= dspec[W,l] + doltaT.
surface[W,l]:= dspec[W,l] + U*1000*dyy*«w*w*w-exp(3*ln(w-l»)/

3-w*w)/(2*w*k):
end:

Procedure Toprhomboid:
begin
Q2 = .. 0:
Q3 :=0:
Q4 :=0;
Q5 :"0:
H :=0:
deltaT :,,0;
Q2 :n Q2 + (dspec[W,2] - d~pec[W,l])*k*dyy*dx*dtdef[i]/

extension[ i]:
Q3 :" Q3 + (dspec[W-l,2]-dspec[W,2])*k*dx"extetlsion[i]*



dtdef[i]/«dyy+dy[ij)/2);
94 := Q4 + (dspec[W.3].dspec[W.Z])*k*dy[I]*dx*dtdef[lJ/

extens;on[i];
H := H+0.03227*(dsp~c[W.2]-Tamb)+3.2319E-ll*(sqr(sqr

(spec[W.2]+273» - sqr(sqr(tamb+273»);
Q5 := Q5 + H*dx*extension[1]*dtdef[i]*1000;
Q[W,2] := - Q5 - Q2 + Q3 + Q4;
deltaT l= deltaT + Q[W,2]/(rho*s*dx*dx*dyy);
dspec[W,2J:= dspec[W.2]+ deltaT:
surface[W,2]:= dspec[W,2J + H*lOOO*dyy*«w*w*w-exp(3*ln(w-l»)/

3-w*w)/(2*w*k):
end;

Procedure InternalSpec:
begin
fur m: ..4 to 6 do begin
for n:" 2 to \'/-1ao begin
Q1 := 0:
Q2
Q3
Q4
de~'i;at r= 0;
Ql := Ql'~(dspecjn ,m]-dspec[n+ Lm] )*k*dx*dx*dtdef[ i]/dy[ i];
Q2 != Q2+{dspec[n,m]-dspec[n,m-lJ)*k*dy~1]*dtdef[lJ;
Q3 := Q3 + (dspec[n-l,m]-dspec[n,m])*k*dx*dx*dtdef[i]/dy[i];
Q4 := Q4+(dspec[n,m+lJ-dspec[n,m])*k*dy[1]*dtdef[i]:
Q[n,m] := Q3 + 04 - Q2 - Q1;
deltaT := deltaT + Q[n,m]/(rho*s*dx*dx*dy[i)/2):
dspec[n,m]:= dspec[n,m] + deltaT:
end;
end:
end:

:0 0;
:= O',
;= 0;

Procedure Interne lToo I;
begin
for 10:'" 4 to 6 do begin
for n:m 2 to w-1 do begin
Jl := 0:
J2 r= 0:
J3 := 0:
J4 := 0:
deltat := 0:
Jl := Jl+(dtool[n,m]-dtool[n+l,m)*kl*dx*dx*dtdef[i]/dyy;
J2 :" J2+(dtoo l[n,m]-dtoo l[n,m-l])*k1 *dyy*dtdef[ iJ;
J3 :0 J3 + (dtool[n-l,mJ-dtool[n,m)*kl*dx*dx*dtdef[i]/dyy;
J4 :=- J4+(dtool [n,11lI'1]-dtooI[n.m])"kl *dyy*dtdef[ 1];
J[n,m] := J3 + J4 - J2 - Jl;
deltaT :g deltaT + J[n.m]/(rhol*sl*dx*dx*dyy);
dtool[n,m]:=dtool[n,m] + deltaT:
end;
end:
end:

Procedure firstcolspec:'



begin
for n:= 2 to w-l do begin
Ql := 0;
Q2 :" 0:
Q3 :" 0:
04 := 0;
deltat .- 0;
Q1 :" Ql+(dspec[n,l]-dspec[n+l.l])*k*dx*dx*dtdef[i]/dyy:
Q3 := Q3 + (dspec[n-l,l]-dspec[n,11)*k*dx*dx*dtdef[i]/dyy:
Q4 :" Q4+(dspec[n,2]-dspec[n,I])*kwdyy*dx*dtdcf(iJ/dyy;
Q2 :" Q2 + factor"Q4:
Q[n,l] := Q3 + Q4 - Q2 - Ql;
rieltaT :" deltaT + Q[n.l]/(rho*s*dx*dx*dyy): .
dspec(n,l]:= dspec(n.1] + deltaT;
end:
end:

Procedure secondcolspec:
begin
for n:= 2 to w-1 do begin
Q1 := 0:
Q2 := 0:
Q3 r= 0:
Q4 := 0:
deltat := 0:
Q1 := Ql+(dspec[n.2]-dspec[n+l.2])*k*dx*extension(;]*

dtdef[i)/«dyy+dy[i])/2): .
Q3 := Q3 + (dspec[r.-l.2]-dspec[n.2])*k*dx*extension[i]*

dtdef[i)/«dyy+dy[i))/2):
Q4 := Q4+(dspec[n,3]-dspec[n,2))*k*dyy*dx*dtdef[i]/

extension[i]:
Q2 := Q2 + (dspec[n,2] - dspec[n,l)~*k*dy[i]*dx*dtde'[i]/

extension[i]:
Q[n,2J := Q3 + Q4 - Q2 - Ql:
deltaT := deltaT + Q[n,2]/(rho*s*dx*dx*(dyy+dy(iJ)/2):
dspec(n,2]:=dspec[n,2] + deltaT:
I!nd:
end:

procedure thirdcolspec:
begin
for 11:" 2 to w-l do begin
Q1 :" 0:
Q2 != 0:
Q3 :" 0:
Q4 :'" 0:
deltat :'" 0:
Ql :n Ql+(dspec(n,3]-dspec[n+l,3])*k*dx*dx*dtdef[i]/cly[i]:
Q3 := Q3 + (dspec[n-l,3]-dspec[n,3])*k*dx*dx*dtdef[I]/dy[i]:
Q4 := Q4+(dspec[n,4]-dspec[n,3])*k*dy[i}*dtdef[i]:
Q2 :.. Q2.+ (d!:pec[n.3]-dspec(n,2])*k*dy[i]*dx*dtdef(i]/

extension[iJ:
Q[n,3] := Q3 + Q4 - Q2 - Ql:
deltaT := deltaT + Q[n,3]/(rho*s*dx*dx*dy[i]):



dspec[n,3]:= dspec[n,3] + deltaT:
end:
e!1d;

Procedure Ffrstcoltool:
beg'in
for n:= 2 tu w-l do begin
Jl l" 0:
J2 != 0;
J3 ;c 0:
J4 := 0:
HT :1::: 0:
del tat := 0:
HT := HT+0.03227*(dtool[n,3]-Tamb)+3.2319E-ll*(sqr

