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ABSTACT

" An instruménted_hot deformation simulator was dewvignad, constructed and
~commissioned at Iscor’s Pilot Plant. A modified servohydraulic machine,
using plane strein cdmpression, simalated industrial plate rolling
-schedules, The simniation test included induction heating, multiple pass
plane straln compression and either air pooling or quenching. The
movement of the specimén between the different test stages was computar
controlled. Accurate control of specimen_femperatura, strain strain rate
and interpasé hold times was achleved by means of sophisticated data
vauisition equipmént. A computer programme was written to simulate the
hot rolling of plate in terms of roll separating ferces, metallurgical
changes during deformation as well as the final microstructure and
mechanical properties of S08 carbon manganese steel. Multiplé Linear
 regression was ps:formad on the results obtained from multi-pass plaﬁe
strain compression tests, It was found that themical COmpositiqh. finish
temperature and finish strain were the most important process parameters

affecting yleld strength and impact energy of air cooled platé. A.
computer model ﬁas developed to simulate the tampérature distribution in
the deformation zone of a plane strain compres310n specimen at any point

during or after & mult;—pass test.
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 GHAPTER 1
TNTRODUCTTON
1.1 Statement of the problem

Iscor’'s steel development programme 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
- specificetion. Inconsistencles in the final machanical properties of
steél procegsged from the same heat have also heen found. These and
related problems cam invariabiy be attributed to inadequate alloying or
inadequate control of the rolling procéss.

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 schedulaes seriously hinder
production. It was recognised that reliable data obtained from léboratorf
tests on the haoi working charactepistics of the materigl concemed
contributed greatly in improving its mechanical proper:ies in the as-
rolled condition. Laboratory simulotion of the hot rolling process has
the added adyvantage of determining quantitatively the influence of
important parameters on the final quality of the steel. Furthermore,
quantitative knowledge of the material’s response to hot working
variables has been used in controlling the working process.

1.2 Background

Understanding the mechanisms cuntrolling microstructural changes in
austenite during conventional hot rolling (a high tempsrature
thermomechanical treatment, HTMT) is essential if optimisation of rolling
schedules is to be carried cut.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
mathematical relationships have beén formulated to predict the evolution
of microstructure during and after hot rolling. R



Id hot rolling, the behaviour of the materisl in any pess depends on the
deformatinn.variableé {strain, strain rate, hold time end temperatura)
and on the microstructural features of the material entecing the pass.
This includes austenite grain size, extent of recrystallisation, grain
growtﬁ and nature and degree of any precipitation (1}. These
microstructural features depend critically on the conditions experiehced
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 coéling rate. It is
well known that if one refines the final ferrite grain size through
caraful control of the deformation parameters, improved strength and
toughness mdy be achieved.

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

a) Physical simulation of variables in industrial hot rolling using =a
hot defdrmation simulator. '

b) Computation of micrustructuxe, property and thermal changes in
multi-pass hot rolling from basic relationships obtained from the
resnlts of latoratory simulation tests.

1.3 Objectives
The main objectives of this work were:

1. Ta design and construct a laboratory scale hot deformation simulator
capable of achieving the temperatures, strains, roll separating
forces, strain rates, delay periods and cooling rateées commonly found
in industzial %ot plate rolling.

2. To develop and implement labdratsry test procedures in ordef.to
simulate the mechanical and metallurgical changes oceurring during
and after the hot plate rolling of a carbon manganese steel (S5C3).

3. To compare the final microstructure and mechanical properties of 5C8
C-Mn steel processed in the plant with those of material processed



Jin the 1abnratory in order to assess the reliabilj.ty of the results
obtained from the 1ab0ratory simulator.

To iﬁcorpo;ate the relevant structure - property relationships into '
a computer programme to predict and optimise important mechanical
and metallurgical changes occurring during and after the hot plate
rolling of S5C8 steel plate.



CBAP™ER 2 -

 LITERATURE SURVEY
2.1 Introduction

A review of 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 deformatjon parameters encountered in plate
rolling and ' plane gtrain compression tests. The quantification of
microstructural changes as well as the influsnce of rolling parameters
upon the changes occurring in the hot rolling of carbon manganese steels

is discussed.

. 2.2 Classification of thermomechanical trestments

Thermomechanical treatment (TMT) or thermomechanlcal processing (TIMP)
invelves 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 produﬁt phases (e.g ferrite)
and/or interactions between dislocations and fine precipitates (e.g alloy
carbides and carbonitrides) [3]. Its main dbjéctive is to achieve high
strength, ductility and toughneas in a wide varlety of finished or semi. .
finished steels. Thermomechanical treatments can be clagsified inﬁo three
broad categories, shown schematically in Figure 2.1 depending on the
deformatlon proéess before, during or after the phase transformatiom.

Class I - Deformation is cdmpleted prior Eﬁ the transformation of
austenite. Examples are high tempefaéura thermomechanical treatment and
conventional hot rolling (HTMT),.controlled rolling and low temperature
thermomechanical treatment (LTMT), also called ausforming. HTMT and LIMT
are spplied to martensitic steels i.e for for high and low alloy steels
with increased hardenability. Controlled rolling has been developed for
pearlite-raduced stesls (with low carbon content and little or no



pearlite structure), microalloyed steels and acicular ferrite (i.e low

carbon bainitic) steels which are gqusnched and tempered. Prominent among

thege are mictuallqyed {low-carbon low-alloy C-Mn) steels which are

extensively used as hot-rolled platé and strip.

Used.

Metsl (Namei Lay-out of Metel  |Name| Lay~out of Used
Phate .Treatment_ : for Phase Traatment for
Balore Batwaan
Transform Kigh or Al and W 80 Pearlite
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- Austerita -

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; treatment of TRIP steels where metastable austenite is
initially deformed above Md temparatures and finally cold worked (i.e



Zerolled) at room temperatures to produce (strain-induced) martensite.
Isoforming is applied to low alloy or pearlite forming steels while
treatment of TRIP steels is confined to stainless or semi-stainless

steaels.

Class III - Deformation occurs after the transformaﬁicn of austenite.
Examples are merstraining, merforming and strain tempering or wo rm
working. In marforming the martensite is cold worked prior to tempering
to induce a dislocated substructure which improves the distribution of

temper carbides,

#.3 Requirements of a hot deformation simulator

In simulating hot rolling a process comparsble to hot rolling is
necessary to allow for the  variation of the deformation parameters
within the wide limits found in practice. To carry out this simulation, a
high performanca,  cumpact, tomputer-controlled installation including

heating up and cocling facilities iz required.

It is of prims importance that the specimen dimensions are sufficient to
allow for the machining of tensile and charpy specimens in order to
determine.mechanicél properties after deformation., In the simulation of
any industrial pracess usiﬁg labeoratory methods it is important to use
test piéces of  representative initial structure i.e. the reheated
specimen must have the same initial austenite grain size typically found
in industriasl reheating. & comstant true strain rate must be achieved so
that the stress required to deform the test material under known
conditions of tempsrature, strain and strain rate can be determined. The
- problem with baving a varying strain rate is that it is difficult to know..
how much of the flow stress variation is dus 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'stﬁges.. |



2.4 Hot_wurkability tests - a brief sssessment
2.4.1 Laboratory scale hot rolling

The advantage of hot rolling on lsboratory scale is that the mode of
deformation in the test mgthod and the practical working operation for
which the data is required #s5 essentially the same as industrial rolling.

The biggest limitation of chis test method however, is that if one needs
to simulate strip rolling, a high speed, muicl-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 bj a number of workers f5-7]. for the
simzlation of hot rolling since it is particularly amenable to the
simulation of intermittent deformitions. It has the 'advantage over
- compression tésting that there are no problems with friction, Hot torsion
caﬁ' be used to give st.rain rates batwesen 10-2 and :Lt].3 g—* and gtrains up
to 20 without plastic instability {8]. The mode of defprmgtinn is shear
so that theorstically there should be no change in the dimensions of the
samjple. However, in practice specimens undergo & change in the gauge
length and a cotresponding change in diameter during twisting [9]. This
 complication can be avoided by axially constraining the specimen, though
‘this leads to the development of axiai stresses.

The biggest problem with torsion tests is that of a stress, strain and
strain rate gradient aleng the specimen radius., This makes it difficult
to relate structursl observations to the deformation parameters. Thie
problem may be overcome by twisting thin walled tuﬁas across ﬁvhi.ch the
strain and strain xété can be considered constant [10]. Unfortunately
tubes tend to buckle at low strains and the main advantage of the test 1is
lost. ' '



2.4.3 Axisymmetric compression

In this test a cylindrical sample is compressed between flat platens
whose cross-section is much larger than the inizial crosg-sectien of the
gsamples. If & constant ram velocity is wused [11] the'true strain rate
increases with deformation. However constant ¢train rates in the rangs
0.1 - 300 s~* have been obtained by using a cam to increase the cross-

hedd velocity as the test proceeds.

The main problem with axisymmetric compression is that zbove about 302
reduction (0.7 true strain) in height, barreling of the specimen occurs
because of friction between the platens and the ends of the gpecimen and
this canses problems in analysing the stress - strain data. This limita
the usefulness of the test since simulation -of rolling schedules

involving total strains greater tham 0.7 ls not poasible.

~ 2.4.% Plane strain compression

The plane strain compression test was developed to simulate hot rolling
pertly because of the difficulties found in the other testing methods
already described. Plane strain compression also provides the nearest
approximiation to fhe 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 easily be achieved.

A plénE'strain_hot deformation simulator, "Wumsi", was deveioped at the
Max-Planck Imstitut fur Eisenforschung, Dusseldorf [12-17]. The "Wumsi"
is a computer-controlled, ' servohyiraulic testing mschina capable of
performing multi-stage plane gtrain cdmpression tests, in which a
specimen is compressed between a lower working die and a& fixed upper die.
The servohydraulic unit was designed to simulate fast platen displacement
- time schedules, which are characteristic of modern hot forming
proéesses. The layout of the experimental equipment and the data
scquisition facilities are shown in Figure 2.2 and Figurs 2.3
respectively, :
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Figure 2.2 _ Figure 2.3

Experimental layout and data acquisition facilities of the "Wumsi® hot
deformution simulator [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 induction
furnace where it is either heated up, held at a predetermined tempevature
or ‘cooled down at a controlled rate. These operations aré perfarmed
automatically by applying a programmable set point unit. This facilitates
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the simulation of temperature of siabs or forgingas which are of much
greater thickness.

After heating, the specimen is positioned between the two dies. The
computer. takes control and éxacutes a previously entered deformation
schedule, consisting of the following parameters: mnumber of passes,
strain end strain rate of each paze, delay tﬂmes 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, veincity of the

billet etc. can be entered and processed.

Compressed air nozzles allow accelerated cooling during the deformation
schedule. Two-media nozzles azlso enable the mixiﬁg of water and alr to
simulate water-jet descaling., After deformztion, the specimen is
pneumaticaliy transferred into a cooling box where a wide range of

cooliﬁg 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 récoverﬁ and recrystallisaﬁion,
precipitation, transformation, dual-phase structure, optimisation of

rolling schedules and deformsiion resistance.

2.3 Comparison Of The Conditions Existing In Rolling And
Plane Strain Compreision

‘2.5,1 Hode of deformation.

The typical flat rolling of plates, sheet or étrip is essgentially a
plane-strain operation, since little widening af the workpiece regults.
This can be explained by examining the shape of the deformed zone in
Figufe 2.4. The length of contact, L, between the rolls and workplece is
usually much smaller than the width of the strip or plate, w. As the

rolls induce a compressive gtress, the plastic zone is thimmed and is
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free to expand in the rolling-direction, but lateral expansion in the y-
direction is effactively_festrained by the undefdrmed matefial on both
sides of the roll gap. The net effect is a condition of plane strain,
where €, , the strain in the y-direction, is zero and Ex = -E., except at

the edges of the workpiece [1B].

The plane strain compression test specimea, shown in Figure 2.5, is iom
the fnrm.pf & thin plate Dr.sheét_that is compressed acrouss its width, w,
by narrow platens whose width, b, are wider than the initiml specimen
thickness, hs. The elastic constraints of the plateﬁs preveﬁt_extension
' in the specimen width dimension (y), hence the name plane strain. There
is deformation in the direction of platen motion (x) and in the specimen
length direction (z}. To ensure that lateral spread 1is negl.gible, the
width of the strip should be 6-10 times the width of the platens [18]. |

For essentially homogensous deformation, the ratio of platen width to
strip thicknese, bfh, should be betwsen 2 and 4 at any instant.
2.5.2 Strain

In industrial flat rolling and plane strzin compression, 1t is usual to
define the instantaneous plane strain, €', in torms of the initial and

final workpiece thickness as:
&' = ln (ho/h) ' 2.1

This is then related to the equiralent true strain, &, by means of the

von Mises criterion as:

g =2/v3E 2.2
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Similar to other hot detrormation tests ¢ e;g torsion, tension) the plane
strain compregssion test yields an inhomogeneous distribution of strain in
the deformation zoune which is more severe if the platens are ﬁnlubricated
and unheated., At the specimen/platen contact ares there are zones of dead
(nearly unstrained) msterial, and at both sides of the plastic zone the

material is kept tigid. The strain digtribution evaluated in the plane of -
gymmetry (y = 0) [14] is illustrated in Figure 2.6. Nearly all the straln

is applied on the centreline of the specimen.

Since the Sstress system during plane strain compression 1s not uniaxial
the stress, strain and strain rate data are usually converted to
gquivalant tonsile values using the von Mizea criterionm, éc'that they can
be compared with data obtained from tensile or axisymmetric compression
tests. However, the von Mises criterion (2/v3) ig strictly applicable to
pure plane strain conditions..A spread factor, £, takes into account the
departure f;oﬁ plane strain compressidn observed in practice. Foster [19]
feund that the'apreﬁd_coefficient can be related to initial specimen
width, w, and platen breadth, b as:

£ = (1.155(b - w) 4+ w)/b : 2.3
= 2/¥3 if conditions are purely plane straim.

Kapellner et al [13] found a correlation between the spread factor and
indtial width for 10mm thick specimens: ' '

£ = 0.0388 + 0.3402/b + 401.1/b? ' 2.4

2.5;3 Strain rate

At hot working temﬁeratureﬁ, the strain rate is important in determining"

flow stress, The mean plane strain rate in hot rolling, E;'. is defined
ag [2]: ' '
| 2o R rpm

En' = ~ 1nfha / hel - 2.5
' 60 YR 8h - :
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Figure 2.6 Strain distribution in the plapme strain compression test

[14]

In laboratory tests, it is usual to keep the strain rate constant at a
value eguivalent to the mean strain rate in a roil pass. Decreasing the
platen velocity, v, in proportion to instantaneous specimen thicknass, h,
gives a constant strain rate, The strain rate may also be measured by

determining the proportion of incremental strain to incremental time:
) Epss’ = -V’Ih = -§e° IS!‘. 2.6

2.5.4 Deformation force and flow stress

Sims [20] derived equations for the distributlon of pressure over the
contact surface between workplece and rolis. The roll separating force,
- F. pbtained from these eguations 1is given bys
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| F=wo'v R 80Q | R | 2.7
where | N |

Q = (v+L/ ha)fb | 2.8

'L ', (ha - he}R 2.9

Ba = {ha + 2he)/3 | zfio

—

The mean-flqw stress in rolling, o', is found by numerically integrating
the plot of flow stress in plane strain, o', againét changing roll angle,
8, between 0 radiang and the angle of bite, 68s, [21]. Th2 yxr'l angle is
showvn in Figure 2.7, '

8a
— l ‘
or - — I o' - Z,11
B _
0

In plane strain compression 0, in equation 2.11 is replaced by the total
strain in the pass, Ea.

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

o = A+ BE4 + C& % 4+ DE 03 2.12

The constants 4,B,C and D are determined by multiple linear regression of
gtreas and strmin data. '
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Plane strain stress versus roll angle [21]

The major disadvantage of plane strain compression testing 1s that the

frictional force between the sample and the platens wvariss with the

amount of deformation. In order to calculate the deformation stresses

from the rm.asured loads, allowances have to be made for the frictional

forces.

Rowe [23] found the force, F, between two parallel dies and a flat

‘workpiece to be:

Feawba £[L+whh)
for sticking friction and

—

F=wbo £ [1+0.5p./Hk]

2.13

2,14
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for sliding friction. These relationships are only applicable when
Cpw/h > 1n(if2e) ' 2,15

To determine the piane gtrain flow stress, o', from the deformation
resistance, 0., in plane strain compression tesing, & formula derived

from elementary plastomechanics [13] may be nsed:

o’ = owl((exp{pb/h) - 1)h/pb + hjiby 2.16

‘Basically this formula applies only to sliding friccion. The results of
theoretical investigations of thé flow of materials in plane strain
deformation as well as elide marks on the contact gurface 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 wlfh is
kept to below about 1.5.

The deformstion resistance, ow, 1s gilven by the instantaneous platen

force divided by the Instasntantaneous area, Ain, beneath the platens:
Gw = F | Az 2.17

The instantaneous area increases due to the spread of mate#ial in the

specimen width and is calculated using the following formula:

Aoy = ﬁo(fE + 1) v 2.18

The term h/4b in equation 2.16 describe: the amount of shear sttributable

to the platen penetrating into tne specimén. which is also known as “edge

correction”. Except for the coefficient of frictionm, s, all variables in
equdtion 2,16 can be either directly measured or calculated.

The coefficient of friction, u, may be determined by performing two or
more tests to abodt 902 dafurmaﬁicn, at the same strain rate and
temperature using specimens of different thickness [13]. The stress-
strain curves obtained from these tusts should be identical since the
flow stress is independent of specimen geometry. The optimum value of

I S
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for use in equation 2.16 is that which gives ldentical flow curves for
the different specimen thicknessses. By determining u i. this way, any

irregularities in the stress-strain curves can be allowad for.
2.5.5 Temperature

One of tﬁe most important factors in hot rolling is the temperature of
the slab. The uncertainty of plate temperature tends to lesd to an
unavoidable 'increasé in safety margin that must be allowed: the
permissible rolling lo#ds are unexploited, resulting in poor utilisation
of the plant, Also, the finish temperature greatly influences the final
microstructure which in turn affects the mechanical propertles of the
steel. The prineiple 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.caoling

- - Convection lossés 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 frictiom

2.5,5.1 HNumerical method for determining the temperature in plate
rolling

Fourier's Law for heat conduction in an isotropmc solid with constant
thermal COnduct;vity is given hy:

BT/8t = kfs (B2T/5x2 + BT/8y2 + 527/bz2) 2.13

The temperature drop or rise of the plate is a function of heni losses
or gains which in turn depend on the factors mentioned above. Since the
length and the width of the plate are very large compared to the
thickness, it can be assumed that the heat £low takes place between the
flat surfaces only, In circumstances where unidirectlonal flow takes
place the conduction within the plate can be expressed by the following
equation:
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327/82t = 1/D 8T/8t 2.20

At the surfaces of the plate the heat ra’di‘ation follows the Stefan-

. Boltzmann equa rion:

[~3
r*

k 8T/0x = - B 8 {T% - T%amy) 2.

_Tf:e soluﬁion of equation 2.20 is achieved by using a numerical method.
Harding [24] dévéloﬁed a finite difference computer model to simulate the
temperature distribution in the plate at any stage during the rolling
procesé. The numerical solution of heat flow as applied in predicting the
temperature drop of the pldate during rolling is rather involved, although
it is useful when the temperature gradient inside the piate had to be
known, For thin plates, a simp‘er and faster method, described below, is
preferable [25].

2.5.5.2 Approximate method fcr determining the temperature in plate
"rolling

_Ih rnlling flat products such as plates, the top and bottom surfaces only
of the workpiece ars considered -as heat radiating arees, the heat
emitting from the surface of the edges being neglected. The soluﬁion of
the 'Stefan - Bolzmann equat:l.on pertaining te plats coolmg given in
equation 2.2] may be rewritten in & simplified form as:

This may be done subject to three conditioms:

i) T »> Tamy (ambient temperature neglected)
ii) w>>hand 1> h
1ii) 8t < 203 (short time intervale)

The emissivity, E, is a strong function of temperature amd is given by
E = T/1000 (0.125 T/1000 - 0.328) + 1.1 2,23

where T is iri °Q.
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Substituting a finite difference approximation into B8T/8t into equation
2.22 glves

8Tue = - 2 § E T 8t [f ch - 2.24
where T is in Relwvin.