(sqr(dtool[n,3]+273» - sqr\sqr(tamb+273));
Jl := Jl+(dtool[n,3]-dtool[n+l,3])*kl*dx*dx*dtcief[i]/dYYi
J3 :~ J3 + (dtool(n-l,3]"dtcol[n.3])*kl*dx*dx*dtdef[i]/d}y:
,l4 :" J4+(dtool[n,4]-dtool[n,3])*kl*dyy*dtdef[i]:
J2 :" J2 + Ht*dx*dyy*dtdef[i)*lOOO;
J[n,3) := J3 + J4 - J2 - Jl;
deltaT := deJtaT + J[n,3]/(rhol*sl*dx*dx*dyy):
dtool[nr3]:= dtool[n,3] + deltaT;
end:
end;

Procedure Bottomrowspec;
begin
for m:=2 to Vol do begin
QI := 0;
Q2 r= 0;
Q4 :" 0;

0; ,
Ql+(dspec(l,mJ- dspec(2,m])*k*dx*dx*dtdef[i]/dy[1]:
Q2+(dspec[l,m]- dspec[l,m-l])*k*dY[i]*dtdef[i):
Q4+(dspp.c[l,m+l]- dspec[l,m)*k*dy[i]*dtdef[i]:
- Ql - Q2 + Q4:
deltat + Q[l,m]/(rho*s*dx*dx*dy[i]):
dspec[l,m] + deltaT:

de1taT :..
Ql :Q
Q2 :=
Q4 :"
Q[l,m] :"
deltaT :=
dspec(l,m]:=
end:
end;

ProcetJure Bottomrowtool;
beqin
for m:,,4 to 6 do begin
Jl t= 0,
J2 r= 0;
J4 :"
deltaT :"
Jl :"
J2 :"
J4 :"
J[l,m] :"
deltaT :=
dtoo 1[l,lll]:"

0:
0;
Jl+(dtool[1,m]-dtool[2,m])*k!*dx*dx*dtdef[iJ/dyy;
J2+(dtool[l,m]-dtool[1,m-l])*kl*dyy*dtdef[1];
J4+(dtoo 1[I ,m+I)-dtoo 1[I ,m])*kl *dyy*dtdef[ i]i
- Jl - J2 + J4 + factor*Jl;
deltat + J[l,m]/(rhol*sl*dx*dx*dyy);
dtool[l,m] + deltaT;



end;
end:

Procedure Bottomrightspec:
begin
Q1
Q2
deltat :=
Ql ::::
Q2 :=
Q[l,V] :=
deltaT :=
dspecl l ,V]:"
end;

0:
o·,

:=
:=

0;
Q1+(dspec[I,V]-dspec[2.V])*k*dx*dx*dtdef[i]/dy[i]:
Q2+(dspec[1,V]-dspec[1.V-l])*k*dy[i]*dtdef[i]:
- Q1 - Q2:
deltat + Q[1.V]/(rho*s*dx*dx*dy[i]):
Qspec[1,V] + delt~T;

begin
Procedure Bottomrighttool:

Jl :=
J2 :=
deltat :=
Jl :=
J2 :"
J[l,7] :=
de HaT :"
dtoo 1[I, 7]:=
end;

0:
0:
0:
J1+(dtool[1,7]-dtool[2,7])*kl*dx*dx*dtdef[i]/dyy:
J2+(dtool[1,7]-dtool[l,6])*kl*dyy*dtdef[i]:
- Jl - J2 + factor*Jl;
deltat + J[I,7]/(rhol*sl*dx*dx*dyy):
dtool[l,7] + deltaT:

Procedure Rightcolspec:
begin
for n:=2 to w-l do begin
Q1 :" 0:
Q2 :" 0:
Q3 r= 0:
deltat := 0:
Q1 :~ Ql+(dspac[n,v]-dspec[n+l,v])*k*dx*dx*dtdef[i]/dy[i]:
02 :" Q2+(dspec[n.vJ-dspec[n, '1-1] )*k"'dy[i]*dtdef[ i]:
Q3 :0 Q3 + (dspec[n-l,v]-dspec[n,v])*k*dx*dx*dtdef[i]/dy[i]:
Q[n,V] := Q3 - Ql - Q2:
dp.'tat := deltat + Q[n,V]/(rho*s*dx*dx*dy[i]):
dspa::[n,v]:" dspec[n,v] + deiltat:
end;
end:

Procedure Rightcoltool:
begin
for n:=2 to w~l do begin
Jl := 0;
J2 :" 0;
J3 :'"
deltat :"
Jl :"
J2 :=
J3 :=
J[n.7] :=

o·,
0:
Jl+(dtool[n,7]-dtool[n+l,7])*kl*dx*dx*dtdef[i]/dyy:
J2+(dtool[n,7]-dtool[n,6])*k1*dyy*dtdef[i]:
J3 + (dtool[n-l,7]-dtool[n,7])*kl*dx*dx*dtdef[i]/dyy;
J3 - Jl - J2:



deltat :=
dtool[n,7]:"
end:
end;

Procedure Bottomleftspec;
begin
Q1
Q4 :=

0:
Q.,

deltat + J[n.7]/{rhr)1*~ dx"rlx~dyy):
dtool[n,7] + deltat:

deltat:= 0:
Q1 := Ql+{dspec[1,1]-dspec[2,1])*k*dx*dx*dtdef[i]/dy[i]:
Q4 t= Q4+(dsp..:c[l,2]-dspec[1,1] )*k*dy[ i]*dtdef[ iJ:
Q[1,1]:= Q4 - Q1 - factor*Q4:
deltat:= deltat + Q[1,1]/(rho*s*dx*dx*dy[i])~
dspec[l,l]:mdspec[l,l] + deltat:
end:

Procedure Bottomlefttoo 1:
begin
Jl := n.v,
J4 := 0;
J2 := 0:
deltat :" .0:
HT :" HT+O.03227*{dtool[1,3J-Tamb)+3.2319E-11*(sqr(sqr

(dtool[l,3]+273» - sqr(sqr(tamb·273»):
J2 :" J2 + Ht*dx*dyy*dtdef[i]*1000:
Jl := Jl+(dtool[l,3]-dtool[2,3])*kl*dx*dx*dtdef[i]/dyy:
J4 != J4+(dtoo 1[1 ,4 ]-dtoo 1[1,3] )*k1*dyy*dtdef[ i]:
J[1,3] :" J4 - J1 + factor*Jl - J2:
deltat := deltat + J[l,3]/(rhol*sl*dx"dx*dyy):
dtool[1,3]:= dtool[l,3] + deltat;
end:

BEGIN
clrscr;
textcolor(white):
writeln:
write1n:
writeln;
writeln:
writeln:
writeln('
writeln('
writeln('
writeln;
writeln:
writeln(1
writeln;
writeln('
writeln;
writeln('
write1n:

iiWI *4 ..... 'h
TEMPERATURE DISTRIBUTION DURING ' ):

PLANE STRAIN COMPRESSION ' ):

Written by I) :

K.Banks I) ;

rI. • :11 II !I•• I III I) :



texteolor(~l):
writeln:
writeln('Insert Data Storage Disc in Drive A:');
writeln;
writeln('Pres~ ENTER to continue');
read1n:

Initia I:
Air..Stab Ie_Time;
Defcrm_Stable_Time:

pIus!::: 0;
for i:o 1 to passes do

begin
repeat

begin
p lusl I"P lust + 1:

writeln(plusl:7):
Air_bottomrc:wspeci
Air_bottomrowtoo];
Air_bott(mrightspeci
Air_botto:nrighttoo I:
Air_righthandspec:
Air_rigrthandtool;
Air_bottomleftspec;
Air_bottomleftspecj
Air_firstsp~\ej
Air_firsttoo!:
Air_internalspec:
Air_internaltool:
Air_sul'facespec:
Air_surfacetool,
Air..surface Ieftspee :
Air_surfacelefttool:
Air_surfacerightspec;
Ait'_surfacerighttoo 1;
Print_tool:
Print_spec;

add: .. add + dtair[i];
end:
until add> addl + timeair[i]:

addl:" add:
plus2: .. plusl;

for n:..l to w do
begin

for m:=3 to v do
begin
dspec]11,,11] : -spec] n,m] + 1OOO"stra inr1]=stress] i]/(rho*s) :
end:

end:
for n:=1 to w do
begin

for m:oI to 2 do
begin



dspec(n,m]:=spec[n,m]:
end;

end:
for n:=1 to w do
begin

for m:=3 to 7 do
begin
dtool(n,m]:=tool(n,m]:
end:

eTiQ;
repeat

begin
toprow:
topright;
top left;
topleftspec:
toprhomboid:
internalspee:
interna 1too 1;
firstcolspee;
secondcolspec:
thirdcolspec:
firstcoltool:
bottomrowspec;
botto;nrowtool:
bottomrightspee;
bottomrighttool;
rightco1spec;
righteo Itoo 1;
bottomleftspee;
bottom 1efttoo 1 :

addl:- addl + dtdef(i];
pluS2:- plus2 + 1:
writeln(plus2:20);

print dtoo 1:
print_dspeej
end; •

until addl > add + deftime[i];
plusl:" plus2:
add;- add1;

for n:=1 to w do
begin
for m:"l to V do

b~in
spee[n,m]:=dspee(n,m]:
end:

end:
for n:=1 to w do

begin
for m:=3 to 7 do

begin
tcol[n,m]:=dtool[n,m):
end:



end:
End:
nett:= plusl;
Close(thefile) :
clrscr:
writeln:
writeln;
writeln:
writeln('Total number of pairs ',nett:4,' Note this Valuel'):
readln:
END.



APPENDIX 2

Listing Of Computer Progrannnes To Convert Load, Displacement and TimE'!
Binary Data To Digital Format.



PRINT HInsert Disk Containing Force Data"
INPUT i was
PRINT "Specify path of LOAD BINARY file"
INPUT; fi1e1$
PRINT "Filename for LOAD data"
INPUT; filename$
DEF SEG = &HB800
BLOAD flle1$, feedoff
'range1 = 1500
OPEN filename$ FOR OUTPUT AS £1
~OR i = 1 TO 1166
a = (i - 1) ;t: 2
'demand = PEEK{feedoff + a) I 16 + (16 ;Ie PEEK(feedoff + a + 1»)
demand = (demand - 2047) ;<: (range1 i 2048)
PRINT £1, USING "£££££.£££"; demand
NEXT i
CLOSE £1
DEF SEG
END

·PRINT Hlnsert Disk Containing Position Data"
INPUT i was
,PRINT H Spec i fy pa th of BINARY POSITION f i 1e"
INPUT i file3$
FRINT " Filename for Position Text File"
'INPUT i fi 1ename$
DEF SEG = &HB800
BLOAD fl1e3$, pos off
range = 50
'OPEN f i 1ename$ FOR OUTPUT AS £2
FOR f = 1 TO 1166
a = (i - 1) * 2
lamo:;;PEEI<',(pos.off+ a) / 16 + (16 ;I< Pl~EK(pos.off + a + 1»
lamo = (ac,(\G- 2047) * (range I 204.8)
PRINT £2, USING "£££E.££"; amo
NEXT i
'CLOSE £2
'DEF SEG
lEND



" ........ .'. _" .. -

PRINT "Insert Disk in Drive A:"
'INPUT j was
IPRINT " Binary time fi1e"
'INPUT i f i 1e$
PRINT "Converted time file"
~NPUT ; filename$
DEF SEG = &HB800
BLOAD fl1e$, tim.off
OPEN filename$ FOR OUTPUT AS £1
rOR i = 1 TO 1326
b = (1 - 1) * 4
amo = (PEEK(tim.aff + b) + (256}< PEEK(tim.aff + b + 1)) + (65536! '* PEEK(
PRINT £1, USING "£££££.£££"; dmo
NEXT i
CLOSE £1
PEP SEG
END

J



APPENDIX 3

1. computer Programme For Communications Between IF85 Data Acquisition
Unit And Computer.

2. Programme For Temperature Analog To Digital Conversion



90 CLS
190 DIM A$(20,20)
290 OPEN "COM1:1200.N,7,2,BIN" AS #1
390 INPUT IINumber of readings : ",M
490 INPUT "Channels to be read: ",CH1,CH2,CH3,CH4,CH5,CH6
590 PRINT CH1,CH2,CH3,CH4,CH5,CH6
690 FOR N=O TO M
790 IF CHI> 0 THEN GOTO 890 ELSE GOTO 1190
890 PRINT #l,"OD",l,N
990 LINE INPUT #l,A$(l,N)
1090 PRINT A$(l,N)
1190 IF CH2 > 0 THEN GOTO
1290 PRINT #1,"0D",5,N
13 90 LINE INPUT ei, A$ (5 , N+ 1)
1490 PRINT A$(5,N+1)
1590 NEXT N
1690 CLOSE #1
1790 OPEN "OUTPUTi! , I, 11DATAl "
1890 LINE lNPUT "WUMSI"jA$
1990 FOR I=1 TO M
2090 PRINT #l,A$(l,I)
2190 PRINT #1,A$(5,I+l)
'2290 NEXT
2390 CLOSE 1
2490 PRINT "READING FROM FILE DATAl"
2590 OPEN "INPUT",l,"DATAl"
2690 FOR I = 1 TO M
2790 LINE INPUT #l,A$
2890 PRINT l,A$
2990 NEXT
3090 CLOSE 1
3190 END



uses
crt,dosj

type
DataRec = Record

Valid
Range
Channel
Value
E:x:pon
Pol

End;

boolean;
string[l];
integer;
real;
integer;
string[l];

DataArray = array[1 ••1200] of string[24];

var
Pasvalue
datfile,tempfile
filename,filetemp
i,points,j,result
k,nth
NemA:rray
Memvalue
Memvalid
Memrange
Memchannel
Mempol
Meme:x:p
t,temp_time
key,s,kk
choice

procedure Readdataj

array[l ••l~JOJ of DataRecj
text;
string[12);
integer;
integer;
Dat aar ray ;
string[40];
string [1] ;
string[l];
string[ 1] ;
string[l];
string[ 3} ;
reat ,
: string[3]j

: integer;

begin
textcolor(lS);

writeln('IF85 Path \ File Name :1);
gotoxy(25,1) j
readln(filename)j
assign(datfile,filename)j
reset(datfile)j
i:=Oj

while not EOF(datfile) do
begin

readln(datfile,memarray[i+l]);
i:=succ(i)j

end;
close(datfile);
points:=ij
writeln('Data Points / Channel

end;



procedure interval;
begin
writeln('Sampling Rate: Choose from 1;2;5;10;20;50;100;200 ms :')j
gotox.y(56.4)j
readln(choice)j

case choice of
1 t:= 16.384/16384;
2 t:= 32.168/16384;
5 t:= 81.92/16384;
10 t:= 163.84/16384;
20 t:= 327.68/16384;
50 t:= 819.2/16384;
100: t:= 1638.2/16384;
200: t:= 3276.8/16384;
else
write1n('Incorrect choice - Try again');
end;
writeln('Data Interval (n) ');
read1n(nth) ;
t r= t *' nth;
end;
procedure ConvertDat;
begin
for j :=1
begin
Memvalue
Memvalid
Memrange
Memchannel
Mempol
Memexp

to points do
:= GOpy(meluarray[j],13,5);
:= copy(memarray[j],2,1)j
:'"copy(memarray[j),6,1)j
:= copy(memarray[j],10,l);
:= copy(memarray[j),12,1)j
:= copy(memarray[j],18,3);

(* if Memvalid = 's' then
begin

Pasvalue[j].valid := TRUE;
writ e1n ( '0. K. I ) ;

end
else

pasvalue[j].vali, := FALSE;
writeln('No')j*)

with Pasvalue[j] do
begin

val(memvalue,Pasvalue[j].value,Result);
val(memexp,pasvalue[j].expon,Result);
val(memchannel,Pasvalue(j].channel,Result);

end;
if j = k - 3 then

begin



writeln( k / 3:5:0,temp_time:l0:3,Pasvalue[j-2].Value/lO.O:lO:l);
k :== k + 3;
temp_time := temp_time + t;
end;

er.n.
',)i;'itelnj
textcolor (11) ;
writeln(' pt.
readln;
end;

Time(sec) Ch 1 Ch 3 Ch 5 millivolts' );

procedure tem;erature ;
begin
clracr ;
writeln( 'Converted Temperature Path \ FiL, Name :');
gotoxy(43.1)j
readln(filetemp)j
assign(temprile,filetemp)j
rewrite(tempfile)i
for j:=l to points do
begin
textcolo:d 14) i
pasvalue[j].value := pasvalue[j],value/lO.Oj
if key = 'kk' then
pasvalue[j).value := pasvalue[j).value*24.499 +
O.000496*sqr(pasvalue[j].value)

- O.00132*sqr(pasvalue[j].value)·pasvalue[j].value +
2.7SE-S*sqr(sqr(pasvalue[j].value»;

if key = IS' then
pasvalue[j].value := pasvalue[j].value*14S.46 - 7.8*

sqr(pasvalue[j].value)
+ O.37S*sllr(pasvalue[j] .value)*
pasvalue[jl.valuej

if j = 11: - 3 then
begin
writeln(TempFile,temp time:l0:3,Pasvalue[j-2].Value:l0:0);
writeln(k / 3:5:0,temp time:l0:3,Pasvalue[j-2].Value:l0:0)j
k := k + 3;
temp_time := temp_time+t;
end;

end;
clo~e(tempfile);
textcolor(11) ;
writeln;
writeln(' Pt. Time(sec)
end;

Ch 1 Ch 3 Ch 5 ·Celsius' );

BEGIN
ClrScrj



writeln( IInsert Disk In Drive A: I);
readln;
clrscr;
writeln('thermocouple type s or kk');
readln{key) ;
clrscr;

Readdata;
writelnj

Interval;
tem~ time := 0.0;
k :=-6;
ClrScrj

ConvertDat;
ClrScr;
temp_time := 0.0;
k := 6;

Temperature;
END.



APPENDIX 4

LISTING OF COMPlrrEL. PROGRAMME, PLATESIM, TO SnlULATE THE MECHANICAL AND
METALLURGICAL CHANGES O~r.URRING IN HOT ROLLINg



USES

crt,dos,graph:

CONST

rad = 1:
Xmin '"O.Oj
:<max '"500.0:
Ymin " 0.0:
Ymax " 250.0:
Tmin '"1000.0:
Tmax ..1300.0:
Ttick '"60:
Ytick = 50.0:
Xtick " 50.0:
Y_min '"750:
Y_max ..1250;
Y_tick " 100.0:
Xlmin "-1:
Xlmax = 3;
SansSerifFont ~ 3;
HorizOir " 0;
VertDir " I;

VAR

Flow,Tfinish,W_in,W_fi,Totalstrain.Cool_rate,Ferrite
prev_D,prev_A,prev_B ,prev_C,reheat, hO, rpm, pear, UTS
Radius,inc,T_l,T_2,T_3,E_l,E_2,E_3,Yield,FATT
R,i,j,Passes,Switch
Grdriver,Grmode,Errcode
Time99,Time,d,drex,h,T,Strain,dgg
P,meanflow,roll_force,Z,F,B,M,PS,PF
E,Totaltime,Temp,carbon,mn
tons,d_T_con,d_T_def,Heat_l,Q,S_rata
key,k, I
Fi le_input, Fi le_mech,Fi le_evol,Fi le_output,Fi letemp
Output_file, Input_file,Mech_file,Evol_fi le,Tempfi 10