If the initial temperature is To, the new temperature T can be calculated

from
T o To + 8Tac 2.25

The values of B, ¢ and used in equation 2.24 should be appropriate to

the temperdture.

Alternatively, to simplify equation 2.22 fﬁrther, the velues of E, ¢ and
are considered counstant, independant of the temperature. Solving

_ equation 2.22 analytically, givas£

¥ c h 5T
it = - ; . : 2,26
- : 2 : o

s E Te

which gives
't-.a=*g'chT"3[.6.sE+Gu | 2.27

where Co 18 a constant.
At tue = 0, T = Ty [initial conditions)

tae = f ch/ 63 E(l}Ta_- 1/T2s) | 2.28
thus,

T=1Ty | {fos ¥1+6 5 ET3y tao If ch} degrees K 2,29
Equation 2.29 is very convenlent to use and it yields accurate prediction
of the temperature drop during che gir cooling of rolled plate.

In plate rolling, the temperature drop due to copduction to the work
rolls, 8Tcam, can be easily derived from the heat bazlance squation. Heat
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.supplied to the rolls is prcportioﬁal to the contact area and temperature
difference betﬁeen w e plate and the rolls, and aisc to the time of
¢ontact. The proportionality factor 1s the roll heat-conduction
coefficient. The heat supplied is assumed equal to the 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 1s

. _ (1 + r)e0
2(R8h)*W({T=Tg }Ouge —— = 3Tcon Wh C 2.30
' ZrR tpm '
Hence
§00uar r _
8Tcan = — (T - Ta) 2.31

{l«xr)}mrc rpm (Rah}*

where ager is the roll heat generation factor. From equation 2.31 it is

seen that the temperature drop is propurtinﬁal to the draft taken and
| inversely proportional to +the rolling speed and rolled thickness,
Equation 2,31 assumes constant temperatﬁre 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 temperaturs gained due to mechanical deformation is a function of
mean flow stress and strain of the material rolled. The estimated
‘temperature rise due to work done on the plate during deformation is
gliven by:

Bde = g? ln(hg,\"hg]!‘g [+ ) ) 2-32

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

The descaling weter gprays are used during certain rolling passes to

ensure removal of the loose scale which would otherwise damage the
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surface of the plate. The jers are operated at'hig'h pressure to generate
high kinetic energy. The resulting water flow impinges on the plats and
reduces its temperature, The heat transfer to the boiling water at the
sur®-ce of the moving plat¢ is very complex and cannot be.sufficiently
dafined analytically [23].

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

approximated by:

T = To + 8Taa + 8Taon + 8o - 2.33

2.5.5.2 Numerical method for the detrmination of the temperature in

plane strain compression testing

Foster [19] déveloped a finite difference computer model to simulate tha

temperature digtribution in plane strain compression specimens and
deformati'on platens du'ring air cooling, furpace cooling and compression
stages. The model is capable of predicting the specimen temperature at
any point within 10'C, This model is discussed in more detail in Appendix
1.
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Figure 2.8 Temperature drop dﬁe to conduction during rolling[25]
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Figure 2.9 Temparature rise due to work done during rollingf[25]
2.5.6 Cooling rate after deformation

The cooling rate after plate raliing may be predicted by means of, the
equivalent diameter mathod [26]. The ;equivalent_diameter“ refers to that
size of round bar in which the agial temperature falls through a
specified range in the same time as the temperature in the slowest
cooling position in an irregular shaped body. Table 2.1 shows the
equivalént diameter for various rectangular plate dimensions. This value
is then used in Table 2.2 to calculate the plate temperature at any time
from the initial bncling temperature, For example, from Table 2.1, a
plate 20 mm thick and 60 mm wide has an équivalent diameter of 50 .

Réferriug to Table 2.2 it is seen that the time taken to cool a. 30 mm

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

As & prerequisite for the evaluastion of cooling curves the transformation
behaviour of the steel has to be examined under equilibrinm conditions.
For this purpose, Ac; and Acx transformation temperatures have to be
determined in a preliminary test by' performing a slow heating
(0._01_Kfs)[1?]. Afterwards, the recorded cooling cucrves are processed in
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such a way that zero time is taken as the moment of crossing the Aca
temperature, Flgure 2.10 shows a number of cooling curves processed in
such a2 way as well as the previously measursd Ac, temperature.

The transformations of austenite into the various kinds of
microstructures such as ferrite, pearlite, bainite or martensite are heat
generating i.s, exothermic processes, which result in. characteristic
deviations from the exponential course of the cooling curve. However, by
the analysis of the cooling curve itself transformation temperatﬁres can
hardly be established. Any quantitative information on  transformatiomn
ranges can only be gained bf.ﬁhe computation pf the differentiated form,
'.ST,’Et of the cooling curve.

Table 2.1

Equi&alent diaheté:s for rectangular sections, air cooled

- - 1.
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. Table 2.2 _
Axisl cooling time for fractional intervals during air cooling of
round steel bars of 0.01 - 2500mm diameter
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ure z.ll_illustrates the datérmination of the start and end of the
transformartion range on the cooling curve T(leg t). Additionally, two
numerically diffefentiatedf forms of the cooling curve are disnlayed,
which enable tae in:eradtivg evaluation of the transformation points.
Firstly, the differentiated temperature values or cooling rate, CR, are
displayed ug a function of time, CR(log t). Secondly, a time-independent
display, CR(T) is drawn, which refers the cooling rate directly to the
temper&ture values. Distinct local peaks ¢can be seen on both cooling rate
(CR) curves, The points of deviation from the smooth parts of the curves
correspond to the start and end of trasformation. The transformation
start, T,, and end temperatures, T,, for varlous cooling rates can then
be joined to generate a complete CCT diagram.
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2.6 Microstructural charges in the hot working of C-Mn steels

Microstructural changes that take place during deformation are referred
to as 'dynamic’ changee and those that take place in the time intervals

betweenn passes as 'static' changes.

In the simulation of multi-pass deformation the microstrugture resulting
from recrystallisation and grain growth in the first pass is assumed to
bacome the starting structure for the second pass, etc 1f deformation
takes place in the Ffully recrystallised region (T > 1050°C) ([1,2,27].
However, 1f ©recrystallisation is incomplete (predominant ir  the
intermediate temperature range (950°C < T < 1050°C), the grain size in
the recrystallised fraction and the pgraln size a&and in the
gnrecrystallised fraction must be taken into account [2,27]. The amount
of retained strain prasént_in the unrecrystalligsed fraction deterr aes

the subseguent rec¢rystallisation kinetics.
2.6.1 Dynamié structural changes

These are structural.changes arising from the competing effects of work
hardening and of scftening by dynamic recovery and dynamic
recryStéllisatiun. The occurrence of dynamic recrystallisation depends
primarily on the rate of dynamic recovery.

2.6.1.1 Dynamic recovery

Thie is a thermally activated process and is favoured at low strain rate
and/or deformation at high temperature [27]. ' '

The characteristic form of the stress-strain curve for dynanmie recovery
is shown in Figure 2.12a. Initially work hardening is rapid, leading to
an increase in dislocation density and a rise in flow stress. As the
dialocatién density increases, dynamic recbvery occurs mors rapldly and
leads to softening by annihilation of some of the dislocations and
rearrangement of others to form subgrain boundaries. |

At point § in the figure, the hardening and softening proéessea balance,
leading to & steady state flow stress and a well developed, approximately
equiaxed, dislocation subgrain structure at higher strains.
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2.6.1.2 Dyuamié recrystallisation

With steel in the austenitic cbnditidn, dynamic recovery is relatively
slow, leading to a more rapid increase in dislocation density with
increasing strain aﬁd to the davéloﬁmant of subgrains with boundaries
that are not wel’! formed [27]. The disorder in the subgrain boundaries
inﬁreasas with increasing dislocation demsity which increases with
inereasing strain until a critical total dislocation density is redched
at which nucleation of new grains takes place. The nucleation and growth

of these grains is called dfnnmic.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 were the only softening process.
The.flow stress falls as recrystallisation proceeds leading to a maximum
iﬁ stress gt girain Eg. At e critical strain, €., dynamic
. recrystallisation oceurs and provides an additional softening mechanism

as the new grains form,

_ Under normal hot working conditions dynamic recrystallisation is a very

potent mechanism of grain refinement. Dynamic recrystallisation does not

occur in plata 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 recrystalIisation may well occur,

Lebon et &l [28)] have shown by optical microscopy that €, and the

critical strain for dynamic recrystallisation, €., may be approximately

related by:
Ea = 0,88, : _ : 2.34
En = 4,9x10~% d,r/2 po.as ' _ 2.35

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

. 312 800 -
2 = E gxp —— - : _ 2.36
' 8.314 T

where T is in Relvin.
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Two experimental techniquea maf be used to determine the onset of dynamic

recrystallisation:

i} Sekine (29) plotted _ log 2 wversus reciprocal of xecrystallised'

austenite grain siza.(lqu)'fpr a C-Mn steel shown in Figqure 2.13,
The onset of dynamic recrystallisation occured where the plot
started to follow a linear relationship.

2. Kﬁspar et al [13] plotted strain hardening exponent, n, against
gtrain (Figure 2.14}. The onset of dynamic recrystallisation occured
when thé n-value passed through n=0. The strain hardening exponent

was calculﬁted from equation 2.37

n = bin(s)/81n(e) - 2.37

(a) - .
) . dynami¢ recovery
- o
H Stmﬁq_ﬁhk:
o .
2.
s
(b) o e
dynamic recrystallizdation
a | () | (D ()
5 -~ |
3 | Steady shote
= { .
t .
:
& & _
True strain
Figure 2.12 Characteristic stress-strain curve for dynamic recovery

and recrystallisation [27)
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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 irmediately after deformation and involves the
annihilation of dislocations. The rate of recovery decreases with time
since the driving force is the dislocation demsity [30). If the applied
strain is greater than the critical strain for static recrystallisatiom,
static recovery takes place in the incubation | perlod befere

recrystallisation.

Solute additions e.g Nb, decrease the rate of static recovery since they

increase the iacubatic : time for static racrystallisation [31].
2.6.2.2 Static recrystallisation

If the applied strain is less than that nécessary for the onget for
dynamic recrystallisation, €., then statically recrystallised austenite
grains form preferentially at the original austenite grain boundaries.
FPigure 2.15 ([32] shows that the rate of recrystallisation slowly
increases as nuclel are produce” and then accelerates to a maximum, but
ultimately decreases due ta dimpingement 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~ axp(~0.693{tnoraltsc)? 2.38

Whittaker [33] defined a temperature-compensated time eqguation for
recrystallisation kinetics which takes into account the continually
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changing temperature of the steel over discrete time intervals (Figure
2915) .

Ree = 1 - €xXp(=0.693(Wa/Wp,50))2 2.3
where
We = % 28t _ . 2.40
Wo.sa = 2 tse 2.41
0 095
= 075
w9 -loso
= -0d4p o
£ 08 <010
2 - e ~0-05
0 = !/- P
oaf / 4 v ]
noc  1se/ 950 950 1
oGk strain 'o’z?, LA vis /0% -
* o F oa ¢ -t
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T |
Oty a 100
T““_E"a'

Figure 2.15 Recrystallisation curves for low-alloy steel[AISI 5160] of

initial grain size 100 pm deformed at 1s-* [32]‘.
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Figure 2.16 Time-temperature compénsatibn_ curve for detetmining the

fraction of austemite that  has recrystallised under.

anisocthermal conditions [33].

The vate of recrystallisation in a given material is determined by the
stored energy, the density of £avourable nucleation sgites and the
temperature, Sellars and Wniteman [34] derived the following
ralatiunships to describe the kinetics of ﬁtatic.recfystallisation for
C-Mn steels:(see Figure 2.17). -

tse = 2.5x10-*+#d,2€~% exp{300000/8.314T)
for € < 0.8, o 2.42
tso = 1.1x10-5 Z-°-% exp(300000/8.314T)

 for & > 0,86, 2.43

The time <£for full recrystallisation to take place, tss, may be
appruximated [14] Dy '

e = 2X tao o | | 2.4
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Figure 2.17 Dependance of time for 502 recrystallisation on strain for
C-Mn and low-alluy steel [34]

For strains less cthan €., the stored energy, l.e. the driving force for
recrystallisation, increases as the straln increases. The strong
dependence of tso on E-%, a3 given in equation 2.42, has Leen ochserved by

several authors [35,36,37,38]. The rate of récrystallisation is alsc

determined by the original sustenite 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 recrystallisatibn [36,40]. The abrupt change from strain
and grain size dependence to independence at & = &, arises because pre-
existing recrystallisation nuclei are always present in the deformed
gstructure at € » Ea., and the driving force remains constant,

Recrystallisation rate 1s also particularly sensitive to temperature. In
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geher&l. a2 decrease in the holding tamperature. decreaszss ths rate of
recrystallisation., Apart from the Holding tempsrature, the variables
which increase récrystallisation rate also decrease the récrystalliéed
grain size. Sellars and Whiteman [34] derived the following equations to
defins the statically recrystallised grain size for C-Mn steels after a

'pattiéular_pass (Figure 2.18):

do Q.87 .
Grax = 0.5 ——— € > E” ' 2.45
_ e
Qrax = D¥Z-% _ E < E” 2.46
where
D*=1.8x103 Z-0.15 ' 2.47
E7=0,57ds°" 27 En. ' 2.48

“dnd u is 2 comstant,

If recrystallisation does not take place, the effect of accumulated

strain must be taken intp account when ecdlculating the effectiva

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 & [34].

ouchi [41] deteruined the statically facrYStallise& austenite gféin size
in not rolled C-Mn steels in terms of interfacial grain boundary area,

flow stress, strain and roll geometry faetor:

drax = 0.17/(5, T'E Q)x/a _ 2.4%
where

S = {L.67(E -~ 0.1) + 1}(2/da) + 63(€ ~ 0.3) 2.50
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Pigure 2.18 Effect of strain on static recrystallised

grain size [34]

A modified double-stroke test was developed by Striesselberger et al [14]
to evaluete the anisothermal softening ratie (fraction recrystallised),
Xs, occurring in austenite during int:erpass' hold times or anisothermal
strengthening, X., during deformation (Figure 2.19). Both the rise in
temperature due to deformation heating and the temperature drop due to
radiation during the hold period are taken into account. By emplojing
this method for mﬁltiﬂpass hot deformation schedules, the state of
austenite atrengthening!softcning cari be evaluated at any intermediate

stage of working. The anisothermal sorftening ratio is given by:

xu = (Kioa - Kzﬂ'z)-I(K:.ﬁ':. - 0':) ) ' 2.51
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Figure 2.19 Principle of the double stroke technigue .for
evaluating mechanical softening during deformation
[14]

Figure 2.20 shows how to determine the temperature conversion factors, K
and Kaz. The symbols OCum.z aﬁd Gum.z 2re the yield stresses of the
material with no priorv deformation at the: temperature, strain rate and
straln of the end of the first pass and beginnang of the second pass
respectively. '

If X, = 1, the struc-ure is fu_l]_'y recrystallised, If X« = 0, the
‘structure is unzecrystallised. '

By determining the strengthening ratio, X., 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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X = (& ~ 6ol /60

2.6.2.3 Grain grawth

%The Qrain eize due to isothermal grain growth, dggr &t time t is related
to. the recrystallised grain size, d,., by the equation [42):

Qgglt) = dpey(l + %5 1n (t/tgg)) 2.53

Choguet et al [42] found thate<y, = 0.195 for C-Mn steels,

180
[ .
[i% - .
’ 160 "
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S s I Qﬁij:h‘“H ®
2 140+ O § *““-~“;H:
.t_ jy I UO
] K20 50864 i~

.- T; %JL T‘H’
100 - T ! . ' e b
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Figure 2.20 Yield stress of undeformed 832 C-Mn =steel as a

function of temperature: shows method to

daternine teuperature conversion factor for T =

$20°C and T = B60°C [1l4].

Grain growth under continuous cooling conditions way be caleulated [42)

using equation 2.53, assuming that the activacion energy {300 000 J/mol)
remains cnnstant dura.ng cooling.

dgg(€) = dex(ltetggln(t/teg)) - 300000%/T~1/Tg)/8.314 2.54
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Foster [19] studied the kinetics of grain growth of C-Ma steels at
various temperatures. From Figure 2.21 it is seen that grain g::owt'h is
favoured at high temperaturss and long holding times, The following
equation was found to ‘describe grain growth. kinetices In C-Mn steels at
950°C3

dzg? = Grax? + 26.2 tuoaa + 2000(L « exp(tuaral7) 2,55

|
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Figure 2.21 Grain growth after static recrystallisation in plain
carbon steels [19] ' '

2.6.3 Effect of deformation parameters on statically
recrystallised prain size

2.6.3.1 Strain

In C-Mn si:eels, strain is a most Jdmportant parameter _affecti_ng
recrystallised austenite grain alze. Figure 2.18 shows that the largei
the strain the fimer the racrystallised grain size [34]. S5ince dynamic
recryatallié&tian “results in  finer grain size than static
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recryétalliaatinn, verf high reductions at high temperﬁtures'-and lﬁw
strain rates should be aimed for. However, in industrial hot rolling,
thesé 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
regult in a fully recrystalllised austenite microstructure,

Austenite microstructure may be divided into three different
morphologies: fully tecrystallised by static or dynamic recrystallisation
, partially : recrystallised and elongated or unrecrystallised
micréstrudtures [43]. Micrographs showing various austenite
microstructures [44] are given in Figure 2.22.

¥igure - 2.23. shows &8 schematically represents the expected austenite
microstructure as 2 function of deformation temperature and strain for a
given initial austenite grain'size. At high rolling temperatures, full
recrystallisation occurs at fairly small to ﬁedium strains resulting in a
refined, equiaxed gustenite structure. However, grain growth is also
favoured at high temperatures and thus the optimum condition between ease
of recrystallisation and rGCrystalliséd grain size must be found [45]. If
small amounts of strain (typically 8-14%) are applied at high temperature
-the resulting sustenite is partially recrystallised consisting of a
combination of large and small grains. If rolling takes place repeatedly
- in tﬁa. partially recrystallised region at high temperatures, full
recrystallisation will eventually result [46]. Very low strains (< 87} in
the high temperature region produce abnormally large austenite grains,
larger than the initial grain size, and peréiet throughout subseguent
passes. This is to be avoided since large austenite grains ave difficult
to recrystallise and are detrimental to toughneSS | 71,

It is also seen that when medium tc¢ large strains are applied to the
sustenite structure 4in the mno - recrystallisation regiaﬁ it low
tamparstures (Aes - 950 °C), the grains become elongated or "pancaked®,
Tnie .ntroduces deformation bende and substructures into the grains.
Deformation bands and pancaked grains a&are advantageous for grain
refinement since they respectively, act as nucleation sites for ferrite

L e b g e e
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formation and as atructural boundaries that
growth of ferrite [43]).

inhibit the subsequent grain.
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Figure 2.22., Different austenite micrastructures



82

High Tempsrature Reglon | | Inital Grain Size

o Fall
Recrystalilaation

3.

Low Te'mp-er'a
— -

. . ..
R Ly T
iy, -
“‘lh
L e

s BT —

Figp.re' 2,23  Microstructural changes otcurring in the hot working of -
steel



4

2.6.3.2 Temperature

Low reheat témﬁeratures'promote finer recrystaliisad graln size [43,48]
which increases toughness and strength. Small initial grain sizess reduce
the ....lcal reduction for dynamic and/or static recrystallisation [28].

There is no genersl agreement in the literature concerning the effect of
rolling temperaturs on recrystallised sustenite grain size. According to
Sellars [34] and Tanaks [43], rolling temperature does not have a
significant effect on grain size for C-Mn steels. Speich [49] and Gohda
[48] lzowevgr; maintain that the lower the rolling temperature in the
austenite region, the finer the grain size.

2,6.2.3 Strain rate

From equation 2.5 it was seen that large roll radi’, high roll speeds and
lgrge strains result in large strzin rates. 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 > 950
°C) the recrystallisation times are very rapid in C-Mn steels. In hot
rolling, the time for full recrystalligsation to take place 1s usually
well within interpass delay times provided the initial grain size is
small enough and sufficient strain is appliéd (equation 2.45). At lower
temperatures , recrystallisation is more sluggish and there may be
insﬁfficiant time after ralling fnr-recrystaliiﬁatiun to be completed
which leads to a mixed graim structure and poor toughness. Too long 5‘.
holding peried  however, leads to undesirable graim growth.
Renrystallisation times are much longer Iin microalloyed steels due to
carbonitride precipitation retarding the nucleation of new grains.