{- FUNCTIONS -}

function ptx(total:real):integer;
begin
ptx:=round«500-50)/(Xmax-Xmin)*(total-Xmin)t5);
end,

function ptxlog(total:real):integerj
begin
ptxlog:"round«500-50)/(Xln~x~Xlmin)*(total-Xlmin)+50):
end:

function pty(total:real):integer:

:Real:
:Real;
:Real;
:Integer:
:Integer;
:Array[O ••20]of real;
;Array[0 ••20]of real;
:Real:
:Array[O ••20]of real;
:Char;
:String[15]:
:Text:



baqin
pty:=round«-llO)/(Ymax-Ymin)*totalt60-«-110)/(Ymax-Ymin)*Ymax»:
end;

function Ty(total:real):integer;
begin
Ty:=round«-215)/(T~ax-Tmin)*total+60-«-215)/(Tmax-Tmin)*T~ax»:
end;

{$I grid.psl}
{$I grid._big.r.n
{$! inse·U·r.il}
{$I inset_2.psl}
{$I inset_3.psl}

Procedure Input;
begin
clrscr:
textcolor(15):
writeln(' REHEAT
textco 101"(9):
writeln( ,
textcolor(7);
writeln( 'I l]
writeln( 'm ill
writeln('~
textcolor(3);
writeln( '==============~============= '):
textco 10r(11):
writeln('Inputs from (k)eyboarG or fi(l)e :
WI'iteIn( 'Reheat: °C Pass h(nm)
wr~teln('Thick : mml):
writeln('W (i) : mm'):
Wl'iteln('W (f) : mm'):
writeln('Radius: mm'):
Wl'iteln('r.p.m :'):
writeln('Passes:'):
writeln{'To
writeln('t(ruf~:
Wl'iteln('Rotation
textco 101"(12):
gotoxy(36,7):readln(key):
if key,,'k' then
begin

(* goto~Y(1,23):write1n('Fi1e: I,>;
gotoxY(7,23):read1n(file_output):~)
file_output:='492.dat')
Assign(output_fl1e,file_output):
Rewl"ite(output_f ile):
{- START READ FROM KEYBOARD -}
gotoxY(3,4);writeln('~I):
textco 10r(12);
gotoxy(9,8);readln(T[O]):
gotoXy(9,9);readln(h[O]):

entry ROLLING exit COOLING ');

1i'fi'1i' Ii' Ii' li'lf li'ir Ii' , ):

I) :

~'):
0000000000 ');0000000000000000000000000000000000000000

,)i

°C t(s) Force Finish Temp'}:

Jlli1' ):
51' ."') :



gotoxy(9,lO):readln(W_in):
gotoxy(9,11):readln(W_fiJ:
gotoxy(9,12):readln(Radius):
gotoxy(9,13):readln(RPM):
gotoxy(9,14):readln(passes):
d[O]:~exp(9.847-6601/(r[O]+273»:
gotoxy(9, 15) :write 1n(d[O]: 2:0):
gotoxy(9,16):readln(time[O]):
gotoxy(12,17):readln(switch):
gotoxy(3,4) :write In(' • '):

{- WRITE INPUTS TO FILE -}
writeln(output_file,T[O]:O:O);
writeln(output_file,h[O]:O:O);
writeln(output_filp.,W_in:O:O);
writeln(output_file,'tI_fi:O:O):
nritaln(output_rila,Radius:O:O):
writeln(outp"t_file,RPM:O:O):
writeln(output_file,passes:O);
writeln(output_file,d[O]:O:O);
writeln(output_file,time[O]:O:O):
writeln(output_file,switch:O;;

for i:= 1 to passes do
begin
textr.olor(12):
gotoxy(24,3);writeln('~'):
gotoxy(20,8+i);writeln( 'II I ,i);
gotoxy(32,8+i);writeln(' '):
gotoxy(32,8+i):readln(h[i]):
~iteln(output_file,h(i]:O:O):
if h[i] > h[i-l] then

begin
repeat
begin

gotoxy( 32,8+ 1):
textcolor(15+blink):
writeln('Press Enterl);
textco lor(12):
readln"
gotoxy(32,8+i):writeln(1 '):
gotoxy(32,8+i);readln(h[i]):
writeln(output_file,h[i]:O:O):

end:
until h(i] < h[i-l]:

end:
gotoxy(42,8+i):readln(T[i]):
gotoxy(50.8+i);readln(time(i]):
gotoxy(58,8+i):readln(tons[i]):
writeln(output_file,T[i]:O:O):
writeln(output_file,time(i]:O:O):
wrlteln(output_file,tons[i]:O:O):
textco lore12) :



gotoxy(24,3):writeln(' , I):
gotoxy(46,3):writeln('.v iIi!iI!iII'):
readln;
textcolor(15):
Idotoxy(46,3):l1riteln(' '):

end:
textcolor(12):
gotoxy(68,3):wr·iteln( I~'):
gotoxy(68,9):writeln(' '):
gotoxy(72,9j:readln(Tfinish):
writeln(output_file,Tfinish:O:O):
gotoxy(72,lO):

Close(Output_file):
end:
{- END WRITE TO FILE -}
{- END REAP fROM KEYBOARD -}

If key = '1' then

{- START READ FROM FILE -}
begin
(*gotoxy(1,23):writeln('File:'):
gotoxy(7,23):readln(file_input):*)
+ -}
{- Enter File Name Here -l
{- -}

file_input:='490,dat':
Assign(Input_fi le,file_.input):
Reset(Input_file):

gotoxy(3,4):write1n('~');
textco1or(12):
read( Input_fi le,T[O]):
gotoxy(9,8):writeln(T[0]:1:0):
read(Input_file,h[O]):
gotoxy(9,9):writeln(h[0]:1:0):
read(Input_fi1e,W_ln):
gotoxy(9,lO):writeln(W_in:l:O):
readln(Input_file,W_Ti):
gotoxy(9,ll):writeln(W_fl:l:O):
readln(Input_fi1e,Radius):
gotoxy(9,12):writeln(radlus:l:0):
readln(Input_file,RPM):
gotoxy(9,l3):writeln(rpm:l:0):
read1n( InputJi le,passes):
gotoxy(9,14):write1n(passes:l):
d[O]:=exp(9,847-6601/(T[O]+273»:
gotoxy(S,15):writeln(d[O]:1:0):
readln(Input_file,time[O]):
gotoxy(9,16):writeln(time[O]:1:0):
readln(Input_file,switch):
gotoXy(12,17):writeln(switch:l):