-

%.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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strcngly influences hoth serength and toughness. There are various ways
of refaning ferrite [50}:

- Recrystallisation of austenite by repeated deformation in the
high temperature region

- Deformaticn in the mo - recrystallisation region to  form
subgrains in the sustenite which act as mucleation sites '

- Increasing the austenite to ferrite volume ratio by acceleratsad
cooling through the transformstion region

- Recrystallisation of strain - induced feryite by defi-.ming in
the two-phase (intercritical) region

- Use of precipitates and  inclusions as nuclel [.r ferrite

during transformation (generally not applicable in C-Mn steels)

Suehiro {51} found that the transformed ferrite grain size may be
expressed in terms of the ferrite transformation start temperature. Aaa.

and the prior austenite grain size, d..

= (5.51 x 10%° d.2-75 exp -(1072/Acs)) */3 2.5

The effect of stored strain in hot deformation on the tramsformstion
kinetics may be sccounted for by using the effective austente grain size

expressed in equation 2,436 as a function of residual dislocation density,f.

L]

de? = d [ (1 + 10-3a § x.as4) o 2.57

Umeritto [52] found that the ferriﬁa graln size, formed frcm'cnntinuously

tooled, fully recrystalllised austenite, may be expressed ir wms of
austenite grain size prior to transformation amd cooling rate.

G = 5.7 CR-9:%6 ¢ 0.40 _ 2.58

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

‘ferrite nulclei by iﬁcreasihg the cooling rate [S53-58] through the

transformation range (Aes - Acaz) instead of conwentlcnal ajr cooling. A
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dramatic increase of yield and tensile strength can be obtained without
deteriorating toughness. The effect of the cooling start and end
temperatures as well as the cooling rate on the temsile strength and

toughness of steel are shown schematically in Figure 2.2%.

It is generally considered that a cooling rate of ebeut 20 °Cs-* results
in sdequate microstructure and properties in C-Mn steel [54]. The optimum
cooling rate, however, for a particular stesl depends on the chemical

composition.

Actcelerated cooling from above the A.s effectively shifts the A.s to 2
lower value and produces ferrite grain refinement by a2 mechanism similar
to that by alloying. However, toc fast 2 cocling rate always results in
undesirably .coarse bainite. This arises from the fact that only
creferential sites on austenitic grain boundaries are able to nucleate
ferrite. Finish saccelerated cogling below about 4S50 °C usually gives
rise to a  large strengthening effect accompanied by noticeable
deterioration in FATT due te 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 temsile stremgth and toughness of
steel [54] '
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2.7 Correlation between microstructure and mechanical properties

The_uniqﬁE'feature of ferrite grain tefinement is that it improvez both

strength and toughness. However, the stremgth and toughness of ferritic-

pearlitic steels depend not only on the final fervite grain size but alse
on the volume propeortion and distribution of the pearlite (or bainitg].

2.7.1 Yield gtrength

The effects of chemlcal composition amd ferrite graln size on the yield
stress of farritic-pearliﬁic steels mre usually represented in the form
of empirical equations examples of which are given below. Strengthaning
" contributions due to solid solution strengthening is accounted for by the

chemical composition terms.

Re = 105 + 83{Si] + 43[Mn] + 18.4da-2/2"1540({N] {601 2.60
Re = 105 + 84[S1) + 33{Mn} + 17.5d.-2/= [61] 2.61

Speich [&9] found that low deformation temperatures in the
férritelpearlite region also produced a strengthening contribution from

the dislocation substructure generated in the ferrite.
Bau = & + 10{Bi] + 5{Mn] + 2.6da~*/2 + Cusaa 2.62

The effect of finishing temperature on the Ro-ferrite grain size
relationship is shown in Figure 2.25. The usual d.-2/= dependence of
vield stréngth is oheyed until low finish temperatures (677°C) where a
sharp departuré from this trend is observed and  the yield stress
increases rapidly with little further decrease in grain size. Speich [49]

found that pearlite only contributes about 7 MPa to the strength of low

ca bon steels.

2.7.2 Tensile stremgth

Whilst peﬁrlita_in low carbon steels does not affect the yiaid stress, it
bas an effect on tensile strength. Small Fferrite grain eize and high
volume f£ractions of pearlite increase the tensile stremgth [62]. '

A PR
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Re = 15.4(19,1+L.8[Maj+5.4[S1]+D.3[pear]+0.5 do-27/2) 2.63
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. Figure 2.25 Effect of finishing temperature on the yield stress -
' grain size ralationship [48]

2.7.3 Toughness

" The major tuughties.s parameters which have been correlated with grain size
are thé impact - transition ~ temperature , ITT, and the fracture -
appearance - transition « temperature, FATT. The generesl equation
developed [61] to relate the ITT with ferrite grain size is:

AJTT = In{A) ~1n{B) -~ ln{d.~—*/2) _ - 2.64
where A and B are constants, ITT is in °C and d. is in mm.

Many relatlonships have been formulated to show the effect of grain size
and composition on FATT. A typical relationship 1ls as follows [62], .

FATT = -19 + 44[S4] + 700[N] + 2.2[Pear] - 11.5.da 2.65
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where FAIT is In °C.

Small pearlite colonies are beneficial to the FAPY because cleavage
cracks are often observed to stop and change direction at pesrlite colomy

boundaries [64].

The effect of finlshing teniperature and composftion op the FATT of C- Ma
steels [49] is glven in Figure 2.26. The transition temperature of all

steels decreases with deécreasing finishing temperasture according to &

d-2/= relationshiﬁ: if all the deformation is in the austenite region.

When deformation 1is extended to the austenite/ferrite zone the FATT

" increases with little change in grain size,
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aa FINISHING TEMPEAATURE \
\\'
\ : C=Mr-Eb (5,011 5} : =lo
o
[ £
frd
by
x 30
o
=

=log

i . b i ’ § -] «18G

4 ] -] [+] iz 1L 18 1]
PRl ‘n‘ll'il'l'”' .

Figure 2.28 Effect of £inishing i:empara;ture and composition on the
FATT of C-Mn steels [49]. '
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2.8 Computer simulation of multi-pass rblling

If the Llasic relationships batween the deformation ‘variables and

microstructural changes discussed above are verified or established from

single and multi.pass labbratory tasts, the sequential changes during'

multi-pass rolling can ©be computed t1.34]; By c‘ambining these
microstructural changes with a finite difference computation of

temperature changes in plane strain compression testing, rulling.

_cond_itians can be closely simulated, as i1llustrated in Table 2.3.

Equations for flow stress aé_ a function of rolling wariables and
"~ microstructure can be incorporated into the computer program to snable
tha_predictiqﬁ-of rolling loads {(and torques).

Table 2.3

Simulation results for rolling with 202 reductions
~per pass and 15s hold time between passes [1].

PLANE STRAIN '
ROLLING _ . COMERESSTON COMRIITRTION
Temn PC 4 um 'rm_:"c dum . Tamp é um
2.12%C, 1.46%Mn, 0.032%Nb steal
Reheat 1160 ‘110 1160 LY 1160 10
Pass L - 4o 1139 60 - - 1142 L3:§
Pags 2 1060 1053 39 10a: a8
Pass 3 8co _ 900 . 40 ggs ig :
. . {53 x 31 . {47 x 30}
Pass 4 . Bso E¥s 850 39 a48 ag
57 x 23) (61 x 25) {59 x 24}
Ferrite B.3 . 1.5 : 9.5 :
Q.12%C, 1.484%Mn stesl
Reheat 1127 . 115 : © 1127 0 115
Pagg L 1092 55 ' loB83 &1
Pass 2 L0027 . 44 1425 48
Pass 3 S04 a2 c0 k-
Pagg 4 aso ) 32 - ) 850 32
: (V0% Hex. {43% Rex.)

Ferwita - S 9 ) 1215

LT



50

The advantage of this form of simulation is that there aye no lLimitations
to the deformation conditions that can be simulated. The disadﬁantage is
that it requires a cqns:'..de'rahla body of reliable bas_ic. data to establish
the c¢omplex quantitative structure-property relationships re'qu.ﬁ,red for a
particular material.

A



51

3 EXPERTMENTAL PROCEDUBES
3.1 Introduction

This chapter discusses the equipment and experimental methods used during
piane strain compression tests. Techniques used for retrieving and analysing
data are presented., The formulation of a computer programme to predict the
temperature distribution in & rectangular speclmen during plane ‘strain
compression is briefly presented with a more detailed discussicn given in
Appendixz 1. A éomputer programme' written to sinulate important thermal,
- mechanical and kinetic changes occurring during hot plate rolling is

disgussed.

3.2 Materials

Three samples of as-rolled SC8 C-Mn plate steel of slightly different chemical
composition were supplied by Iscor Vanderbiilpark Works. The samples were cut
from thé tail end of each plate. The chemical vompositions of each sample are
glven in Table 3.1. |

Table 3.1

Chemical Composition of SC8 C-Mn Steel

c M si s AL P N

Grade 4 0.11 1.21 .0.27 0.003 0.0ué 0,004 0.902
Grade B: 0.18 1.05 0.27 0.003 0.004 0.004 0,002
Grade C: 0,11 0.5 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 anclllary equipment

Plane strain compression tests were performed on a modlfied, 1500 kN capacity.
saryo - hydraulic.machine. The test arrangement is shown in Eigure.s.la.
Photographs showing the plane strain compression specimen during the reheating
and deformation stages of the plane str_aih compression ta_st are given in
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Figures 3.1b and Figure 3.1c respectively, The testing machine comprises
essentially of: '

1. A 100mm stroke servo actuator.

2., Electronic control unit comprising of three mode controls (displacement,
strain and load) and additional modules viz. computer control interface,

IBM micro computer, monitor, dual disk system, Epson printer and plotter.

3. Hydraulic'_pcwer- pack supplying 180 litres/min at 280 bar via high

pressure hoses.

The servo-actuator is capable'af applying 50 mm of stroke to the ram in
tension and compressionm . Four accumulators were added to the machine to
increase the hydraulic capacity for faster strokes in order to achieve similax

strain rates (1 - 100 s-*) to thoge found in rolling.

Compréssion platens, whose dimensions are shown in Figure 3.2,.were machined
from H13 high temperature die steel. The platen breadth was 30ﬁm. This gavé a
bih. ratio of 1.2 (see section 2.5.1) fdr 25 mm thick  speciglens. After
maéhiﬂing, the tools were hardened by austenitising at 1050°C for 12 hours,
- follnwed by air cooling. Special fixtures were made to mount the upper and
ldwer platens to the ram and base respectively of the servo-hydraulic machine,

The aspecimen transport +trolley, shcﬁn in Figure 3.3, conveyed the specimen
between the three {induction 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 har.ai: pressure. The ﬁfullay wes open at ons end to facilitate
specimen movemaﬁt into tha induction coil daring a heating period.



Figure 3.1a Plane strain compression test layout
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¥laten ~

Transport
system ~.

Specimen _

Inductiog_
coil ’

Figure 3.1b Rehesting the specimen by induction

Deformed
specimen .

Spring
support

Figure 3.lc Deforming the specimen
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- Both cylinde}:s were operated manually through onfoff switches. The specimen
was supported in the centre of the trolley by means of two stainless steel
arms attached to each end of one side of the specimen. The arms were
 atteched to a cross support resting on three springs fixed on either side of
the trolley. The arms were frae to open symmetrically as the specimen extended
lengthwise &uring deformation and enmsured that the specimen remained central
between the piatens. The srms ﬁre épring loaded to a_.'_r_.ibw the specimeén to "a
pushed .b)'r the upper platen onto the lower platen during deformation whilst
supporting it freely between deformations . This first of all allows the
gpecimen to be moved easily to and from the deformation regien and secondly

reduces the heat transfer between the zpecimen and platen to a2 minimum.

The first cylinder (_400 mn full strnké’) was attacted to the rear of the
trolley and to the £ront of the second ch.:i‘._nder' a'nd enables specimen
transpor:ation to and from the heating and deformation regions, The second
cylinder (1100 mm full stroke) was fixed tb the end of the rail support
structure and facilitated the movement of the spe.cimen to end from the
deformation. and .cooling regions_. -The air pressure was. adjusted to provide a
specimen travelling time betweern each regioh of less tham 1 swecond.

A 50 kW capacity induction furnace was used to reheat the specimen to the
required austenitising tempersture. The furnace has a PID (potential integral
differential) controller which enables the user to vary and control the
‘specimen heating cycle. Due to the ghape .of the specimen, a rect_angula'r
induction coil had to be made to provide a uniform heating rate to the
specimen. The coil was manufactured out of 10 mm diameter copper tubing.

4 second computer, complete with PC-Labcard®, a multl - function control card,
has recently been installed which enables the specimen heating cycle &9 be
controlled from a remote set point. Thé computer slso controle the pneu.ﬁ:ati.c
cylinders thereby allowing simultaneous, automatic control of t.hé specimen
temperature and specimen tranaportation_.
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Figure 3.3 Specimen Transport Trolley
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The quench unit consisted of adjusﬁable bross nozzles fixed to aluminium
biocks gituated above aud beneath the fully retrepcted specimen positimn
- (Pigure 3.4). The distance from the nozzle ends to the specimen surface was
120 mm. Water channels , drilled into the interior of the blocks, supplied
water to the specimen top and bottom sﬁrfaces. The nozzle apertures were
adjusted to vary the water velocity and hence specimen cooling rate secording

to the requirements of each test,

Figure 3.4  Water cooling apparatus used in plane strain compression tests

3.3.2 Specimen preparation
The dimensions of the speciﬁen were 25x90x120mm® and were chosen so that:
a) The maximum load capacity of the machine (1500 IN): .should not be

exceeded during deformation. Wide specimens have a large deformation area

and result in large force reguirements.

b} The deformed material should be sufficiently thick to allow the

preparation of teﬁsile atd Chaerpy impact specimens.
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¢} Plane strain conditions should be obtained or approximated as closely as
pessibler thin, wide spaciﬁens are necessary for this, (see section
2.5.1}).

Holes were drilled to position_thermocauples in the centre of the specimen.
Kétype, mineral insulated, inconel sheathed thermocouplas of 2.5mm diameter
were implanted into the holes to continuously measura 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 paink.

3.3.3 Plane strain compression test sequence

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

At._he 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 intb the test, in seconds, followed by the actuator position
fequired ;t'that point were entered. The programme was capable of controlling
fourteen continuous time-position sequences. A graphic display of the time-
position sequance during a typical four pass plane strain compression schedule

is given in Figure 3.5).

Load , time and platen position data were logged (the fastest data
acquigition rate was 0.005s~*) and stored in binary format on hard disk.
Sample output datg are given in Figure 3.6. A progremme was written in
TurboBasic in order to convert this data to ASCII text format. The data
represented in this Fformat could themn be further analysed using standard
computer pabkages. Listings of the cnmpﬁter _progrﬂmmes converting load,
position and time to ASCIT code are given in Appendix 2. o
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Figure 3,5 Graphic display of time-position sequence during a four pass

plane ‘strain compression test

FESDBACK DATA

TIME {Saconds.} LOAD {iN} BTRAIM (%) FOSITION {mm}
Q. 000 1,821 -0, 005 : 5. Q0%
0, F00 1.431 -Q, 005 ~-a.38%
1.800 1. 480 =0, 0D0% ~7.73%
2. 700 1.445 -0, 505 : ~3.0%4
I. 600 1.8540 -0,008 T —i0,489
4,500 1.4535 ~Q. 005 =t1,792
5,400 1.504 D, HYo ~-15.147
&. 300 t.53a =3,008 . ~-14, 203
L FeR00 1.553 : =0.90% ~15.949
. 130 1,528 S =0 a0k -17.212
.00 ©1.5%m -0, 005 =18, 579
2. G 1.528 -0, 005 15,922
19.780 1.489 =G, Q05 ~20. 48
1f. &80 iS00 =400 =70, 081
12,5880 1.42% -0, D05 -0, 048
15,400 © 1880 -Q, D05 : B I T
14%.3B0 1,435 . R =20, 058
15, 280 - 1.45% =010 «20, 0408
14,180 1,485 -G 005 ] ~20,048
17.0B0 i.489 ~0, 005 - -20. 048
17.980 1.5%% -G.0%5 =20. 481
18.800 1.3553 C 0,008 —=20.1468
19.7a80 1,54% -0.065 =20, 048
20, 560 1.504 wlt, OO ~le.742
21.55) © t.889 _ =0.00S ~ib. ¥8C
22. 440 1.494 0, QGS . -15.14%

Figure 3.6 Sample of test output data
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Bafore the start of a test, the exact position of the upper platen at the
gtart 'of the first deformation was determined. This was done by slowly
lowering the platen until a small inerease 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 (O mm){ The initial ramp peried of 30 seconds was too long for
certain tests. When it was reguired to deform the specimen shortly after
‘reheating, a shorter time iInterval was included at the beginning of the

program inputs.

After the sPecimén was reheatad to the required austeaitising temperature and
soaked for 30 minuces, the first cylinder (ﬁopmm stroke) was activated and
transpofted the specimen to a fixed point directly between the upper and lower
deformation plgztens. Temperature ddta acquisition commenced immediately ﬁfter

the specimen was retracted from the furnace.

After the specimen was positioned between the two platens, the machine control
‘programme, MULTRZ, was iunitiated and the programmed upper platen time-position

‘sequence was carrisd out.

After tha deformatlon sequence was completa, thi; second pneumatic cylinder
{1100 mm stroke) was activated and transpdrted the specimen to the cooling
unit where the specimen was cooled according to tés£ requirements. Most
specimens ware air cooled to simulate cooling rates found Jduring run-out table
cooling after plate rolling. Some specimens were subjected to varylng cooling
rate {1“0541--.50°Cs*1) in order to determine the effect of cooli.g race on

- £r.al microstructure.

3.3.4 Measurement and calculation of deformation parameters
3.3.4.1 Calculation of temperature

The specimen centre temperature was continuously monitored. .Thermocouple
voltage readings were recorded using a six channel IF85 data acquisition uniﬁ.
The strong inconel shaathing ensured that the thermocouple remained functional
throughodt gach test, Software for communications between the data



61

ahquisition unit and a computér wis written by the author and is given in
Appendix 3, The data acquisition unit has the'capability of rascording at a
sampling rate of less thean 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 time). Voltages recorded during a test were converted to

temperature, °C and time, s, using prograrme CONVERT, given in Appendiz 3.

3.3.4.2 'Galculétioﬁ of strain

The equivalent strain, &, wis calculated from the platen position data using
equation 2.1 and equation 2.2, The initial specimen thickness, ha,
cbrrespnnded to the indtigl wupper platen positiocn before “the firat
deformation. The position of the lower platen remained constant throughout a

test.

The strain origin for each'pass (€ = 0) during multi-pass tests was taken at

the point of total relaxation of stress in the previous pass.

Table 3.2 ghowed excellent agreement between recorded and measured final
totsl sﬁeaimen 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 grror, slightly
larger strain wvalues than required were prugiammed inte  the computer

programme.