,.



gotoxy(3,4):writeln(' • ');

(*

for i:: 1 to passes do
lJ.egin
textco ]or(l2) :
gotoxy(24,3):writeln(!!~\t·):
gotoxy(20 ,8+i)i\'/l'iteIn( I,! I,i);
readln(Input_file,h[i])j
gotoxy(32,8+i):writeln(h[i]:1:0);
if h[i] > h[i-l] then

begin
repeat

begin
gotoxy(32,8+i)j
textcolor(15+blink);
writeln('Pres3 Enter'):
textco lor(12);
read]n:
readln(Input_file,h[i]);
gctoxy(:12,8+i) :write In(h[i]:1:0):
writeln(~nput_file,h[i]:lO:O):
end:
until h[i] < hfi-1J;

end:
readln(Input_file,T[i]);

gotoxy( 42,8+i) ;write In(T[iJ:1:0):
readln(Input_file,time[i]):
gotoxy(50,8+i);writeln(time[i]:1:0):
readln(Input_file,tons[i]);
gctoxy(58,6+i);writeln(tons[i]:1:0):
textcolor(12) ;
gotoxy(52,3):writeln('~');

readln: *)
textcolor(15):
gotoxy(52,3):writeln(' • '):
endj

textcolor(12):
gotoxy(72,3)jwriteln('IIIIII'):
gotoxy(72,9):writeln(' '):
readln(Input_file.Tfinish):
gotoxy(72,9):writeln(Tfinish:l:0):
clc, ~(Input_fl1e):
end:

{- END READ FROM FILE -}
gotoxy(72.10);readln:
end:

Procedure Deformation:
begin
clrscr.
totalstrain :a 0:



for i~= 1 to passes do
begin
strain[i]:= In(h[O]!h[i]) - totalstrain:
totalstrain :u totalstrain + strain[i]:
S rate[i} := '*3.142*radius*rpm/60:
s=rate[i] := S_rate[i]*strain[i]/(sqrt(radius*(h[i-l]-h[i]»):
end:

end;

Procedure Temra~:~ure;
begin
Inset_,;
Grid_Big;
Temp := T[O]:
totaltime := 0:

Setcolor(2):

{---------}
{- Insert file name here-}
{- -}

filetemp:=1490.t~n';
assign(tempfile,filetemp);
rewrite(tempfile):

for i := 1 to passes do
begin
inc :" 0:

Repeat
begin
inc != inc + I:
tota1time:= totnltime + 1;
E := (T~np)*(O.Ofc ''l11P)/1000-

0.48)/1000 + •.J:
Temp := (Temp+273}/<:lxp(0.33*ln(1+ 6 *

5.67E-8 * E * (Temp+273)*
(Temp+273)*(Temp+273) * ir.c/
~7750*650*h[i)/1000»)-273:
setcolor(3):

writeln(t~~file.totaltime:lO:l,temp:10:l);
Circle(ptx(round(totaltime*5)+50},

Ty(round(temp)+20).1):
end:
Until inc = timer;]:

(* meanflow *)

Heat_l[i] :~ Temp;
d_T_con[i] := 22E3*sqrt(strain(i]/(h[1]/

1000*radius!1000» * (heat_ICn - 400)/
«I-strain[i])*3.142*7800*650*rpm/60):

d_T_def[iJ := lE6*lOO*strain[i]/(7800*650)*2:
Temp :,.heat_l[i] + d_T_def(i):
I'triteln(tempfile,tcta ltime:l0:1.temp:.lO:l):
Temp :..temp . d_T_con[;):



writeln(tempfile,totaltim:l:10:1,temp:lO:l):
l'lriteIn(temp: 10:1.E:l~: 1,inc:10:1.heat_1( I]:10: 1);
setcolor(15):
Clrcle(ptx(round(totaltime*5)+50).

Ty(round(T[i])+20),2):
end;

Close(Tempfile):
readln;
end;

Procedure Mechanics;
begin

Clrscr:
Setgraphmode(getgraphmode);
setbkco Jor(O);
InSet_I;
Grid;

{- -}
{- Insert file name here -}
{- -}

File_mech:~ '490.pro':
Assign(Mech_file,File_mc~h);
R~wri te(11ech_file):
Writeln(Mech_file,' E

hold(s)');
Writeln(Mech_file,' ');

totalstrain := OJ
roll_foree[O]:= 0:
prO] := 0:
fo\' 1 t = 1 to passes do

begin
inc :..0;
flow:" 0;
repeat

begin
prev_A := totalstrain;
prev_B := fla~;
inc := inc + 0.001:
totalstrain :..totalstrain + 0.001:

em (NPa) F(meas) F(sim)

if heat_l[i] > 1150 then

flow := exp(0.3*ln(S_l'ute[i)) *(0.8*(153*exp(0.4*ln{inc» -
49*exp(O.8*ln(inc» -
70*exp(1.2*ln(inc»»:

end;

if (heat_l[i] <= 1150) and (heat_l[i] > 1115) then
begin
flow := exp(0.3*ln(S_rateti]» *(!53*exp(0.4*ln(lnc» -

49*exp(0.8*ln(inc» -
70*exp(1.z'*ln(inc»)i



end:

if (heat_l(i] ,:'"1115) and (heat_l(i] >= 1040) then
begin
flow := exp(O.3*ln(S_rate[i]» ~(17g*exp(0.4*ln(inc» -

79*exp(0.S*ln(ine» -
44*exp(1.2*ln(inc));

end:

if (heat_l[i] < 1040) and (heat_l[i] >'" 050) then
begin
flow := exp(0.3*ln(S_rate[i]) *(204*exp(0.4*ln(inc» -

109*exp(0.8*ln(inc» -
18"exp(1.2*ln(inc»):

end;

if (heat_l[i] < 950) then
begin
flow :" 200:
end;

if (inc> 0,015) and tine < 0.017) then
begin
seteolor(12):
Cirele(ptx(round(totalstrain*167)+50),pty(round(flow)+70),2):
enct:

setcolor(12):
Line(ptx(round(prev_A*167)t50),pty(round(prev_B)+70),

ptx(rouno(totalstrain*167)+50),pty(round(flow)+70»:
end;

until Inc> strain[I]:
setco lor(l2);
Clrcle(ptx(round(totalstrain*167)+50),pty(round(flow)+70),2);