3.3.4.3 Calculatlon of strain rate

The instantaneous strain rate throughout a test was found by calculating the
ratic of the incremental change in strain with respect to incremental change
in time from equatiom 2.5. '

‘Figure 3.7 shows the effect of strain rate on deformation time for 25mm thick

specimens. Strain rate increased hyperbnlically.with decrease in deformation
time and reached a maximm of 2.5 s-*. This corrésponded to a total
deformation time of 0.1 second. Strain rates faster tham 2.5 8~* could mnot be

achieved due to the actuator speed limitations. The machine cannot respond
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~ effectively to shorter deformation times than 0.1 second, H:.gher strain rates
may be obtained on thinner specimens {< 25mm)

3S‘ti’aii'n Rate s

2\
1.5._

0 1 ' | 3 4 5
Deform Time (s) |

Figure 3.7 Influence of deformation time onr strain rats g{25mm thick
specimeny, deformed 1125°C)
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Iable 3.2

Comparisen of recorded and measured spezimen
total strains for selected tests

No:| Measured {Recorded j Z Error

82 | 0,26 0.27 [

. 87| 0.51 - 0.52 2
513 | 0,87 | 0.95 2
814 | o0.98 0,98 hR
S15 | 0.74 0.76 0
‘816 | 0.6 0.85 i
521 | 0.79 0.81 3
523 | 0.88 0,88 I t

From Pigure 3.8 it is seen that the strain rate in Sls.had & fairly flat
region at the beginning of each deformation then decreased rapidly towards the
end ofldeformatioh 2s the velocity of the ram syproached zero. The strain rate
~ behaviour encountered in plane strain campr:sﬂidn tests was similar tb the
strain fate response found in plate rolling [21]. The strain rate during
.r_olling .-I,'s it a maximum at tus plane of entry and steadil; decreased to zero |
at the plane of exit.
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3.3.4.4 Calculation of flqw~stress

The flow stress during plane strain compression tests was calculated from the
'platan force-pngition data using thé procedure outlined in section 2.4.4, 4
mean coefficient of friction of 0.42 was used in all f£low stress calculations
since this value was found by Rapellner et al [13] to be applicable for a
wide range of C-Mn steels in unlubricated plane strain compression specimens,
This vaiue 1s applicable for specimen thicknesses between 18 and 40 mm. The
onset of flow atress was taken at 2 strain of 0.015. This value was chosen
since the stress 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 (€ = 0) and the upper
limit of integration taken as the tutal.strain ian the pass, Es.

A modifled version of Barager’s formula (see equation 2.12} [22] was uged to
predict the hot flow stress of C-Mn steel in terms of temperature, strain and

strain rate;

g’ = éo"rsc(BE o.4 4 CE 2.a 4 DE :1..2} 3.7

The constants B,C and D we.u determined by multiple linear regression for
varlous temperature ranges in the practical plate rolling region (1250°C > T >
1000°C) ¢nd are given in the following chapter (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 (litres/min) as a linear function
of the setting of the spray nozzle gituated above and below tha specimen

during the cooling stage. The flow rate was determined by measuring the time -

taken for the water to £ill a 10 litre container. Figure 3.10 shows a plot of
cooling rate at A.s (866°C} as a function of water flow rate. The Fastest
ersling rate recorded using the existing apparatus was 35“Cs~1_for a 25 mm
tusck specimen and the slowest rate was 2°Cs-*  during air cooling. By
consulting these graphs it was possible to set the water nozzles to appiy the



required cool rate to the specimen. Direct quenching to room tempersture or’
accelerated cooling at different rates was possible,

Watar flow rete {I/min)
80 7

Tap 1

oglq B Tumns _ ' =
—— 8 Turns

= P
T ] 7z
T M

. ' 5 7 | g | S
| Tap 2, Turns

Figure 3.8 Water floﬁr rate as a function of nozzle opening

oo Co0livg rate at 000 C/a

o L. i ke Il

a L] 0 15 .40 25 0
Water flow rate litrea/min '

Figure 3,10 Cooling rate a5 a function of ﬁﬁter flow rate

{2 5mm
specimen) '
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3.3.4.6 Calculation of etrain herdening exponent

The strain hardening exponent, n, was calculated from the 1n{§)-1ln{f) data
found from the reapective flow curve using ' equation 2.37. A Turbe Pascal
numerical differentiation program, DERIV.PAS, was .used to perform the

calculations.
' 3.4 Initial grain size tests

Simple tests wéf_e conducted to .determine the effect of austenitising
tempersture on austenite grain sizé_. Specimens (30 x 30 x 30 mms)' were heated
in a rapid heating furnace and sooked for one hour at temperatures between
900°¢ and 1250 °C before guenching in cold water. The prior austenite grain
size was then determined and quantitatively related ta the corresponding

reheat temperature using an axponéntial o cve fit.,
3.5 Metalleography

Considerable spread of material- ocourrad at the specimen edge during large
dafoi:matj.ons. Meﬁallographic sections were therefore taken at a minimum
distance of 15mm from t.he specimen edge in the deformation zone. Grain size
déterminations were always taken in tha. mid-thickness position of the
deformation zone. The air copled ferriﬁe pearlite microstructure of specimens
was studied rather than prior auste_nité gtructures 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 abluﬁion. was used to atch the ferrite -
pearlite structure in air cooled specimens. A warm (70 °C) saturated agueous
picric acld solution was used to etch prior austenit: drains in guenched
specimens obtained from initial grain size tests. All micrographs were taken
at 400X ."nag'nificati.on. '

3,6 Mechani 1l tests : _ .

Standard ASTM tensiles tesatsa 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 per plane strain compression

specimen. Three sub standard {7.5x10mm ) Charpy specimens were also machined
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from each plané 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 Model to simulate the temperature 'dist:ibution in plane strain

compression specimens

A finite difference computer model, PSG;IEHP. was written in Turbo Pascal to
gimulate the temperature distribution in a rectangular steel specimen before,
during and after plane strain compression. The model is discussed in detail
in Appendix 1. The programme takes intoc account heat transfer within the
specimen as well as heat losses due tp heat condaction to the platen,
convection to the surroundings and vadiation. The temperatﬁre rise in the
specimen due to work done during deformation is also accounted for. A flow
chart showing the logical stages of PSC_TEMP is shown in Pigure 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 are shown in Figure 3.14.

1START!
A
Iaput "
T ° R
[}
Unifnr;l ¥on Uuifnra[
¥ r
. : ¥ -
Calculate spacimen dizegsions |
) ]
¥

.
%Calcalate 8% for sir eodoling!
( and defor=ation perionds i

iet
*

ETART 'R COOL BERIOD |o

N -
ICalculate_new specizen tesperaltures,
l Caleulate gew platen temperatures |

i
1

1

L [}
Write Tenmperatures ;

Y
_ _ -
}Ezm AIR COOL PERIOD]

START DEFORM PHERIOD

1
h

. : :
Calc. Deformation temp, rise in specim&ni

)

Calculate net specimen temperaturass
Calculate new platen temperatures

¥

krite Temparstures
"
END DEFORM PERIOD

N ]
. ¥ : & e {=iel
is= passasr—a ENDY |4 ¢ passes -

Figure 3.12 Flow chart showing the steges of programme PSC_TEMP
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Scheduta Numter : 2
Mumber of Paases: 3
Elament width :0,003

HTS for deformation

‘Pags! 8traing

1 0.3
2 0.14
7 - p.2

Element height:0.0025

Ha 1

Stra.. Rate:

1

14

1

Fiie ».ame for Cutput Data Fils ; Temp_Fé

Terparatures

Initial $pecimen :1250

Initial Platen
Ambient

Uniform / Non-Uniform [U/MNU] iU

Soundary condition factor 0.9

Mean Streess;

‘80
a7

113

125
125

Delay f1me:

Figure 3.13: Bample input data for programme PSQ;IEMP

Platen
25 a3 25 25 23
2 28 25 25 11
25 1) as 2 2%
43 43 43 42 i3
217 217 248 208 A
gpecinen
918 914 818 8@t b3S 4195 tRos
1184 1172 473 nre 198tz 220
1229 4226 Y226 7227 1229 4230 23
1237 1236 1238 1236 . 1237 1287 1237
S4240 1240 1240 qmdo 1241 1241 {240
1
Dafgreation: . Psss 1 Time: 4.26

Figure 3.14

Sample output data for programme PSC_TEMP
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3.8 Model to simmlate the mechanical and metallurgical changes during hot
plate rolling

A computer programme, PLATESIM, was ﬁritten in Turbo Pascai 5.0 to predict the
roll separating forces, evoiutiun of austenite, plate temperature, Ferrite
grain size and mechanical properties of 5C8 C-Ma steel plate during and after
hot roliing. The programme was run on an IBM compatible AT personal computer.
A flow chart showing the logical stages of PLATESIM is given in Figure 3.15. A
listing of the programme is given in Appendiz 4. The aim of writing the
programme was to supply the Vanderbijlpark plate mill with an accu.-te and
quick_method for dptimiéing their plate rolling schedules.

The inputs necessary to run the pfogramme were e¢ntered either directly from
the keytoard or from a data fiie. TSteel 5C8 rolling schedules consisting of
up to 17 passes may be simulgted. A sample of input data is shown in Figure
3.16. For easé of use, a schemstic diagram showing the current position of the
slab/plate during the rolling schedule was inciuded in the input stage of the

programme.

The nominal strain and.mean'strain rate during aach pass wére caleulated from
equation 2.1 and equation 2.5 respectively. The flow stress of the slab was
calenlated using equation 3.7 for a specific temperature range. The mean
stress was found by analytically integruting enuation 3.7 over the strain
range using equation 3.8: |

.- Es
- E9+3pac ) ) :
o = (Be°-+ 4 CE9:8 4 DE-2) §E ' 3.8
€. : '
.0

The roll separating forces were calculated from Sim’s theory using equation
2.7. The :611 geometry factor, @, wds calculated using equations 2.8-2,10.
Initially the roll force was overestimated in the early passes. This was
attributed to the assumption that the slab width remained comstant throughout
the schedqle._Subsequently, & linear increasse in billet/plate width with pass
reduction was incorporated into programme PLATESTM. This provided a much
bgttgf estimation of the roll foree in the early paeses.
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key in | To,R,rpm,passes
: h, taora, @

or file) Measured - F, T

BEGIN Il tnpUTS
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rolling ]
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day Ra ==t PROPERTIES END

Bm, CR :

Figure 3.15 Flow chart showing the stages'of programoe PLATESIM

Since plate rolling was always conducted at high temperatures on the
Vanderbijlpark mill (T > 1050°C), it waw assumed that full recrystallisation
took place after each pass. The recrysfalliéed austenite grain size and the
time reqnired for recrystallisation to be completed were found from equation
2.45 and 2.44 respactivély, The grain growth kinetics aftnc recrystallisgtion
was simulated using equation 2.55. '
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Since-only'plate surface temperatured cdan be measured on the plant, it was
essential that programme PLATESIM provided an estimate of the surface
température for comparitive purpoSes.ihinea: regression wasz performed on the
surface temperature and méan temperature'data chtained by Raudernski [63]; The
temperature”prufile-in steel plates is given in Figure 3.17. The mean plate
tempe:atuﬁe with respect to rolling time, found from equation 2.33, wae

substituted into equation 3.9 to calculate the plate surfzce temperature,
Taursaca = 0.6Tm + 381 .9
Equation 3.9 was &n oversimplification since the temperature gradient is not

linear, Nevertheless, the predicted plate surface temperatures were in fairly

good'agreemant‘with the corresponding measured values.

Iﬁbuts T rom (k)eyboard or fi(i)é :.1.

Reheat: 1220 °C Pass hi{mm} C t(s)  Force  Finish Temp
Thick : 210 1mm 1 180 1180 B 1300 1071
W (§) : 1250 mm 2 160 1175 10 1300
W (f) : 2540 mm 3 "~ 140 1170 ] 2200
Radius: 490 mm [ 120 1160 5 2600
r.p.m : 60 5 100 1150 5 2800
Passes: 13 8 84 147 - 5 2400
s ] 227 um 1 75 1134 5 800
t{ruf): § s 8 62 - 1127 8 2200
Rotation : 2 9 50 1116 6 2600
10 39 1103 5 - 2600
11 30 - 1095 5 2600
12 24 1084 5 2200
13 20 073 5 1600

Figure 3.16 Sample input data for prograime PLATESTM
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Figure 3.17 Yempevature profile across slab during plate rolling [63]

The air cooling rate of the plate was simulated using the equivalent diameter
method described in 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 coolimg 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 SC8) was incorporated into PLATESIM to enable the.user to get a
fair idea of what microstructure to expect after asubjecting the plate to a
particular éooling rate. It should be mentioned that conventional CCT diagrams
should only be used when the starting microstructufe beforé-transtrmation is
fully recrystallised i.e, when'nn.accumulated strain, due to defurmation in

the no recrystallication region, is present-in the material. The use of this
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diagram ﬁas justified in the present work sinca .ell C-Mn plate rolling
schedules on the Vanderbijlpark plats mill sre finished at high temperatures
(T > 1050°C) and result in . fully recrfstallised austenite being:formed prior

to transformation.

The ferrite grain size resultlng from air conllng the specimen down to room

temperature was calculated from equation 2.58.

' Multiple linear regressicn was used on data obtained frcm 8ll three SC8 steel
grades to generate equations describing the yield strength and Charpy impact
energy at 0°C in terms of chemical composition en& important process
parameters. The relevant.formulae are given in the Ffollowing chapter (see

Equation 4.7 and Table 4.8},

It was not possible to determine the fracture ~ appearance - transition-
temperature, FATT, from a aingle plane strain compression experiment because
only three Charpy specimens could be machined from the deformation =zone

was estimated that at 1eeet 20 Charpy tests_afa required fer a relisble FATT;
determination. However, the influence of ferrite graln size on toughness was -
studied on & semikqﬁeﬁtitative basis by means of.Charpy impact energy tests,
conducted at 0°C. '

“Quiput data, corregsponding to the input data'in Figure 3.16, are given in
Figure 3.18. The printout includes for each pags, the total strain, the mean
flow stress, simulated and meagsured roll separating forces, measured and
 8imulated deformation temperatures, hold times, strain rates, recrystallised
austenite grain size, and austenite grain size after grain gruﬁth. Also
included irn 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 emergy at 0°C. '
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Hold - P(s) erate

Pass e om 2(m) T(s} T(m) drex dgg

1 g.1% - 63" 879 1214 1180 123 181 6 1300 3.9
2 0.27 65 749 1202 1175 138 173 10 1300 3.7
3 0.41 68 1638 1188 170 118 157 6 2200 4.2
4 0.56 73 1792 1185 1180 86 143 4 2600 4.8
5 0.74- 79 2009 1192 1150 76 1289 5 2800 5.7
8 0.92 79 1847 1189 1147 T4 123 5 2400 6.1
7 1.03 72 1211 1183 1134 11 126 5 800 5.3
8 1.22 8% 1883 1175 1127 67 114 5 2200 7.3
9 1.44 92 2042 1160 1116 55 101 6. 2600 8.8
10 1.69 125 2844 - 1148 1103 44 87 5 2600 10.4.
LB 1.5 133 2883 1132 1095 38 75 5 2600 12.2
12 2.18 130 0 2337 1114 1084 40 70 5 2200 2.7
13 2,36 125 1832 1073 47 66 5 1600 12.7

1086

1.22

66

- 22.2

292

447

39

Cool rate (‘c/s) T(Hm) alum)  oy(MPa) GUTs(MPa) CVN 0°C

Figure 3.18. Sample output data for programme PLATES 1M

Key to Fipgure 3.18

Symbal

Meaning
€ Total strain :
T(s) Simulated temperature,®C
T{m) Measured temperature,”C
P(s) S$imulated roll separating force, toms
- P{m) | Measured roll separating force, tons
drex Recrystallised austenite grain size, pm

dgg | Austenlte grain size after grain growth, pm

hold Interpass delay time, s
€rate | Strain rate g-*

om Mean flow streess, MPa
oy Yield strength, MPa
oUTS Tensile strength, MPa
CVN -

 Impact energy at 0°C, Joules
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4 EXPERTMENTAL RESULES

This chapter presents the results of multi-pass plane strain compression tests
conducted on steel 5u8. The effect of the important process parameters on
strength and toughness are given. Equations, determined by multiple linear
regression, were formulated which gquantitatively predict tha yield strength
and impact energy in terms of processs parameters. Results obtained £rom
computer model, PLATESIM, are presented &nd compared with parameter
measurements taken on tha-Vanderbijlpark plate mill,

4.1 Results of plane strain comprassiocn tests

The results of single and multd - pass plane g¢train compression tests om SC8
C-Mn plate steel are preéented in Table 4.1. The specimens were marked with an
§ prescript followed by the test number., This notation was used to identify a
specific test or specimen throughout this chapter. Specimens 51,83,55,86,58
arid 528 were rejécted because of noise problems encountered in the
- thermocouple reading&r The platen load and platen position, specimen
temperature and test times were analysed on &n IBM compatible personal
compuier using ‘software. prog:ﬂmmﬁi_nxi_ﬁen“in_ﬂurbo Pageal and Quickbasice.
Borland's Quatrro Spreadsheet and Harvard Graphics were used to analyse the
raw data and present it for ocutput.

4.1;1 Eeffurmance of specimens and test eguipment

Figure 4.1 shows the geometry of specimen 518 after a total strain of 0,62
over four passes., The measured recuction in thickness was constant across the
specimen width The specimen size (25x90x120 mm®) was ideally suited for the
equipment wsed ‘@ riximum platen load recorded was 1130 &N at 680°C. " This
value was well within the maximum load limit of 1500 kN for the servohydraulic
machine and confirms that, for. the specimen size.used, virtually any plate
rolling condition can be simulated for C-Mn steels. Total strains of 0,98 were
achieved without 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 cowpression test results

"Test C Hn Pass To  Ta B thaild E . Pear OV . R, &%
%o s sl w3 J Wakm

2 .18 Lod 1290 1395 9% 13 2.5

1N 17 § 2.5 24 23 3% 252 474 34
19226 425 W W LY o

1040 .45 40 1.7 14 21 &F 3152 N
1240 1135 .38 3¢ 9.

M 60 A0 04 1T P . . - .
120 148 38 30 0D : -

988 A8 40 08 + - = - . -
1720 137 .9 0 2.5

9% .28 0 2.5 b I3 48 296 483 37

§5 8 L
S L8 1.04
sl 4 104

510 .08 1.4

EE RN B T B L I

1220 1075 8 45 2.5 )
0L W7 5 B 14 G5 266 a4 3
1245 1085 .29 ¥ 2.5
04y 2310 5 M 1Y 67 275 467 38
1200 120 26 XN LS5
_ 99 32 40 2.5 19 A7 &% 203 489 37
P U4 36 W 6l
967 .60 40 0.1 5 15 104323 4330

1,28
A1 .70
52 W0 LN

513 .11 L2

LERC L TR T ]

-

S L1 046 T 1200 BK 8 X 02

980 .62 40. 0.2 17 10 112285 4338

L)

|
56 .01 120 1200 1139 .18 3 2.5
i 105 19 15 2.5
1 7t s
fo66 .22 1 2.5 6 15 95 281 463 34
200 83 0 B .25
1853 .20 2 2.5
tols 25 2z 2% -
965 W25 2 L5 27 W 92 265 466 35
WL L8 36 2
©OBSZ . L2100 2.5
B4 26 1 2.5
CE M5 1 2.5 15 15 10306 1S 1
1216 1143 12 0 2.5 .
B2 5180 2.5
B8 .25 b 2.5
807 W0 1 25 818 92 05 a2

s .1t L2

$18 .11 L2

S L B3 T e L Ba e De LY R3S ae Rd B

1230 1235 47 10 2.6
e 7 5 2.8
165 0 5 2§
NI .37 8 25 19 2 I ML 384 6.4
1260 1% 18 2 25
CoBr L9100 2.5
, . B2 Tt 15
BE 4 1 25 16 25 &7 3 5629
Ws nw 5 N0 25
B0 (26 10 2.4
&7 .25 1 28
@2 045 1 2.5 16 ¢4 70 317 489 %2
1200 192 .18 0 2.8
M 19180 2.5
LM B 1 %S
7 0 1 2,5 10 ¥ 72 295 495 26
1200 130 .9 30 2.8
7 .6 M 2.8
M8 1 28

S8 L1 1 5 B I8 50 33 491 30

ST 8 Lo
$7 8 104
2 18 104
8§19 .18 LM

S0 .18 1.04

B T A I A T N N ol L

0 1Mz W W 2.5
BN J9m z.5
M6 1 2,5 -
™3 .26 1 2.5 6§ 15 110305 49531
240 1140 2 0 25 .
wH w25
o5 2w 25
TGl .9 W 45 M 12 101770 412

523 1 85

§24 .1 6§

el P e L P e

29 ,08 1,04 1 33 S A3 12 45 6.875 943 5028
S L8 LK1 0L 0B U8 7 25 - 2 2O S 2

-y

-
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Figure 4.1 Photograph of deformed specimen S18

4 inGraane in Widtli.mm__

2 L — do, il
o 0.2 6.4 0.8 0.8 9
Total Strain - '
Figure 4.2 Incredse in deformation zone width as a function of total

strain
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The average increase in spread in the deformation zone as a function of
nominal strain is given in Figure 4.2, It was found that the mean width of the
apecimén in the deformation zone increased linearly with the amount of total
strain applied to the specimen., The maximum recorded increase in specimen
width was 12 mm at a strain of 0.98, '

The deformation platens (b = 30mm) were sultable for deforming 25%90x120mm*
rectangular specimens in single and multi-pﬁss scliedules. The non lubricated
platens were used for 40 high temperature multi-pases tests without blunting
their sharp edges. This confirmed that the HI13 steel, uged to manufacture the
platens, was suitable fqr high temperature compression tests.

The stainless steel arms and spring system (Figure 3.1) ueed to ~mp.-  the
spEcimen dufing induction henting and multi-piss defurmation we = - . -+ 1
in preventing bending or buckling of any ancillary equip. dus.. =
deformation. A disadvantage of using thls specimen suppurt sritem was that it
‘caused an uneven temperature distribution 'm one side of the specimen during
the test. : -

The semi-automatic speciman trénsport system proved to be efficient 3n
. transporting the specimen to and from tha heating, deférmatinn and cooling
stages of the test, The travel time for £ull con:raétioh. of the 1700 mm
pneﬁmatic ﬁylindar was 1.5 séconds.- The travel time for full contraction for
the 400 mm pneumetic cylinder was 0.7 second. These small delay times were
satisfactory for the present work although much faster cylinder spesds can be
achieved by adjusting the ajr pressure gauge. Computer hardware and software:
‘has recently been commissioned to simul anevusly control the specimen movement
and the specimen heating cycls.

The 50 kW iInduction Furnece was cdpable of hesting the spacimen to 1250°C
within 3 minutes, Thermocouple readings were not affected due to the inductiun'
since the furnace was switched off immediately after anakxng the specimen at
the austenitizing temperature. Some noise was encountered whilst the specimen
was cooling down. This can be attributed to specimen contraction and dirt in
the thermocouyple holes. ' '
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4.1.2 Specimen Tesperature

£.1.2,1 Comparison between measured and gimulated z2pecimen temperature
during ailr cooling

Undeformed specimens (h=25 mm) were air cooled  from 1220°C and 1000°C
respectively. Figure 4.3 shows the measured time-temperature history and
simulaﬁed time-temperature history, caleulated using programme, PSC_TEMP, £o:
gach specimen.

Tha effect of oxidation acting as an insulatar at the specimen surface was
clearly seen in Figure 4.3, The simulated and measured cooling curves agreed
more closely when the specimen. wag reheated to intermediate temperatures
(1000"0) where significant oxidation did not occur. The difference between
the measuraed and simulated temperatures in the centre of the specimen during
cooling from 10005C was 10 to 15°C. At higher reheat temperatures (1220°C),
oxidation acted aé a thermal insulator and caused the simulated temperature to
diffar sottewhat from the measured temperature, The diffe:ence betwaen measured
- and simulated centre temperatures during cooling from 1200°C was 15 to 25°C,

The close agreement between measured and simulated 'sp'ecimen cooling curves
showed that the heat tremsfer coefficient, caleculated using--equation Al,15,
gave falrly accurate predictions of the témperature at the surface of the
specimen. Also, the number of finite elements chosen were sufficient to
simulate the heat flaw within the specimen.

4.1.2.2 -Comparison between measured and simulated specimen temperature
during plane strain compressicn

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, plene strain compression tests, S25 and 827. Specimens 525 and
£27 were reheated to 1230"0' and 1100°C respectively. The initial (marked 2)
and final {marked. 1) thermocouple positioms aze also shown. It was seen &' at
large and rapidly changlng temperature gradients between the surfaca and
centre of the specimen were formed during and Iimmediately after each
deformativn, At the start of sach deformationm, the centre of the specimen
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expsrienced a temperature rise due to deformaticn heating. At the same time,
positions close to the surface of the deformation zone dropped in temperature

because of co;iductinn of heat to the

1460 : 1#@
— Oontre {21k = GAntts {81x)
1078 - OOULID (608} 128G =X Oonirs (Mass)
- §trigoniBin} ~ Burlaoe(ein)
1oer 1200
1025} . ;'
m 1160}
1000 g
1 r
& 1100
478 :
¥
a0 ¥ 1080 _
626 ¢ .
1000}
200
gsob
8181
Bao 1 i 1. . 1 ] _. g&o - ..I l .I 1 ]
S i1 26 80 40 - &0 80 .. B W o 20 8 & B

Timo &

Alr Cooling = Undaformed Specimon
- Blmulated va. Measured (Reheat 1200°C}

Tima 8

Alr Cocling ~ Undeformed
Measured ve, Simulated (Reheat 1000°C}

Tempersture during air cooling of
compression specimens,

Figure 4.3 undeformed plane strain

(simulated versus measured)

colder piatens. Tmmedistely Ffollowing deformaticn, there was thug a s.ta:s\p
tempers cure gradient through the specimen thickness in the defbrniat:ion zone
and heat flowed rapidly from the specimen centre to the surface. This was
observed by a sharp decrease in temperature at the speﬁ:iino:m eentre. This net
heat lose in the deformed zome of the sPécimen led to a_.' steep longitudinal
temperature gradient in the specimen and heat flowed rapidly from the
neighbouring, undeformed material into the deformation zone. Once the steep
tempegature gradient .ha.c_l dissipated, the simulated temperature at the two
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corresponding thermocouple positions approached equilibriem during the
intermediate air cooling period until the next deformation took place. This
suggested that heat Flowed continuously towards +the deformation zone
equilibrating the cooling rates in the sections of different

1600 Daformad spacimen

1s0F :

) *,
1200
1180}

1100

10601 Thermocouple | o { -~

1000 . D : : : ’

050 - BUI‘II‘EGE
== Manseureq )
gm po ] . L 1 [ -l .
D 5 0 - 18 20 28 4]
_ : Tmes
$28; Four pass schedule

O oo aodo—

—
a3
B
a

T

— ' Y =
ol 2 o | V’
A1 ™~ Burtace . : :
BBO[| == Moanyred
300 : . L. i . l - -
D 8 10 1§ 20
Time 8 :

27 Four pass soheduls

O e—~c~a-evrIe-

Figure 4.4 Speﬁ:‘!man temperatiyre during multi-ptss plane strain
compression tests S25 and §27 (simmlated versus measured)
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thicknesg. As the volume of material in the deformation.zone decreased with

consecutive pasaes, 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 tha measured specimen temperature. This
was understandable since the thermocouple was displaced from its central
position.during deformation. It was seen that the simulated temperature at the
gpecimen centre was always lower than the temperature at the final
vhermocouple position. The simulated and measured temperatures were in.véry
good agreement in the eaxrly stages of the tést but differed incressingly in
the last.stages..This error could be due to é programming error by allowing
koo much heat transfer f£rom the gpecimen surface to the platen, further
explanation is the insulating effect of scale on the specimen surface. The
simulated temperature did not however, deviate from the measured #alug as any
tiﬁa by_more than 25°C. During deformation, the simulated surface temperature
dropped and rose again very rapidly. This can be explalned by the rapid
axchange of heat between the hot specimen surface and the much colder platens
during a deformation. The surface temperature however, approached equilibrium
conditions = few seconds after the deformation.

Platen surface temperatures rose to between 200°C and 400°C during
deformation, depending A coﬁtact time and deformation témpera.ture; After
deformation, the platen surface tempexature dropped rapidly due to heat
_condﬁction_ to their colder interiors,. ‘I'hé piatan temperature could not be
messured due to difficulties in attaching thermocouples to the platéns'.

Two constants, C and HTC, had to be determined for use in.Programe I’SC..;TEEP.
The time-temperature histories of the specimen centre element, simulatéd using
different heat transfer constants, €, (see Appendix 1, equations Al.43 and
Al.,44) are given in Figure 4.5. The optimum value had be determined by'ﬁrial
and error. It was found that large heat tramsfer conwtants caused the
simalated surface .temperatﬁre to drop too low. The optimum heat transfer
constant for the given test configuration was found to be 10 kW/m?K. A value
of 0.9 chosen Ffor the boun'd#ry condition factor, HIC, (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
A1.23) were mnecessary after the first pass due to the reduction in element
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haight. The optimum specimen element width and initial height to ensure stable
heat transfer within and from the specimen was found to be 2.Smm.

G 10 KW/m K G ezIW/mEK
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Figure 4.5 Effect of usinyg different heat transfer constants , 0, in

programme PSC_TEMP, on the simulated specimen temperature.

4,1.2,3 Influence of reheat temperature on initial austeénite graln size

Micrographs showing the austenite graln size at reheat temperatures of 1150°C
and 1250°C are given in Figure 4.6. All specimens were held for 1 hour at

~ temperature. The austenite grain sizes at 1150 and 1250°C were 200pm and 270km
respectively. '
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A plot of reheat temperature ag;‘nst initial austenite graln size is given in -
. Figure 4.7. It was seen that the austenite grain size increased exponentially
with increase in ‘temperature. The results were in agreement with values
obtained for C-Mn oteels of similar chemicasl composition by various authors
(3,29,64].

- It was assumed.that the grain.size expressed as a function of temperature
could be given by
dr = A exp (Qua/8.314 T) o 4.1

where A is a constant, T ig in Relvin and the soaking time is kept constant at

ong hour.

Taking the logarithm of both sides gives

“In(d,) = 1n(A) + Qgu/(8.314 T) _ ' 4.2

Linear regression for data obtained from ihitial grain size tests resulted in
the following constants: '

1n(d,) = 9,847 - 6601 T-* Rt = 0.9748 4.3

4.1,2.4 Effect of reheat temperature on ferrite grain size

The small influence of reheat temperature on fertite_graiﬁ size is showm in
Figure.ﬁ.a. Four pass schedules 524 and 3527 wﬁre.rehested to 1240°C (d, =
250pm) and 1100°C (d, = 150um) respectively. Both specimens were deformed at
apprnximhtely the same temparatuxe, strain apd strain rate per pass. The
ferrite grain size In both specimens was between 21 and 22pm. A similar
effect was also found in two pass schedules, S§4 and 57, .
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Micrographs showing austenite grain size at 1150°C and 1250°C

?igure 4.6
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Pigare 4.7 Austenite grain size as a function of reheat teniperature
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S24; Reheat 1240°C

827: Reheat 1100°C

Pass T g S Pass T &
1 1140 .21 1 1083 .20
2 1074 21 : 2 1058 .20
3 1005 .22 3 1019 .23
4 943 - .19 4 865 .26
do = 21lpm de, = 22um
Figure 4.8 Effect of reheat temperature on £inal microstructure

X400
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'4.1.2.5 Effect of finish temperature on ferrite grain sive

Lowering the temperature in -the final pass during multi-pass plane strain
compr'eesion tests significantly refined the as-deformed ferrite grain size.
Figure 4.9 shows the microstructure of specimens, $25 and 520, finished after
four passes at 1130°C and 680°C respectively. The micros_tfueture of specimet
825 was coarse but equiaxed and nad a ferrite grain gize of 19%um. The
microetructure of specimen 520 showed alternating reglons of fine and coarse

ferrite {mesn d. = 8pm).

Pigure 4.10 shows the relationship between finishing temperature and mean
ferrite grain size in ell_mplti-pase tests. it was seen tha%, for all 5CB
grades, lower finish_temperatﬁtee resulted in finer ferrite, These grain sizes
were in close agreement with DeAardo’s [58] results obtained from
0.12C-1.3Mn-0.35% steel. Ferrite srain sizes found in this work were larger
than those found by Vodopivec [65} for an 0.13C-0.46Mn steel grade., Ferzite
grain reflnement was significant when the fznsh temperature was lowered within
the 1150°C~850°C temperature range but bscame increasingly difficult when the

flnlsh temperature was below 800°C.

Pearlite banding was 'more slgnificant in speC;mEus £inished at low
temperaturee. This is clearly seen in Figure 4. 11.

4.1.3 Effect of carbon conteat on microstructure

After deforming at high finishing temperatures, the air cooled microstructures
congisted of ferrite and pearlite in all gteels. The pearlite volume fraction
decreased_with decreasing carbon content. This is cleafly gseen in Figiure 4.12
where 59 (0.11C) and S15 (0.18C) were given approximately the same smounts of
gtrain and both finished at approximately 1000°C. Specimen S$9 contained 172
pearlite and 515 contained 237 pearlite. Pearlite banding was present in both
structures when viewed at lower magnificetion which was typical of air cooled
manganese containing ferrite/pearlite plate steels.
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a}S825 (X400) b)820 (X400)

Reheat 12507C _ Reheat 1200°C

Pass T [ : Pass T £
1 1225 .17 1l 1130 .19
2 1185 .09 . 2 730 .16
3 1180 .10 3 700 .25
4 1130 .37 ' . B 680 .11
de = 19 pm do'= 8 um

Figure 4.9 Micrographs showing the effect of Ffinisk temperature on
microstructure X400
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821 Finish temperature = 836°C

Pigure 4.11 Micrographs showing the effect of pearlite banding at
- progressively lower finishing temperatures. X400
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818 Finish temperaturs = 807°C

Figure 4.11 (Cont) Micrograph# showing the effect of ﬁéarlite banding
at progressively_lower tinishing temperaturas.
X400
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a)89 (0.11C) X400 - b)S15 (0,18C) X400

_Reheat 1200°C Reheat 1225°C
Pass T £ o Pass T £
1 1120 .26 1 1125 .31
2. 990 .32 o 2 1010 .45
4 =19 gm - d =14 fm
Figure 4.11 Micrographs showing the effect of carbon content on

prarlite volume Efraction X400

4.1.4 Cooling rate.
4.1.4.1 Effect of cboliug.rate on hardness

Figure £.33 Ehdws'grapbically the cooling rate at the atg'ﬁemperaturé {866°C)
for tasts 52,_521, 529 and S530. These specimens experienced cooling rates of
2, 2.8, 15 and 35 *cs”! respectively. '

»

In order to dstermine the unifnrmity of codiind; .hardneaa values were
determined through the thickness of the deformation zone. Figure 4.14~4.16
shows the hardness maps in the deformation zonee of SPecimené 82, szg.and 530.
It was found that increasing the cooling rate increﬁses the hardness gradients

in both the width and thickness planas. For a cooling rate of 359¢s™!, the
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maximum difference in h'é.rdness between centre and surface was 60 HV30 whereas
the maximum difference for a cooling rate of 2°cs”! was 3 HV3O. Micrographs
showing the final microstructures of specimens S2, 29 and $30 are given in

_Fig'ure 4.17.

- The top water nozzles were more efficient in cooling the specimen resulting in

slightly higher hardness of the .t'op spacimen surface.
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147 . 151 148
155 149 148 150 154
149 i50 152
Figure 4.14 ﬁardnESS.profile across deformation zone (spec. §2)
194  1s8 193
nes 181 181 185 190
183 . lek ' 183
Figure 4.15 Hardness profile across deformation zon: (spec.529)
281 250 258
049 248 220 230 276
253 263 232

Figure &.16 Hardness profile across deformation zone (spéc. 30)
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A) S2: Cooling Rate at

866°¢ = 2°cs™t

¢) S30: Cooling Rate &t 866°C = 35°Cs”™

Pigure 4.15 Microstructure gh--ing the wffect of cooling rate om
forrite grain gize {Etched 2% Hital, 400Xx

magnification)
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4.1.4.2 Pradiction of ferfite grain size for slow cooling rates

It was found from examining various ferrite gras_n size pred:.ct:.on models
[51,52], that equatiun 2.58 {used in conjunction with equation 2. 45 and
equation 2.44), which simulates the ferrite grain size in terms of austenite -
grain size bhefore transformation and cosling rate, was the most suitable for
gtgei sc8. It must be noted that eguation 2.58 is applicable te CU-Mn steel
. con.ti.nuous cooled from fully recrystallised austenits i.e:; the residual stress
due to deformatz.on was not taken into account. Calculated austenite grain
Bizes a.nd coo].ing rate obtained from ai.r—cnm.ad {about 2°Cs” ) plane stra:.n
compression tests were fitted to eq_uation 2.58 to quantitatively _predmt the
final ferrite grain _aizﬂ_e. The measured ferrite grain size is plotted in Figure
4.18 dgainst. ca.culated ferrite grain éiip. It was seen that for lurge ferrite
grain si_.ze?'_ (d > 18}:111, d cained at .hi_..gh finir.lng temperaﬁur’ea and from fully
recrystallised austenite} the predicted values obtained from equation 2.58
were in gdcd' agreement with measured values. ‘However, for smaller ferrite
grain sizes (d <« 18}:m), the predicted values were somawhat larger than tha
measured value by about 5 pme Thie can be attrx.huted to residual strains in
the atructure, genarated by deform:.ng the steel at low temparaturES {T <
850“0), ‘resulting in unrecrystall:.sed austem.te with elongated or "panc:a.ked" _
‘grains. On transformation, this "panr_.zakec_l- structure® provides more potential

gsites for ferrite nucleation than a fully recfyétallised austenite strinr ‘:ure.-

Due to limited tests, it was not poas:.hle to quani:i.fy the effect of faster

cooling rates on the ferrx.ta grain size.
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4.,1.5 Effect of strain on ferrits grain size

| The effect of final strain on the ferrite grain size 1s shown in Figure 4.19.
Both specimens 510 and 513 were reheated to 1200°C and 1250°C respectively and
given similar strains of 0.29 and 0.26 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. S10 had a fefrite grain size of 2Qpm after 0.28 sirain
in the second pass. The ferrite grain size in 513 was 8un after a final
stzain of 0.6.

The effect of finish strain and finish temperature om :<rrite 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 S S13

Rehesat 12006°C Reheat 12506°C -
Pags T € Pass T @ E

1 i13s .28 1 1144 .37
2 937 28 2 . 847 .80 -

doy = 20 um . d,ﬁBu.m

Figure 4.19 .Hicrographs shszng the eff&ct of finish atramn on ferrxte
: graln size =~ -~ X400 : S
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Figure 4.20  Effect of finish strain and finish temperature on ferrite
grain size '

4,1.6 Anslysis of flow curves

4.1.6.1 Flow stress

The plateﬂ load , plotted against platen position for specimen 516 is given in
Figure 4.21. It was seen that platen force increased in each subsequent pass

due to contiLuous cooling cnndi:idus in the specimen after reheating was

completad.

The equivdlent flcﬁ 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 Figure
§.22, The numbers above each flow curve indicate ﬁhe temperatures at. which
each pass ﬁnmmanced. The flow stress was_simﬁlated using'a modified form of
Barager's formula (equation 3.7). The constants for equstioq 3.7 were found
from plane strain compression tests using multiple linear regression and are
shown in Table 4.3 for wvarious temperuture ranges. Resuits of the simulated
flow stress during multi-pass plane strain compressionm schedules are also
given in Figure 4.22. There was clase agreement between measured and simulated
flcw-stresses for deformation at high temperatures (T > 990°C}).
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Figure 4.21 Platen load vs. platen position (épecimen 516)

Table 4.3

Flow stress constants for Eqm. 3.7

Temperature Range| B . G b
- T » 1150°C| 122 -38 | ~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

iz i seen in i‘ahle 4.4 ‘that the mean flow stress for deformaticn conditions,
compared favourably with results obtainmed 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 516 and £low
stress values obtained by Akben [64] for similar test conditions

Pass e T S ot 1ot
Numbe. | s=> | °C Eqn 3.7] Akben
i 2.3 1145 | .18 49 1 &7
2 2.5 1076 .19 61 35
3 2.5 |lo%2 .27 | 71 68
& 2.5 1066 | .22 77 74

Figure 4.23 shows t4he influence of astrain rate on flow stress for specimens
§11, S12, Sl4 and 815. The deformation parameters in all four tests were
similar. The strain rate was varied between 0,25 and 1.7 g~2, Tt was found
that varying the strain rate between 0.25 and 0.98~* had almast no effect on
the flow stress. However, when the strain rate was increased to 1.77 s=* '3
S15, the flow stress in each pass was about 12 MPa higher than in the previous
tests. Thiv effect is expected to become more pronounced as the strain rate is
increased further. Investigations inte the influence of higher strain ratés on
various phenomena were prevented due to the velecity limit of the machine

servo-actuator,

A comparison of umasdred.and simulated flow strEss.at low temperatures is
given in Figure 4.24 for épecimen 520. At low temperaturss (730-680°C)
equatiohns,?-was not accurate in pradicting the flow stress, In the first pass
of 520 at 1130°C, the simulated flow stress was in good agreement with the
megsured values., However, in thes last tbwo ,\éses at 700°C aad 680°C
respectively, the simulated flow stress was significantly lower than the
measurad values,

4.1.6.2 Deformation imducud transformation

Plgure 4.25 shows the flow curve of sgpecimen 323, in which the start of the
sustenite to ferrite transformation was induced by deformation. The first pees
wags conducted at 1142°C and the shape of the flow curve was typical of a
specimen dsformed in the fully recrystallised austenite range. Significant
strangthening' took place in pass two which was conducted imn the no
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and 748°C respectively show the typical shape of flow curves when strain
induced transformation of szustenite to ferrite occurs. A flattening out and
eventual drop in the flow‘stréss is recorded due to ﬁhﬁ softer ferrite phése.
1f deformation is bnntinued in this reglon the flow stress starts to increase
again'dua_to strain_hérdening of the ferrite.