If heat_I[I] >'" 1150 then
begin
lOO:mflow(i] :'" exp(0.3*ln(S_rate(iJ» *0,8 * «153 / 1.4*exp(1.4*ln(strain[1]))

- 49 / 1.S*exp(l,a*ln(strain(i]»
- 70 / 2.2*exp{2.2*ln(strain[i]»
+ 153 / 1.4
- 49 I 1.8
- 70 I 2.2»:

end;

jf (heat_ICf] <= 1150) and (heat_l(i] >= 1040) than
begin
meanflow[i] := exp(O.3*ln(S_rate[i]» '" (153 I 1.4*exp(1.4*ln(strain[i])

- 49 / 1.8*exp(1.8*ln(strain[i)}
- 70 / 2.2*exp(2,2*ln(strain[i]»
+ 153 / 1.4
- 49 I 1.8
- 70 / 2.2):

end;



if (heat_l(i] < 1040) and (heat~l[i] >= 950) then
begin
meanflo~I[I] := exp(0.3*ln(S_rate(I)) * (204 / 1.4*exp(1.4*ln(strain[i]»

- 109 ! 1.8*exp(1.8*ln(strain[i]»
._ 18 /2.2*exp(2.2*ln(strain[i1»
+ 204 !1.4
_ 109 / 1.8
- 18 / 2.2);

end;
if (heat_l[i] < 950) then

begin
meanflow[i] := 200;
end:

writeln(' Mean flow stress I ,i:4. meanflow[i]:6:1):
Roll_force[;] :00.25*(3.142 + sqrt«h(i-l]-h[i])*radius)1

«h[i-1J+2*h[J])/3»;
Q[I) := Rol1_forcl![i];

If i <= switch then
Roll~force[i] :~ W_in*meanflow[i)*

1'011_force[ i]*sqrt(radius*(h[ i-1J-h[ i) )/100001)
Else
ROll_force[i] := W_fi*meanflow[;]*

roll_force[i]*sqrt(radius*(h(i-l]-h[i]»!lOOOOO;
pel] := totalstrain:
setco]or(3):
L lne(p'~x(round(p[1-1]*167)+50),

pty(round(roll_force(i-1J!2)+70),
ptx(round(p[ i]*167)+50) I

pty(round(roll_force[iJ/2)+70»;
Circle(ptx(round(p[i]*167)+50),

pty(round(roll_forr.e[i]!2)+70),2);
end:

end:

Procedure Metallurgy:
bllgin
dgg[OJ:=d[O]:
totaltime :" 0:
inc := 0;
for i := 1 to passes do

begin
totaltime := totaltime + time[i]:
inc := totaltime - time[i]:
setco lor(15);
Circle(ptx(round(totaltime"'2.5)+50),pty(round«(Tli]-0)/10*2)-296),2).
setcolor(3):
Circle(ptx(round(totaltime*2.5)+50),pty(round«heat_1[i]-0)/10*2).296),2):
end:

totaltime := OJ
inc t= 0;
heat_l[O]:=T[O]:



for i :e 1 to passes do
begin
totp'time := totaltime + time(i];
inc :~ totaltime - time[i];
drexel] := 0.5*exp(0.67*ln(d[i-l]»/strain[i];
if drex[l) > d[i-I) then
drex[i] 1= dei-1]:
time99[i] := 2*2.5E-19*sqr(drex[iJ)*exp(3E5/(8.31*

(heat_1[i]+273»)/sqr(sqr(strain[i]»:
dgg[i] :=drex[i]*(1+0.195*ln(time[i]/time99[i])-

8E4*(1/(heat_,:r i]+273) - 1/ (heat_1[ 1-1]+273) )/8.314);
d[i] := rlgg[i]:
setcolor(13):
Clrcle(ptx(round(totaltime*2.5)+50),

pty(round(drex[l])-296).2):
Circle(ptx(round(totaltime*2.5)+50).

pty(round(dgg[i])·296).2):
Line(ptx(round(;n~*2.5)+50),

pty(t'ound{d~g( i~1})-29Fi).
pt~( round( tot,,' ,."'11 ''') I

pty( round( dt, ~,
Ll nee ptx( rJuna( f . '2. ~

pty( ('ound( t' . ,96 i I
ptx\rf'ijrd(tli~ .loJe*2.5)+50).
ptA rl)lIncl(dgg[ i) H95) ) :

Write In(11ech_file, i:1, PC1]*100: 10,Z I Meanf lowe iJ: 10:0, Tons[ 1): 10: 0,
Roll_furcef;l*lJ:lC'O,Heat_l[i):lO:O,
T[l] :10:0,.~rex[i]: 10:0, 1:111.£.'( i]:10:0) j

write In(Mech_fi le, i.1,i'[ i]*100: lO:2,Meanflow[ i]:10:O.tons] i]:10: 0,
Rol1_force[ij*lO:10:O,Heat_1[i]:10:0,
T[I]:10:0 ,dgg[ 1]:10:0 r t'!n1e[1]: 10:0):

end:
setcolor(lS+blink):
outtextxy(ptx(round( tota ltime''''2. 5)+50) I

pty(round(dgg[passe~\])-290),' <-- T final');
close(mech_file);
end:

Proc~ 'ure Cooling;
begin
clrscr;

Setgraphmode(getgraphmode);
setbkcolor(O):
Inset_3;

inc :..0:
Tfinish :..Tfinish + 273;
T_3 :..Tfinish:

Repeat
begin
prev_A r= inc;
prev_D := T_3:
inc :.. inc + 2;



E_3 :~ (T_3-273)/1000*(0.125*(T_3-273)/1000 - 0.38) + 1.1:
T_3 :~ (Tfinish)/exp(0.333*ln(1 + 6 * 5.67E-8 * 0.8 *

(Tfinish)*(Tfinish)*(Tfinish) * inc /
(7750*650*h[passes]/1000»):

setcolor(14):
if prev_A <> 0 then
Line(ptxlog(0.4347#ln(prev_A»,pty(round(prev_D-273)/IO*2 + 70),

ptxlog(0.4347*ln(inc»,pty(round(T_3-Z73)/10*2 + 70»:

end:
Until inc> 900:

setcolor(l2);
Line(ptx(O+50),pty(820/1nk2)-30,ptx(500+50),ptll(820/10*2)-30):
Lin2(ptx(0+50),pty(720/1U*2)-30,ptx(500+50),pty(720/10*2)-30):

setco lcr(15):
Outtextxy(505,60,'Ac3'):
Outtextxy(505,75,'Acl'}:
setcolor(14):
Outtextxy(300,75,'F'):
Outtextxy(350,84,'P'):
Outtextxy(300,95,'B'):
Outtextxy(100,95,'Ms'):
Outtextxy(lOO,120,'M' ):