200

PO oo~

Pigure 4.24 Flow stress at Llow temperatures (specimen §20)
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Figure 4,25, Effect of strain. induced ferrite transformation on the
shape of the fluw curves in specimen 523

4.1.6.3 Anisothermal softening

Figure 4.26 shows the undeformed f£flow atress, Oun,+, 25 a Tfunction of
deformation temperature 1. for SC8 stesl. Using Jlinear regression, the
undeformed flow stress at a strain rate of 2,5s-* wag represented as a
functicn of temperature only, according to equation 4.4:

Cum.s = 291.7 -~ 0.2234 T°C  (MPa) _ 4.4

The .results from the evdluation of the anlsothermal softening ratio X. are
shown in Figure 4.27, 87 was reheated to 1245°C and deformed in two“passes;
the first at 1095°C and 0.28 strain and the second pass at 1047°C and 0.23
strain. The values of 0o, ¢a and oz were 31, 59 and 36 MPa respectively. From
Pigure 4.26, K, and K. were found to be 0.81 and 0.66 ré‘spectively. The
enisothermal restoration index was 1.04 which showed that the structure was
fully recrystallised, 52 was reheated to 1240°C and defurmed in two passes at
1195°C at 0.09 strain and 1150°C at 0.17 strain., The values of 0o, 0. and 02
were 33, 44 and 40 MPa respedtively. K, and K. were 'fou"r_xd to be 1.2 and 1 12
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respectively. The restoration index was 0.404 éhowing that only 402 of the
pustenite recrystallised.

The anisothermal restoration indices for 52 and 57 are in agreement with the
results obtaimed by Sekime [29] shown in Figure 4.28. As predicted, the
austenite structurs after the first pass of 2z 0.11C stesl with an initial
austenite pgrain size of 270pm (reheat 1220-1250°C) -an.d deformed at 1095°C and
0.28 strain was fully recrystall.ised. The predicted austenite morphology after
deformation at 1I95°C and 0.09 strain was a partially recrystallised
structure. ' |

EOE Gmmre-l] FO—T

o 1 - L 1 1 -
g0a ano - 1000 o 1200 1ao0
Temperaturd®C

Figure 4.26 Undeformed f£low stress of SC8 steel
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4.1.6.4 Strain hardening_' exponent

The strain hardening exponent, =n, was cbntinuously monitored throughout two
muiti-pass plane straln compression tests, 516 and $20. The results are given
in Figur+ 4.29. It can be seen that the value of n did not pass through zero
at any stage during deformation of specimen 816 dmplying that dynamie
recrystallisation did_. not take pl_acé.- In 820 however, the strain hs.rd'é'niﬁg
exponent passes through =zerc in +the last pass indicating that dynamic.

recrystalllisation occurred.
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4.1.7 Ferrite grain size
4.1.7.1. . Effect of ferrite grain size on yield strength

The results of measured and simulated ylald stremgth values (equation 2.61)
for the three different grades of steal S08, compressed in plane strain are
given in Figure 4.30. Tt can be seen that simulated yield strength increased
- 1inearly with increasing d.-*/2. This behaviour was also found for grain sizes
in the 8 to 15 pm ranga. Howéver; at d. values greater than lépm the measured
proof stremgth values were somewhat lower than the :lmulated values.
Nevertheless, there was generally good agreement between measured and
aimulated valueés. The yield stress of stsel SC8 with O;laz'carbun was 330 MPa
and 333 MPa for Ferrite gfain sizes of 8um and 25 um respectively.

Thé effect of chemical composition on yield atfength is also shown in Figure .
4.30 . iha yield'strength of the higher C steel (0.18C) was about 20 MPa
higher than the 0.11C steel for any_givén_ferrite grain size. Lowsr manganese
content (0.652) resulted in lower yield stremgth for a given carhon content
and given ferrite grain size due to-less solid solution strengthening. -

Simple regression analysis was performed on the yie1d st;eﬁgths_and ferrite
grain sizes of all air cooled specimens given in Takle 4.1 and resulted in the
following Hall-Petech type equations: L ' ' |

‘Grade At R = 199 4 11,3 du3/3 MPa R? = 0.82 4.5
Grade Bt Ro = 243 + 8.15 du~*/2 MPa R? = 0.89 4.6
and da is in m.

The correlation coefficients were rather iow and led to the conclusion that an
' accurate prediction of yield strength in terms of ferrite grain size only .
could not be formulated for the entire range of deformation conditions used in
this work. A more accurarte approach to quentifying yield stremgth is
discussed in saction 4.1.8. ' : -
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Figure 4.30 Influence of ferrite grdin size and chemical composition
" on yield strength

4.1.7.2  Effect of f.e;*rite grain size on tensile strength .

The results of measured and simulated tensile strength for the three §C8
grades is given in Fipure 4.31. It is seen that the tensile strength increased
dnly slightly with decreass in ferrite giain size. Over the ferrite grain size
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.range of 8um to 25um the tensile strength of the 0.110-0.63Mn varied between
420 MPa and 44C MPa. The tensile strength of the ¢.11C-1.2Mn grade varied
between 460 and 475 MPa whilst the 0.18C-1.05Mn grade showed tensile strengths
of between 475 and 500" MPa over the ferrite grain eize icenge considered, The
predicted ' tensile strength shawéd a giightly larger increase (30-350 MPa)
‘between 8um and 25um. ' |

For a given ferrite grain size, the tensile strungth increased with incressed
carbon and manganese contents. Fﬁr the 0.11C steel at 8pm, the tensile
strength was 400 MPa compared to 410 for the 0.18C steel grade. Thers was good
agreement between measured and simulated (equation 2.62) tensile stroagths.
.Taking all air cooled tests into accounr, the measured and simulated tensile

strengths did not differ by more than about 20 MPa.
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Figure 4,31 Influence of ferrite grain gize and chemical composition
on tensile stre-gth ' ' '
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4.1.7.3  Effect of ferrite grain size om impact values

-The‘jefféct of ferrite grain size and chemical composition on the average
impact energy at 0° C is shown in ﬁigure 4.,32. The impact energy of all
steels increases with decreasing ferrite grain size according to a dﬂ-ifa
_untii about 11 pm, At Fferrite grain sizes below 1l um tha impact énexgy
started to decresse. This observation was in good mgreement with results
obtained by Speich et ai [49]. ' '

chemiéal composition had & marked effect on impact value, independent_bf grain
size. For a given ferrite grain size, the lower carbon steel(0.11C) had higher
impact vaiuea than the higher carben (O‘iECJ steel. It was frund that a
decrease in mangapnese conkent also lmprc?ed the impact ﬁalue slightly.

For the 0,11C steel, the elong ‘don decfeased from 36% at 25 pm to 3J% at Bpm,

This showed thﬁt_fefinement of ferrite grair size did nct reduce ductility to

‘a large extent. Elongation in th. 0.18C zteel was about 27 higher than the
0.11GC steel for a given ferﬁita graln size, ' '

4.1.8 Bxperimental simulation of plate rolli . j schedules

In simulating hot plate_iﬁlling it was sssuged that the mﬁin metallurgical
influennss ox the material must be found in the last passes. Hence the first
. pass o5t  éﬁ¢h _schedula was performed between '1120 and 1159°C to induce a
certain -amount  of recrystallisation associated with early roughing. The
parameters-'in the remaining passes were chesan te simulate different
cbndiﬁioﬁs toward the end of plate rolling. |
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Figure 4.32 Influence of ferrite grﬁin gize and chemical composition
' on impact energy at 0°C

Muitiple linear regrQSSioﬁ 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 regtession Equaﬁion- took the
following form:
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Property = A + B ZC + C IMi + D Ge + E Teintan 4,7

where A-E are constants. The properties of dinterest included the yield
strength and the impact value at D°C. The constants determined for the yield
strength and impact energy are given in Table 4.5.

Table 4.5
Constants for equation 4.7

Property 4 B c D | E Gorrelation
Ba, MPa 321 255.3 32.4 | 76.3 -{.119 0.9598
CVN, 0°C, J| 227 -5;4.7 - 37.8 -0.095 0.9251

it is seen from Table 4.5 that carbon content, finish gtrain and finish
temperature had the most influence over both yield strength and impact energy.
An increase in carbon content improved yleld strength but decreased impact.
values. An increasé in manganese content also improved yield s*rength., The
high correlation coefficients implied . that this regression eguation was
representative of the overall behaviour of steel.SGB ﬁhén.suﬁjected to'raﬁge
of deformation conditions given in Table 4.1. Equation 4.7 was incorporated
inte programme PLATESTM to predict the yield strength and 1ﬁpact values of
steel SC8 using actual mill data, Results are given in the following section.

4.1.9 Summary of plane strain compression tests

Multi-pass plane strain comprozsion tasus were'conducted suctassfully on a
modified servo-hydraulic machine. The 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 achieved on these specimens ﬁas_Z.SS‘l. Strains of up to 0.96
were possible without eny sticking to the non lubricated platens. The specimen
transport system was able %o transpert the plane.strain compression specimen
rapidly to and from the heating, deformation and cooling stages of the test.
The data azecquisition 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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deformasion zone was predicted to within a maximum ‘error of 25°C of the

measured values using a finlte difference computer programme, P5C_TEMP.

The flow stress of SCB plate steel wes accurately predicted at any strain and
strain rate in the practical rolling tempersture raﬁge using equation 3.7. The
forrite grain size obtained from continuously cooling fully recrystallised
austenite may be adequately described by Umemoto’s equation. Low f£inishing
temperatures, large finish strains and medium cooling rates were all found to
play a significant role in refining the ferrite grain size.

Yield and tensile strength increased with decreasing ferrite graiﬁ size. The
optimum Charpy wvalue at 0°C was found at a ferrite grain size of abogt 13-15
Fﬂh. Impact wvalues decreased et smaller ferrite grain sizes. The Ireheat
temperature did not have a direct influence on final ferrite grain size.
Impact energy values increased with decreasing carhon and manganese contents.

The optimum cooling rate for SG8 steel lies between 15 and 35Cs~*,

Multiple' linear regression' equations were formulated to predict the 'yield'
strength and impact energy at 0°C in terms of chemical comgosition, finish
strain and finish temperature. The high correlation coefficlents iﬁplied that
che above mentioned parameters governed the final'qﬁality of air cooled steel
8C8.

4.2 Plate rolling results:

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

Results of the rolling parameters measured and simulated during rolling of 508
C-Mn steel plate at the Iscor Plate Mill, South Works, Vanderbijlpark are
shown in Tables 4.6 -4.9. Final miﬁrOStructure and nmchaﬁical properties.
were determined from samples cut £from the tail end of each piate after the
rolling pfocass.

A computer programme, FPLATESIM, based on the results obtained from plane
-strain compression tests (section 4.1) and models dliscussed in Chaptez-ZQ wag
written to simulate the mechanical and metallurgical 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:

€ : Nominal gtrain
g : Strain rate (s-%) _
drawe ¢ Recrystallised Grain Bize(pm)

dgg ¢ Grain Size after

_ grain growth{pm) .

F{m) ; Measured Roll Force(tons)
F{s) : Simulated Roll Force{tons)
T{m) : Measured Surfave T (°C)
T{s) 1t Sisulated Surface T(°C)

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  : 0.18

Final Width : 2540mm Averznge EPM:60 Mu: 1.05

Pass|Height| & € {remy lTe¢s)|rimellFim)[|F(s) [ldrex|dgg

Heatl 210 0 o 8 0 0 1220 w
1l 180 L1514 3,9 #il4a1 1139 10 [1300(j1224 |(A20 {126
2 160 270 3.7 [[1136 |1128( 5 1300 936 jlo8 116
3 1490 AL 4.2 Jl1120 (1124 6 [|2200(2047 gl |98
4 120 S56[ 4.8 Jj1110 |jil2ig 5 [[2600) 2240} 7O |78
5 - 100 740 5.7 H1105 {1117} S 280001251 51 |61
6 84 L92( 6.1 ||l1100 fi1i3)f 7 0 [[2400(2309 §| 45 {56
7 . 1.03F 5.3 1100 |[1.08) 6 800((1513 56 |66
8 62 1.22( 7.3 {1095 [jil02f 10 [2200)2353 43 |55
9 50 1.440 8.6 hlo9c [L091f 6 26002552 34 |50
10 || 3¢9 1.690110.4 §1088 31082} & 2600012844 28 (44
11 30 1.95(112,2 1075 1071] & 260042893 24 (42
i2 24 |l2z.18(12.7 jj1074 [|1058l 6 [2200{2337 27 {44
13 20 2.36012.7 [|1065 1052 10 ||1800] 1832 34 |66

Cut || . lLo71
Property |/ Parameter Measured Simulated

Ferrite Grain Size (pm) 25 22.9

Coonling Rate (°Csa-%) 0.98 1.22

Yield Strength {MPa} 330 295

Tengile Strength  (MPa) hhh 429

Elongation (2} 14.4 -

Impact Energy 0°C (Joules) 35 39
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_ Table 4.7
Measured and simulated deformation parameters - SCHEDULE 2

Initial Width: 1250mm Reheat: 1206°C € : 0.18

Final Width ¢ 2540mm Ave. RPM: 60 Mn: 1.05

Pass|Height|l € e lremy [|TCe) |timellFm) (|Fes) drexldgg

Heatl 210 [\ 0 g 0 D20 hw

1 180 L15( 3.9 1140 {21140f 5 HL300f1224 |37 {135
2 170 - W21 2.5 [j1120 {1130 10 800 332 [[135 [{142
3 150 . 34( 3.9 1105 [1126) 5 22001970 {110 jgl1i6

4 130 48[ 4.5 11120 |j1123| 5 28002137 || 84 flo1

5§ 110 65| 5,2 {1105 1118y 5 {280042363 j 61 |71
] 90 85 6.2 [L100 {1114) 6 (/300042692 j] 43 {55
7 a0 970 5.2 [[1100 {2113y 5 || 90041590 )| 55 {65
8 65 (l.i18f 7.5 [[110¢ jilosy 7 (240052585 | 39 (52
9 50 (|1.44) 9.4 [2100 2094 10 260093135 || 27 {45 |
1c || 38 Jl.72}11.0 [1095 {1085 6 (300043161 { 23 Y4l
11 | 30 1.95411.6 [[a076 [J10767 7 280042577 26 {fa2
1z 24 2.18{12.7 1074 {1061 & 220042337 28 44
13 20 2.36[(12.7 [1065 [|1054} 10 160041832 34 (167

out |- 1060

Property / Parameter ||Measured [Simulated

Ferrite Grain Size (pm) |22 _ 20,1

Cooling Rate © (°Cs-) |[0.96 1.22

Yield Strength (MPa) 330 297

Tensile Strength (MEa) 455 . 835

Elongation (%) 14 -

Impact Energy 0°C (Joules)|37 37
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Table 4.8
Measured and simulated deformation parameters - SCHEDULE 3

|

Initial Width: 1250mn Re'.zat Temp: 1206°C C: .18

Final Width : 2540mm Avevage RPM: 60 - Mn: 1.04

Pass|Helght| € . é T(m) JT{s)||timeF(m){iF({s) Hdrexjdgg

Heaty 210 Y ] 1150 {1137 G v 250 |i*

1 200 L05( 2.1 1120 {1127y 7 750 Y1496 250 [1252
2 189 .15 3.3 [[1105 [[1124] 10 (2100j1787 193 198
3 160 27 3.7 [f1100 [f112%) S 24001902 {147 150
4 140 f J41F 4.2 [f1100 j1iiisy 5 [(2400(2047 J108 {113
5 120 554 4.8 {1100 [1i15| 5 25002240 {| 77 § 84
] 104 71 5.0 [fLo9s ffiiizf 5 §2200((2020 || 68 § 76
7 o6 790 3,9 310895 |[1105) S 809 ||L201 | 78 83
8 80 L9710 6.3 [J1092 10949 3 200011908 53 63
9 64 fj1.19ff 7.8 [f1083 1093y 5 [2400(2785 (| 36 || 49
10 30 1.44) 9.2 (1075 j109Qf 3 2700/12953 28 44
11 &0 1.56( 9.8 [[L070 JlL.o85| 5 200012544 28 4
12 31 f{1.92{|11.8 [j1067 {1074l 8 250042816 || 25 | 42
13 24 2.18(13.5 jj1060 j|1067y 10 [23n0l(2722 24 42
14 20 2.36¢12.7 [[1065 jJ1060) L0 gloooflB3z 33 66

Out 11065

Property / Pu.cameter ‘IMeasured [Simulated

Ferrite Grain Size (um) 22 20.4

Cooling Rate (°Cs-2} {10.98 1.22

Yield Strength {MPa) 333 285

Tensile Strength  (MPa) 444 420

Elongation {2 by -

Impact Energy 0°C (Joules) 4Q. 39
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Table 4.5
Measured aad simulated deformatlon parameters - SGEEDULE 4

{Initial Width: 1250mm Reheat : 1206°C € : 0.18

Final Width : 2540mm average RPM: 60 Mn: 1,04
Pass||Height] & g frm) JTee)|time|Fim)j|F(s}] drex|dgg
Heat| 240 0 0 8 ) v 250 *
1 220 09 2.7 11135 [j1l40ff 10 jleo0|688 {232 235
2 200 .18[ 3.0 1144 [1X38) S 1600(80% 203 206
3 17¢ || .35 4.1 1134 j1i27( 6 1300(1367({109 117
& 158 A2l 2.9 (1122 fjl1124(f 5 1300|682 1117 123
5 130 L824 5.1 {1108 ||[1094) 5 26002968( 64 79
6 1i¢ .78% 5.2 (1202 jro9z| 7 2900(12456( 56 66
7 90 994 6.2 [11098 |([r098Y & 27002798 41 35
8 77 1.14% 6.0 |[1Lo95 [[109zY 10 240042116 47 5%
9 68 1.27} 5.8 |[1L090 [|1087}] & 2600111668 59 6%
148 33 1.48[ 8.2 (|1085 [[1986% 6 2600(|2665H 40 54

11 43 1.73 2.7 1088 1078 &6 28002976 2% 47
12 33 1.99)11.6 [j1070 (1074 & 28003083} 25 42
i3 25 2.27Y13.7 [jL060 [L065) 5 2600 1225 22 40
14 20 2.493%13.9 1050 BE1G60| 10 (|2200[2366( 27 43
15 is6 2.72(115.5 [|1050 [LO52Z( 10 {i80Q0j2297| 28 68
Dut lus0
Property [ Parameter MeaauredFSimulated

Ferrite Grain Size (pm) 22 20.3

Cooling Rate (°Cs—2) j0.98 o132

Yield Strength (MPa) 333 296

Tensile Strength (MPa} 441 ) 425

Elongation (2) 14 -

Impact Energy 0°C (Joules){|35 37
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4.2.1 Plate mill reheating temperature

The reheating furnace teﬁperature of all 8C8 schedules was between 1206°C nnd
- 1220°C. It was assumed that the ingots attained the furnace temperature at the
end éf soaking. The ingdt' soaking times were hetween 1 and 2 hours. The
- initisl sustenite grain size corresponding to this temperature range was found

from equation 4.1 to be between 220ym and 250um.

4.2.2 Strain during rolling

All sc8 ingots had a starting thickness 0f between 210mm and 240mm and were
reduced in 12-14 passes to & final thickness of between 16 and 20 mm. The
total nominal strain, calculated from equation 2.1, was betwsen 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.thesé valueg, from equation 2.5, The mean strain rate was between

2,1g~* in the initigl pass and about 15s8~* in the final pass.

4.2.4 Plate temperature

The plate surface temperature was measured using a radiation pyrometer
situsted at the pl-ne of entry to the mill. The finishing temperature was
measured using & radiation pyrometer situated about 5m €rom the plane of exit
of the mill. The measured and simulated slab centre'temperatures for Schedule
1 are shown in Figure 4.33, Cleﬁrly seen is the drop in simulated temperature
due to air cooling and the temperature rise due to deformation heat input, It
was found “hat a significant. difference existed between the simulated centre
end surface temperature of the plate which gradually decreased with time.
After 10 seconds into the schedule the simulated centre temperxzture was about
1220°C and the simulated surface temperature was_ilZD“G. Immediately after the
last pess the centre temperature was 1130°C whilst the surface temperature was
1075°C. There was very gdod agreement between measured'aﬁd aimulated surface
temperatures although the simulated temperatura was consistently lo?er than
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the measured values by about 20°C. The maximum difference thrnughoﬁt 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
te‘mperatufe drcp sxperienced between th.e last passeé was due to a more rapid

heat lo_ss from thinner p_la.tes'.

Tamperature,’C
AL :

— Centre (8Im)

- o _ ' Surface(S(im}
: . . G Surface{Messure)
-

1200

1150

| | 8 g €
. -licil'"'“'u"ul . . L
1100 ’ ..l,n.[l-n.["in[l"-|lcl.l. : a
'l'.l' o :
1 ...E‘I. =.l U U
s ..-ll'l
0 St
n . 3 ! ]
-0 2a # ? )
Time,s

Figure 4.33 Measured and simulated plate temperature in Schedule 1

4.2.5 Roll separating force

A comparison between predicted and mEasuréd rall séparatihg 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 tcﬁs) in all the initial passes
due to the relatively narrow width (1250-1500 mm) of the plates as well as the
high ingot temperature in the early stage'of rolling (1150-1100°C). As soon as
slab rotation took place to achieve the desired plate width, the roil force
increased considerablj‘td between 2200 and 3200 tons. A significent drop in

roll force in the middle of the schedule was recorded because of plate profile
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corraction, Decrease in the roll furce in the final few passas_'waa diue to
small reductions in order to achieve the required fimal thickness.

4.2.6 Evolution of austenite

Equation 2.45 and egaation 2.53 were incorporated in the computer program
PLATESTM and used to simulate the kinetics of static recrystallisation and
grain growth of tha a_usténita- during plate rolling schedules 1,2,3 and 4,

The simulated evolution of ab.stanite duriﬁg schedules 1,2,3 and 4 are shown in
the Metallurgical Response graphs of Figures 4.34-4.37. In ths early stages it
was seen that the simmlated austenite was reduced to between 50 and 60 p.m
after the fifth pass. In the _middle. passes however (1100-1070°C) there was
little difference in the predicted grain size. This was because, st higa
rolling temperatures (1120-1040°C) and medium strains (0.15-0.25), the
‘austenite reaches a limiting vecrystaliised grain size after which further
refinement using ‘conventional hot rolling practice becomes increasingly
-difficﬁlt.'. Towards the end of the suhadulé_, small strains result in fairiy '
large recrystallised sustenite grain sizes. The predicted fimal apstenite
grain size was between Eépm and 68pm for all 5C8 rolling schedules.



127

8000 — ' —-— 8000

2600+ -1 2600
[ .
f
1 2000F 42000
F ' _
o
r 1600+t = 1600
0 .
e
T 10004 -1 1000
o |
2 .
-500_"' o - - _Me_aaurad '} +4800 -
_ === Simulated
0 4 l. . i . 1 ) 'S 0 0
0 2 4 K 8 1 - 12 1
. Pass Number _
Mechanical Response - Schedule 1
250 — — 1350
- | == Surtece T°C(SIm} | d4ang
. —~ Centre TG (SIm} N :
A 20 t «R= Burlece T'G (Mesza) 11250 T
. — . k .
g T fustanis Ul {1200 m
t - 160 ' P
8 411650 7§
N o
| : a
b 41400 ¢
g 100 lrJ
u 41080 a
m %
80 41000
| -850
0 4 e L. i -1 ) -t GO0
0 2 4 8 8 10 12 14 '
: Pass Number

Matallurglcal Responss - Schedule 1

Figure 4.34  Measured and simulated deformstion parameters versus pass
'  number - Schedule 1 '



128 "

8500 . . . — 8500
ao0c0 {s000
R
? o500} {2600
g 2000 | 2000
T .
9 1600} 41500
T »
¢ 1000pF 41000
fn .
8 ’ ‘l’ l ’ .
L lealy ! _ & Measured 1500
: wiew @lmuisted
0 2 4 8 8 10 12 14
: Pass Number
Mechanlcal Response - Schedule 2
260 p—— — 1360
-=~ Burface T'O (8im} | I éab
- entre T0 (Sim)
A 200 -Er gurteoe T°0 [Meas) -1 Y260 T
5 T huetanite wm | dizoc m
t 150 B
9 11160 ¢
P :
<1100 t
L o100 u
u 41080 e
m . -
- .. (8]
<980
0 [ 3 1 e 1 1 900
0 2 4 8 B 10 12 14
: Pass Number

Metallurgloel Response - Scheduls 2

Figure &.35 Measured and simmlated deformation parameters versus pass
. number - Schedule 2



128

3600 - ~ 3600
8000 . _ %5000
R 1 .
‘%’ 2600 42500
;’;_ 2000 - -1 2000
F _
% 1s00f -1 1600
T o -
g 1060 4 1000
8 : ) _
' B5OO ¢ ' -2~ Measurad 4800
{ === Simulated '
o U ) ) —l. .I : ) 1 1 1 0
0 2 4 8 8 10 2 14 18
- Pass Number
Mechanical Response - Schadule 8
800 ' — 1360
. . J === Burtags T (Slm} ) 1800
2501 —— Cantre T°Q (BIm) -
A t -3~ Suriace T°C lMeas) 11260
TP, o= Austanlis um . 8
5 (800} o . <1200 g}
t .
| e {1160 §
N Lo} oF a
b 11100 &
: ;
g 100 11060 o
m "
| 41000 @
50 .
"4080
o | L | i el ] i . ] 900

0 2 & [+ 8 10 12 14 18
: Pass Number

 Metaliurglos! Response - Schadule 8

Figure 4,36 Measﬁz_:fed and simulated deformation parameters versus pass
number - Schedule 3 '



130

soc0} 18000
2 -
; 2500 " - 2600
ro
¢ 1800} 41500
T _
R 1000 -1 100Q
n _ _
800+ _ '. - ~= Measured | 500
| ~wes Slmutoted
0 ) "I | T 1 g
0 2 4 & e 10 12 4 18
. Pass Number
Machanical Besponse - Schedule 4
300 _ ' — ——— 1860
. ' ---+ Syrfsoe T'O (8IM) | 41800
26 - Qantre 70 {3m) 11250
A ~& Burtage T'G {Meaa) T
u we= Auatanite  (um) 1200 |%
200 -
8 - S1160 P
t a8
e 11100, f
N 180k - s
I - r
m <1860
. o]
60F 1800 .
| 1880
. ot A 1 1 - 1 1 1 300

oD 2 4 8 8 10 ¥© W 118
Pass Number ' o
Matallurgical Response - Schedule 4

ﬁ'igure 4.37_ Heasured and simulatcd deformation ﬁarameters versus pasgs
’ 7 number ~ Schedule 4§ '



131

4.2.: Plate cooling rate

After the last pass the SCB plﬁtas were air cooled from about 1050°C-1070°C
‘down to room temperature. At about 950°C, a light water cool was applled to
the plate as it passed through a cooling spray bank and were subjected to
water cooling for about 3 seconds. The cooling raite 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
aooling rate for all plates was found to be 1.22 °Cs~* during air cooling
periods and 15°Cs-* during the water c¢ooling period, It was found that the
water cooling applied to the plate was insufficlent to Thave a significant
effect on the cooling rate since the temperature énly dropped from 950°C to
900°C during this period.

4.2.8 As-rolled ferrite grain size

AlL microstructures ohtﬁined. from as-rolled samples consisted of uniform
coarse ferrite and pearlite (see Tables 4.8-4. 9) Ferrite grain sizes varied
hetween 22 and 25 pm, ' '

Predicted ferrite grain sizes calculated from equation 2.58 for the four plate
schedules compsred reasonably well with the meagured values. The mesaured
grain size for schedules 1,2,3 and 4 were 25,22,22 and 22 pm respectively. The
predicted values for schedules 1,2,3 and 4 were 22.9, 20, 11 20.4 and 20.3 um
respactively.

4.2.9 Mechanical properties

The simulated yield stress (equation 4.7) values were consistently lower than
the measured yleld strengths obtained for the SC8 grade A steel in schedules
1,2,3 and 4. For the four schedules considered, the average simulated yield
stress was 296 MPa and the average measured value was 331 MPa. The simulated
 tensile stress (equation 2.62) was a150'con5istantly lower than the measured
value although the mean error of 3,57 was somewhat less than in tae yield
stress. The average simulated tensile strength was 427 MPz and the measured
mean yield strength was 443 MPa.
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The measured Charpy values at 0°C were all low to the very high finishing
temperatures on the mill (T > 1050°C). The measured impact energy of all four
schedules was between 35 ﬁnd 40 Joﬁles; The simulsted impact wvalues, using
equation 4.7, compared well with the measvred values. For example, in schedule
1, the simulated dmpact energy was 39 J at 0°C, compared with thz measured
" value of 35 J. '

4,2.10 Imprbvement of rolling schediules - SCHEDULE 1

The hot deformation parameters encountered during the hot rolling of schedule
1 were wvaried using the gimulation programme, PLATESIM., The mechanical
prupéttiea obtained by varying certain rolling parameters are given in Table
4.10. The resulting roll separating foree . are given in Figure 4.38.

Dacreasing the reheat temperature in schedule iA from 1250°C to 1150°C
resulted in a reduction in ferrite grain size from 22,9 um to 20.6pum due to
the 1owering of the simulated finish temperature from 1052°C to 1041°C. The
lower reheat temperature resuited in an increase of approximately 15 MPa in
the yield strength. i '

Increasing the predicted cnoling rate in schednle 1B  from 1.2°Cs-* to 15%9s-%
resulted in a reduction in predicted final ferrite grain size from 22.9pm down
to 14.3um. The yileld strength and impact snergy for these conditions wers not
determined because the model only takes air cooling into account. However, an
increase in yisld strength without a deterioration in Iimpact anergy were
expected due to the significant grain refinement.

Doubling the work =olls speed to 120 fpm in schedule v resulted in very
little change in microstructure and mschahical properties. Although the roll
separating forces were higher in all passes in schedulé 1g, théy di& not
exceed the mill cepacity of 4000 toms.

An increase in strain in the final pags was simulated in schedule 1D. The roll
separating force in the last pass was well above the mill capacity of 4000
tons. ' ' ' '
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Table 4.10
Optimiaation of Schedule 1 using Programme PLATESTM

Sched. Reheat rpm CR d. d, Ra BRm CVN
1l 1206 60 1,2 &6 22.9 295 447 39
1A 1150 60 1,2 32 20.6 310 451 39
1B 1206 60 15 67  14.3 - - -
1¢ 12086 120 1.2 638 22.5 287 447 39
1D 1206 60 1.2

46 18,5 314 454 48

] Roll Force, Tons (Thox:sands)

— gansduls 1C )
4] & Sshadule 10
—2~ gohedule 1A
—=- Bohedule 1
al _
2%
1 -
) ) ) . 1 { | _ b
Q ' 2 4 e 8 10 12 14

Pass Number

Figure 4.38 Roll separating forces resulting from Schedules 1, 1A, 1
' ' and 1D ' . ' ' )
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CHAPTER 5 DISCUSSION
5.1 Generai discussion

The hot deformation simulator has performed exceptionally well In the short
period of its use, both in réspect of the basic simulation concept and in
respect of its technical design. The incorﬁoratiun of computer eguipment to
control the induction furnece, the deformation sequénce 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 stee)l SC8 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 materjal during industrial
deformation, particularly hot rolling, more scientifically and with greater
detail than ever before. ™ plane strain compression test not only allows the
shépiug conditions of ex..ting production plants to be simulated in the
laboratory, as well as the investigation of schedules using extreme parameters
which may only be practically implemented at & later stage. This makes the hot
deformation simulator capable not only of séientifically explaining pheﬁomena
which are already known empirically, but of providing the opportunity of
advancing inte uncharted territnri ahead of techndlbgy in the field of

material development.

The simulation of hot rolling of microalloyed steels is a distinct possibility
in the future, althceugh the higher flow stresses of these steels will require
the use of smaller rectangular specimens.

In the simulation of thermomechanical processes, the shape and final thickness
of the specimen should allow 'aampling of various secondary specimens f£or
metallographic, hardness and mechanical tests. However, small specimens are
advantageous for thermal analysis as temperature wvariatioms within the
specimen ara less serious. Therefore, plene strain compression on large
rectangular bulk specimens will in tha future be supported by tests on small,
c?lindrical specimens. Tscor Research and Development has recently purihassed a
GLEEBLE 1500 testing machine to accomplish this.

Most laboratory tests do not simulate the temperature conditlons of a rolling
pases closely due to the differences existing between the leboratory and the
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rolling mill, However, the use of relevant mean sﬁrain rates and temperaturss
lesd to useful flow calculations, The prdof of this 1s that, when the correct
microstructure is present, the rolling loads predicted by using the flow
stresses in a railing theory such as that of Sims are in very good agreement
with measured values. The key to this is to emsure 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 platena' and
specimen at high strains, machine load limitations, machine programming
limitations {(only 5 or 6 pasges can be simulated in a2 single test), as well as
rapid heat lLosses from the specimgn. However, if the initial austenite
morphology and grain size =re lmown before a particular pass in the complete
rolling schedule, then the resulting 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 piane strain compression tests ars concentrated in the final plate roliing
passes'fﬁr C-Mn steels, the findl microstructure and mechanical propertiéa.may
be predicted fairly accurately.

5.2 Mepsiirement of temperature .

From the examination of individual temperature measurements recordad during
rolling it was evident that despite the efforts to ubtain accurate reedings,
there were some inconsistencies, The temperature measurement errors were
attributed to scale on the surface of the plate, water vapour or smoke
obscuring pyrometer réadings. In hot rolling, the material moves through the
entire roll gap during each pass. In plane strain compression, zhe geometry is
such that only the centre region of the specimen is deformed. Also temperature
lesses from the side of the specimen have more of an influence in plane strain
compression tests than in roliing in which b >> h. In spite of unavuidable
errors in temperature readings, & large number of readings made it possible to
evaluate the simulation model used for predidti.ng plate temperaﬁure. However,
if the first pags temperature is ingorrectly predicted, all the subsequ'ent
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readings will be in error. It is possible that the predicted temperatures were
more accurate than the measured temperatures because of the difficulties

gncountered during measuring.

5.3 Effect of temperature on microstructure and mechanical properties

Beheat temperature

Because of the large dependence of the recrystallised austenite grain gsize on
the austenite grain size  before deformation, the initial differenc~ in
simulated sustenite grain size with reheat temperature disappeared fairly
rapidiy with successive deformations. Lowering the reheat temperature however,
had an indirect effect on the state of the austenite prior to transformation
to farrite. 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°GC) resulting
" in large initial austenite grain sizes. This large initial grain size is
hardly likely to affect the final ferrite graim size significantly because the
ldrge strains éxpérienced in reducing the plate from 210mm down to 20mm tends
to reduce the affect. Lowering the reheat temperature effectively reduces the
deformation tempersture of all succegsive passes. The traditional slab
- reheating temperature of 1250°C which 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 rollad products a definite improvement in
‘yield and toughness. Moreover, the gnergy saving may be easily combined with
efforts to sava alloying elements and reduc? hoat treatment by the use of
controlled rolling and controlled cocling. Finishing at too Low a temperature
may result in excessive mill loads. . |

-

Finish temperature

The finish rolling temperature and the f£inal strain are - besides the sglab
reheating temperature - the mos: imﬁortant pProcess parameters 4in the
thermomechanical processing of plates and play a decisive role in the
metallurgical process of recrystallisation, precipitation and transformation.
-High Einishing tamperaturea (> 10350°C) result in the steel being in the
recrystallisatiun. region and will  produce coarse ferriteapearlite
microstructures and low yleld strengths and toughness values. Finishing in the
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no-recrystallisation regiom (1000°C > T > Aga) will result jin elongatad prior
sustenite and a refinement in the ferrite grain size leading to increased
strength. Although grain refinement has a favoﬁrable influence on toughmness,
heavy elongation of grains during deformation in this region can result in a
drop in toughness due to increasing dislocation strengthening and unfavourable
crystallographic orientation. By meang of a lower finish temperature in the
two phese region, :che increased effect of precipitation hardening and
dislocation density produces substantially higher stkength values. The Zfinish
temperature is determined by the desired strength and toughness properties,
whefeby the load limits of the roliing stands must also be takem into account,

5.4 Simulation of specimen.tanperﬁturé

‘The nnmﬁef 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 during air cooling ahd deformation. When less than 35
elements were used, the heat ;ransfer within and from the specimen.was not
stable and the temperature drepped too r#pidly. Although greater accuragy
would have been schieved if multiple columns of rhomboidal elements were used,
the choice of ome colum Df rhomboidal elements at the edge of the deformation
zona provided a4 simple and fairiy accurete meens of predicting the rate of
heat transfer between deformed and undeformed regilomns of the specimen.

The heat transfer coefficient, H (Appendix 1, equation Al.15) was found to be
suitable in accounting for radiation and'convection losges from the specimen
surface to the surrcundings. The optimum heat transfer constant, €, in
" (appendix 1, equations Al.43 and Al.44) was found to be about 10 KW/m2K, These
values were in good agreement with the values of 4 - 21 kW/m2K found by Foster
[18) for plane strain compressiun specimens. The constants in equation Al,15
and € would have to be re-formulatad if specimens and platena of ather
geomatries are used in the future,

Eguation 3.7 (see sectien 4.1;6;1). which predicts the flow stress of steel
SC8 in terms of process parameters was used to calculate the temperature rise
dqg to work done un the specimen. Relevant constants in 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 micrestructure and mechsnical properties

The strain in the last passes of a multi-pass deformation schedule refined tha
finel microstructuce of steel SC8 significantly. This was most effective when
spacimens wére finished in the low temperature region. This is due to little
if any recrystallisatuon taking place at low temperaturas and results in an
elongated austepite structure  in which deformation bands and other
substructures are Fformed, These substructures..pruvide 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 the finish temperaturs
must be optimised to produce a Zine final structure to improve strength and -

toughness.

It is not alway's' & simple matter to apply large strains in practice for feayr
of exceeding the rolling mill capacity. A small increase in finish strain
increases the roll sepafating forces significantly. This is bascause the
rollihg force is a strong function of flow stress which in turn is increased

by an increase in strain.

5.6 BEffect of sﬁrﬁin rate on microstructure and flow stress

The strain rate increased with inc::easi_ng plate reduction. However, no
significant changes in microstructure were found by increasing the rolling
speed from 60 rpm to 120 rpm. This observation is in agreement with Kaspar et
al [12] who found that an increase in strain rate of up to 1 order of
magnitude did not influemce the microstructure in' C-Mn steels. Ouchif46)
-however, found that an increase in strain rate refimes the recrystallised
austenite grain size and hence the transformed ferrite grain size., Faster
gtrain rates increased the flow stress at high temperatures because of the
rapid build up of dislocations in the materisl. This affect becomes more
pronounced at lower rolling temperatures -where it is more difficult for
recrystallisation to take place.

On the basis of results obtained from this work the only advantage of
increasing the strain rate is to increase production rates. The rolling mill
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capacity must always be taken into consideration when etrain rates are
increased on the mill since rolling force is a strong function of the rolling

speed.

5.7 Performance of cooling appafatus

Fairly uniform hardness values were oblained for slow and infermediate cooling
- rateg. This implied_that, £or the"yater_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 ecareful control must be exercised
when the specimen is cooled at wery fast rates since the hardness gradient

becomes more saversa.

One drawback of the cooling unit on the hot deformation simulator is the
eooling rate limit. The maximum cooling rate that can be simulated on 25 mm
thick specimens is 35°Cs™!. Fully martensitic structures are nct obtained for

C-Mn steels when 25 mm thick plane strailn compression specimens are subjected

to this gooling rate. Either the cooling rate needs to be increased or the

initial specimen thickness reduced if a fully martensitic structure is to be

obtained for exanining prior austenite structures at intermediate stages of a

deformation schedule.