{- eeT 0.1ge - 0.42S; - 1.20Mn -}
setcolor(15):
Zel] := 0.1: Z[2] :e 0.2: Z[3] := 0.4:
l[6] := 0.9; Z[7] := 1.0: Z[8] := 2.0:
L[11] :- 8 ; Z(12] :- 10 : Z[13] :- 20 :
l(16] := 80 : l(17] :e 100: Z[18] := 200:

Z[4] := 0.6: Z[5] := 0.8:
l[9] := 4.0: Z[lO] := 6.0:
Z[14] := 40 ; l[IS] := 60 ;
Z[19] := 400: Z[20] :~ 600:

M[l] := 435: M[2] := 435: M[3] :~ 435;
ME6] := 435; Me7] :e 435: M[8] := 435:
MEll] := 400: ~1[12] := 397: M[13] r= 390:

11[4J :,. 435: M[5] :..435:
M[9] :e 420: M[IO] := 405:

B[6] :a 450: B[7] :e 470: B[8] := 515:
B[11] := 570: B(12] := 580: B[13] := 585:

B[9] := 550: B[10] := 560:
B(14] :" 587:

F[7] :" 590: F[8] ;= 670: F[9] ;e 700: F[10] := 710; F[ll] :e 720:
F[l2] := 723: F[13] := 730; F[14] := 750; F[15] :e 755; F[15] := 760:
F[17] := 770: F[18] := 780: F[19] := 790: F[201 := 795:

PS[!l] :~ 580: PS[l2] := 600: PS[13] := 620:
PS[16] :~ 640: PS[17] :~ 645; PS[18] :~ 650:

PS[14] := 630: PS(15] := 635:
PS[19] r= 653: PS[20] := 6!15:

PF[14] :m 630: PF[15) := 635: PF[16] :..640:
PF[17] := 645: PF[18J := 650: PF(19] := 653; PF[20] := 655;

setcolor(13):
setlinestyle(l.O,I)i

for i := 8 to 20 do



begin
line(ptxlog(0.4347rln(Z[i-l]/2»+35,pty(F[i-l]!10*2+70),

ptxlog(O.4347*ln{Z[i]/2»+35,pty(F(i]/10*2+70»:
end;

for i := 12 to 20 do
begin
line(ptxlog(O.4347*ln(Z[i-l]/2»+35,pty(PS[i-l]/lO*2+70),

ptxlog(0.4347*ln(Z[i]/2»+35,ptY(PS[i]/10*2+70»;
end;

for i := 15 to 20 do
begin
line(ptxlog(O.4347*ln(Z[i-1)/2»+35,pty(PF[i-l]/10*2+70),

ptxlog(0.4347*ln(Z[i]/2»+35,ptY(PF[i]/10*2+70»;
end;

for i :a 2 to 13 do
begin
line(ptxlog(O.4347*ln(Z[i-l]/2»+35,pty(M[i-l]/10*2+70),

ptxlog(O.4347*ln(Z[i]/2»+35,pty(M[i]/lO*2+70»;
end;

for i :..7 to 14 do
begin
'ine(ptxlog(O.4347*ln(Z[i-l]/2»+35,pty(B[i-l]/lO*2+70),

ptxlog(0.4347*ln(Z[i]/2»+35,pty(S[i]/10*2+70»;
end;
read1n:
end;

Procedure Properties;
begin
textco lor(l2):
clrscr;
writeln;
writeln( I C: Mn:
textco lor(l5);
gotoxy(12,2);read1n(carbon):
gotoxy(22.2) :readln(mn):
gotoxy( 41,2) :read In(coo t.rate):
writeln:
writeln:
write1n;
write1n:
textcolor(12);
writeln(' Cool rate (OC/s) T(~) a(~) ay(MPij) aUTS(MPa) CVN O°C'):
textcolor(15);
writeln(' Ii'" 'l;
("'Cool_rate := 1.1 .. O.35*(h[passes]-25)/15:"')
Pear: =24;
Ferrite := 5.7"'exp(-0 .17*ln(cool..,rate))*exp(O.333*ln(dgg(pas:;es]));

Cool Rate: , );



:~ 321 + 255.3*Carbon + 32.4*Mn + 76.3*strain[pasSesJ - O.119*T[passes]:
:= 246 + 4.2*~Lr + 15/sqrt(ferrite/IOOO):
:= 227 - 514.7*Carbon +37.8*strain[pa!iSesJ - O.095*T(passes]:

~',cool_rate:7:2,dgg[passesJ:14:0,ferrite:l0:1,Yield:9:O,UTS:7:0,FATT:12:0.'
b=======================================~'):

Yield
UTS
FATT
writeln( ,
writeln('
writeln:
'IIriteln;
~lT'iteIn:
writeln:
readln:

clrscr:
writeln:
textcolorttz) ;
writeln(' Pass E am P(meas) T(s) T(m) drex dgg Hold pes) Erate'):
textco 101'(7):
writeln('~ 'l;
textcolor:lS):
for i r= I to passes do
begin
writeln( i:2,P( i]:8:2,I'i~anflow[iJ:5:0.Ro] I_force[ 1)*10:8:0,

Heat_1[i]:8:0.T[i]:8:0.drex[i]:7:0,dgg[i]:7:0.
time[i]:5:0,Tons[i]:8:0,S_rate[i]:6:1);

end:
textcolor(7);
writeln( '===================================== '):

readln:
end:

Proc~dure Introduction:
bet 'in
clrscr:
textcolor(2):
writeln:
writeln:
writeln:
writeln;
write]n:
vlT'iteln;
writeln;
write1n:
write1n('
writeln('
writeln('
writeln('
writeln('
write1n('
write1n('
readln:
end:

r;========='=======i1') ;
~'):
~I);
~'):
~');
~');

SIMULATION OF HOT ROLLING

K.M.Banks (Iscor Ltd)

b=====>===~=======:JJ' l:

BEGIN
lntroduction;

~I ):



Input;
Defonnationj

Grdriver :~ detect:
Initgraph(Grdriver, Grmode,");
Errcode :~ Graphresult;
if Errcode a grOk then

begin
Temperature;
Mechanics;
Meta llurgy;
readln;

(* Cooling:*)
end

else
\'I)"i te 1n( IGraph ics Error: I ,graphE'-'rorMsg( Errcodc) ) ;
Closegraph:
Properties;
textcolor(15);
clrscr;

END.
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