5.8 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 effedt of increasing the flow stress for a given set of defo-mation

conditions. -In contrast to this, frictioual_effects give higher flow stresses

in thinner specimens. The vpposing effacts of specimen geometry and friction

on flow stress tend to cancel one another out [19].

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 recrystallisation to take place is less than at temperatures

below 950°C. Deformation in the intermediate tenpirature range (1050-950°C)
resulted in partislly recrystallised austenita' and a. certain amount of
residual strain was generated in the unrecryétéllised structure. Defoxmation
in the low temperature regions resulted in unrecrystallised austghite and a
certain amount of residual strain was present in the spacimen when it entered
the following pass. Retained =train generéted'in the partially recrystallised
and non recrystallised strictures must be taken into-account.sgparately in the

ks

flow stress 5iﬁulagian model using the feollowing equation [22]:

& [y, Ty, E5) = X" (F5,74,87) +(1-X)S (€4 &, B5qr Ey-q) 4.8

It should be noted that successinl application of equation 4.8 requires’

accurate quantitative knowledge of the metallurgical bhanges occurring in the

steel during and after deformation.

in the planes étrain compression test, part of the shaping energy is conszumed

in heating the specimen. When the deformation is large the temperature of the
specimen increases éignificantly. This leads to a reduction in flow stress and
should be taken into account. RActing in opposition to this is the fact that a
large amount of heat is lost to the platens through thermal conduction which
vtends to nautralisa the heating up effect. When the shape of the flow stress
curves are interpreted metallurgically, it 4is Aimportant to distinguish
accuraﬁely between the causes of flow stress drops, which may, apart from the
temperature iﬁcraase of the specimen, iﬁclude dynamic recovery,

recrystalllsation and precipitation processes.

Deformation induced transfofmation is attributed to differences in the number
of slip systems in austenite and ferrite which makes i possible to idéntify
the formatlon of ferrite from the flow curve. If continuous deformation is
conducted over the entire rolling temperature ragge {12005~ 7dO°C} the flow
stress increases steadily due to the drop in temperature as well as
dislocation build-up in the no recrystallisation region. Eowever, low

temperatures it is possible to detect the start of ferrite transformation

under mill conditions, Ay ., bj a drop in the flow stress. This haé béen-

-achieved by other workers 166 ,67,68].
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A gquick check on the state of the austenite at any stage of a multipass
' daformatiasn._schadule using the anisothermal softening index obtained from
multiple pass hot rolling simulations or on line measurements dan reduce the

number of microstructural 'investigations normally regquirad,

Alﬂlough the simulated roll se'parating forces were generally very close to the
méasurad '{*alues error;*r .Ln. the predicted values weré attributed - to a number of -
factors. Firstly the mean flow stress obtained for a specific strain and
“strain rate over a determined 'témperatura range might not be applied
accurately _t'o'. the mwill because of uncertainties regarding the plate
temperature. Secondly, the ins‘tantaneu_ué ‘plate width was not known and. can
result in exxors when calculating the actual deformation area during rolling.
Finally, frictional effects were accounted for in rolling by including the
roll geometry factor, Q, in roll force calculations. No correction for the

effect of friction on mean flow stress was made in plane strain compression.

The underesti_maﬁion of roll force in the early pasges may be explainéd in
'_ 'ﬁErms of the p_laté width. The computer programme PLATESIM undeéesti.mated the
width in the early passes. The exact increase in glab width during each pass
.was not measured. The '.com'pute_r _ model assumed that after the required final '
width was attained in the e'a'rly' passes, no further increase in width occurred
_ due to the pravailing plaﬂe strain conditions. The large roll forces .in the
‘middle passer can be explained in terms of stra ind austenite grain size.
Large stxains in the middle passes result in larger mean flow stresses and
* hence larger rxoll foreces. Also, the medium strains found in the middle passes
were sufficient in fully recry_atallis:l.ng' the austenite resultiz?g in smaller
austenite graln sizes during . deformation. Tt 1= well known +that smaller
~austenite grain size increases roll sepa.r_é.ting forces for_ & given set of

deformation conditions.
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5.9 Evolution of austesite during hot rolling

The structural refinement of_austenita.during the hot rolling of steels is
produced by succaessive recrystallisaticn' events during or after’ repeated'
rolling reductions at high temperatures. In the low-temperature range, a
heavily deformed, unrecrystallissd austenite is desirable, as this increases
?ha number of nucleation sites for ferrite formation. This conﬁributes-to the

 improvement of the mechanical properties of the steel.

Static recrystallisation takes place wvery rapldly in C-Mn steels at high
ﬁemperaturés'(lesézthan 1 second)Jif'medium strains {15-25%}) are applied.
Actual mill delay times were used in the simulation and provided ample time -
for full rearyahaliisafion and grain growth to take place during fhe middle
pagses where medium strains were applied. Very low strains however, were
appiied to the slab during the early paaseé which might have been insufficient
for recrystallisation to have taken place. Accumulated strain energy in the
material led to the eventnal recrystallisation of the austenite in the middle

passes,

" Yhen recrystailisét}dn timaa.afe much ahortar'than interpasgs times, or much
longer than interpass times, then small errors are of little consequence.
However, when recrystallisation timas.ara gimilar to interpass times, small
errora can result in large differences between the predicted and observed
microstructures. The relling of SC8 plate steel took place between 1250°C and
1050°C and recrystalllsation times at these teﬁpcratu233'are very short. This
implied that only small errors occurred in the .aiculation of the evolution of

austenite during these rolling schedules.
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5.10 Mechanical properties

‘BEquation 4.5 and eguation 4.6, which correlated the yield strwigths of steel A
and sfeal B in terms of ferrite grain size only, were not accurate encugh-in
pradicting the yield strengths of steel SC8 under most_deformatidn conditions
during.multi—gass plane strain cvompression teste. This was due to the presence
of residusl ﬁtrain. in some apecimené- deformed at very low temperatures
reauitinq in an additional incraase in strength. The non-linear dependencé of
fefrite grain eize with fihishing temperature also affected the accuracy of
the correlation. It was found that the £inlsh strain and finish temperature,
as well as chemical composition, had to be taken into éccbﬁn} to accurataly.
wredict the yield strength for any rolling schedule. The use of egquation 4.7
produced more accurate results than equation 4.5 or equation 4.6. Although
eguation 4.7 was only formulated to predict yield strangth and impact energy,
the same procedure may be umed to formulate aimilaf equaticns that predict
6ther'machanical.properties, such as elongation and tensile strength; in terms

of process_paramétara.

Dhe small variation in tensile sirangth'in all air cooled tests implied that
.little, if any, aﬁrain hardening occurs in steel SCB under hot rolling
conditions. This small variation in tensile styength was expscted since SC8 ig
a G-Mn steel and no dynamic carbonitride preuipifation occurs during

deformation which réeults in no strain hardening taking place.

The decréase in impact enerdgy at ferrite'grain sizes larger than i9um {hiqh
temperatures, air cooling] was attributed to the slow cooling rate resulting

in coarse interlamellar pearlite upacings which are detrimental to toughness.

At relatively lew finishing tamperatnras; a nmarked 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 two-phage region (austanite-ferrite}}
The drop in Charpy values can be attributed to an inoreased dislocatlon

dengity in the ferrite which causes a deterioration in toughness [49].

The ferrite grain size to achieve the maximum impact energy at 0°C in Sc8
steel liee betwesn 12.%ym and 15.?#m.
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CHAPTER 6 CONCLUSIONS

1

Plane strain compression tests gave reliable, quantitative predictions of

‘the roll separating forces and microstructural changes in industrial

rolling processes. Limitations to the precision of the simulations were
impogsed by the test and by the complex variations in deformation
conditions in the rolled p;ate.

The conditions of plana straln compression testing are suitable for the
simulation of hot plate rolling. With' computer control the strain and
strain rate history in each pass can be closely simulated ko glve the

regquired stress conditions

Problems with oxidation were partly overcome by applying two coats of

aluminiom 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. '

A finite difference computer model, PSC_TEMP, can be used to predict the
temperature distribution in plane strain compression specimens during air

cooling and deformation. The simulated and measured temperatures did not

_ differ by more than 25°C for any deformation schedule.

The model developed by Seredyngki to simulate the temperature during

plate rolling L& accurate +6 within 30°C of the measured values.

- Differances between measured and computed temperature wvalues can bae

attributed to a non-linear temperature gradient existing -acroes the

Pia’te;

Good agreeﬁént was obtained hetween the measured and simulated hot Flow
stresses uslng equation 3.7. The egquation gave excellant results at
temberatures.éhove 1000°C. Howefer, at templeratures below 1000°C, the
simulated flow stress differed markedly from the measured values. This
was due to equation 3.7 not'taking into acoount the effect of increaged
ptrengthening due to dislocatidn build-up when the speocimen is deformed

in the_nOPracryatailisation'and two-phage regions.
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" The double stroke -téchnique is useful for determining the amount of

recrystallisation takiﬁg pPlace bhetween passes during multi-pass

deformation. This technigue may be used as a qﬁick mathod ta monitor the
evolution of austenite during rolling simulations thereby avoiding time

~ consuming metallographib examinations.

Sims model for predicting the roll aeparatihg force was successful in

providing guod agreement with measured forces.

Lower finish roll températuraavand lafge gtraing in the last pass refined
+the ferrite grain size significantly - leading to superior mechanical

properties

The oooling rate during plane strain compression may be acourately

‘determined hy differentiating the cooling curve using a numericr’ wmc 4.

The differentiated form of the ocooling ocurve may also

determine the start and end of transformation in steels @ furbiu.

. processed to generate deformation CCT diagrams.

The influence of Iindustrial rolling parameters on yield strength and
impact euargy' of gteel SCB way be determined by performing eimplec
multiple linear regression on data obtained during plane strain

compression tests.

Computer programme, PLATESIM, ia' a éuick and efficient method for
designing plate rolling schedules for stesl B08. The programme may be
uged for other O~Mn steels but the constants in the equations used to
describe the various mechanical and metallurgical phenomena during
rolling must be determined in.the 1éboratory.
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APPENDIX 1

'SIMULAYION OF THE TEMPERATURY DISTRTBUTION IN SPECIMENS AND PLATENS _
DURING PLANE STRAIN COMPRESSION (LISTING OF PROGRAMME PSC_TEMP INCLUDED)



STMBOLS
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ext{i]

He
Ha

HIG
J1-J5

kl
Q1-Q5
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TPIn ™ -

ToPy 1y
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TP gus™
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T=r

. Area, mm?
‘Heat transfer constant

Distance penetrated by temperﬁture gradient
irito specimen, mm

Elongation of specimen during pass i, mm
Heat transfer coefficisnt for radiation &
convection during air cooling

H at start of deformatian..t = 0

R at end of interval. t = §t

Average H.during compression

Boundary. condition factor

Heat flow through platen element, kW/m?
Thermal conductivity of specimen steel
Thermal conductivity of platen steel
Heat flow ﬁhrough spedimen element, kW/m?
Heat flow along x direction from notional cdlumn, kw/mz
Specific heat capacity of épedimen steel
Specific heat cepacity of platen steel
Specimen element temperaturas, t = 0
Specimen element temperature, t = 5t
Platén element ﬁempexature, t w0

Placen element temperaturs, ¢ = 8t
Specimeﬁ surface element temperature, t~0
Platen surface alement temperature, t=0
Specimﬁn surface element temparature, t=3t
Platen surface aiament temperatﬁre, t=dt
Specimen surface temperature,t=0 '
Platen surface temperature, t=0

Specimen surface temperature t=5t

Platen aurfada temperature t=8t |
Initial temperature of specimen, °C

. Temperatures of rectangular elements

adjacent to rhomboidal elements
Element columns



Vol
Vol®
W

Xt cror

27
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8Q/5t
&t
bx
Sy{il]
8y[0]
8z
8t mmn

aT-Pdni .

5 T”.:" cona

BTﬂp_c ongd

sTe®
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Element ecolumns in deformation zone

‘Specimen Element voluwie, mm®

Platen element volume, mm®
Rumber of element rows

Distance between the discrete elements, mm

Net platen element heat Flow , I/m2

Net specimen element heaiflaw, kW [m2
Rate of heat flow, kW/m? |
Tinie interval, s

Element width, mm

Element thickness in pass i, mm
Initial element height, mm

.Element breadth;mm

Stable calculation time , seconds
Temperature rise in specimen due to

plastic deformation,“C

Tem@erature gain in platen elements in
deformation zone due to conduction to the
specimen during deformationm, °Q,
Témperature loss, °C, in specimen surface
elemenﬁs in the deformation zpne due to
conduction to the platens during deformation
Temperature drop in specimen elements due to

conduction within the specimen, °C
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Al.l Introductieon

The heat conduction inside the workplece during hot rolling or plans strain
compression testing depends on the initisl temperature distribution and on the
thermal properties of steel., The t:émperature gradient inside the workpiece is
a function of time and may be calculated by solving equation 4l.1 for an
isotropic solid with constant thermal conductivity '

§27 gy 82T 1 §7
p— + —— e — KX — . Al.l
Bx2 byz  dzz D 8t

If one assumes that there is no heat flow through the sides of the workpisce
then equation Al.l may be rewritten as:

§2T 1 8T
bx2 D 8t

The solution of this differential. equation lies in numerical analysls based on
the finite difference method which solves for the temperature change at
discrete pbints in the workpiaéa over discrzte time intervals, Using this
method, Harding [24] and Foster [19] developed mathematical models that
pradict the temperature changes occurring dering hot rolling and jlane strain

compression testing respectively.

Ar.2 Heat flow durirg air cooling in an undeformed plane strain
compress_on specimen. (Refer to Figure Al)

Two-dimensional heat conduction was considered between the elements of a
longitudinal section of the specimen i.e. ignori'ng heat f£low from the sides of
the speciman. ' '

It was also assumed thet the top and bottom faces of the specimen were
subjected to identical cooling conditions (radiation and convection). Thia
- assumption allows, by symmetry, the consideration of only one quarter of the
longitudinal slice (see inset to Figure Al). The representatlve section of the
speéimen consists of W rows each of initial height 8y[0] and V coluums each of
constant width -8x. This section does not represent the whole length of the
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specimen since this would require a very large number of elements. Instead, z
notional column of elements is considersd at M = 0 which allows the length of
the section under consideration to be reduced.

1
1 t
Py dylal
Cdx Tj"" . _j
1 s
. T | Surface )
| B h :
S |
N“'V E Q2 ~ Q4 | dyial.
jreeene t ' —
! i
1‘02-.-4:._ o G a3 | g _
1
:w'.-. 1 c ; . . L . N ho
1
NN Q1 Q2 T
]
fhmmunen i
b ¢
E i- bl a1 . ' | oa
P |
. R
Nafi i Q2 — =
oveensd __ .
Me M=M M=/ _
Speacimen
Centre
Figure Al Element dimensions and heat flow in sn undeformed plane strain

compression speciman

Each elem'ent, of constant length, &z, in the section, is represented using
matrix notation as N M, where N is the row number and M .the column fumber. The
temperature at each mode is represented by T=Py,». The finite difference
approximation then allows the representation of equation Al.2 by |



kA (T9%h,0" - T¥Py,3) 8t

Q=

X2iove

Gonsideriﬁg the heat Fflow between the N,M element and its Ffour surrounding
glements , equation Al.3 gives the amount of heat flowing between adjacent
nodes in a small time interval, 8%, as

QL = (T9Py.pc ~ T"Pyuz,n) k 8% 8z 6t /By[0] A4
Q2 = {T°Py.p - T*Fu.me-a) Kk 8y[0] 82 Bt [ 8x Al.S
Q3 = (T°Fm.a.m - TPy} k 8x 82 8t [3y[0] Al.6
Q4 = (T'“u:u;a = T'*n.u} k §y[0] 8z &t / 8x Al.7

The convention used is -ha% heat flow away from the centre element, {(1,V) , is

posi.ive,
The net heat flow into the N,M element is given by
50 = -Ql-Q2+ Q3+ Qb Al.8

Considering the situation where M = 1 , since the M = 0 columm congzists of
notional élements that have no defined temperatura, Q2 camnot be calculated
ugsing equation Al,3 as it was for M > 1. Inétaad. Q2 1s estimated using a
boundary condition factor, HTC: '

Q2* = HIC . Q4 Al.9

The use of the notional column of elements therefore allows firstly the number
of elements in the section to be reduced and secondly the heat flow across the
boundary XX' to be controlled.

The net amount of heat, Q, flowing into'any non-surface element is given by
one of the following combimations: '

2 to (W- 1) $Q = Q4 - Q2%+ QL - Q3 AL.10

M=1, N=

N=1,M=2¢te (V- 1) 5Q = Q4 - Q2 - Q3 Al.11
N=1, 4=V %= - Q2 - Q3 A1.12
M=V, N=2 to (W -1) 39 -Q3-Q2+ 0L AL.13
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M=1 N=1 _ Q= Q4 - Q3 - Q27 Al.1l4

In any hot working operation & certain amount of heat is lost at the surface
during air cooling due to radiation and convection. The heat loat.fiom the
specimen surface is governed by the heat transfer coefficient, H , which is a
function of the surface temperature, T*Pau-. The relationship between ToP.,.
and H for plane strain compression specimens is glven by Foster as

H = 0,022{T"Paur=Tamn) + 3.23%x10-23 (TP px*»Tomn?) Al.15

Fquation Al.15 is also used for calculating the heat lost from the platen
gsurface by replacing the specimen surface temperature, T*¥,u.., with the platen

gurface temperature, TPIg....

Foster[19] found that the specimen surface temperature may beé approximated by
eﬁuation Al.14:
. B Sy[i]iW* - (W-1)3

Tupnn# = T’pw'.u < 2 ow WR A.l.lﬁ
. ' ' 2 Wk 3

where TPy, i3 the specimen surface element centre temperature,

The heat lost from the specimen surface to the surroundings, 45, in & time
interval, 8t, is given by '

Q5 = H 8x 5z S5t o A1.17

Thug, for the surface elements

N=W, M=2 to V-1 Q= - G5 - Q2 + QL + Q4 41.18
HNeaW,M=1  EQ = - Q5 - Q2%+ QL + Q4 A1.19
N=W, M=V ¥ = - Q5 - Q2 +Ql AL.20

Having found IQ for any eleﬁant, ﬁha new.température fur.that element st the
end of the time interval may be calculated. The temperasture change im an
element due to conduction from its four neighbouring elements over a time
intervel, &§t, is given by

L] .
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0
bx bz Sy[i]"j’.s -

3T°F = - AL21
where 20 is the net heat flow through an elemsnt and Sy{i] is the element
 height in the i®® pass.

The new temperatura; T"Pye.x”, at the end of time interval 8t is giﬁen by
T, ° = T°Pu,u + §T#® _ Al.22

Equations Al.4-AL1.22 were also used in determining the conduction within the
compfeasicn platens in both air cooling and deformation since the slement

dimensimné zemain constant during both periods. The only changes are:

a). The elemental height remains constant at dy(0]

b) The notional column at ¥ = 1, is replaced with a column of surface
elements. ' '

¢} The heat flow, Q, is replaced with J for notatipnal-pufposes.

The successful solution of explicit finite difference equations is dependent
on the correct choice of the computational time, 8t. If 8t is too large,
spurious temperatures are obtained from the computations. Foster {18] found
the makimum allowable stable tise, 8tmax, for finite difference calculations
in plere strain compression testing to be '

By[1]® ¢ =

A Al.23
6 k

Btmae
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'Al.3 Plane Strain dqmpféssidn

Al.3,1  Dimension Changes During Plane Strain Compression(Refer to Figure
A2) ' - S

During a period of deformation the elements in tke specimen shouldef remain
unchanged, while the peometries of the elements in the deformation zone axe
altered. As the deformation proceeds the ele. untal height in the.deformation
zcne'(initially-dy[OJ} is reduced to 8y[i]. Several assumptions have been made
‘concerning the changing geometfy’of the elements during deformation:

- The volume of material in the specimen remains constant throughout the
deformation. ' ' '

- True plane strain conditions exist so that the specimen does not spread
in the breadth direction i.e 3z of each element remeins constant,

- All elem nts betwesn the tools remain equal in shape and size. except
thickness.

- Elements remain in vertical columné.throughuut the deformation.

- The line of symmetry UU’in Figure A2 remains statiomary
at the centre of the platen width throughout.

- The line of symmetry XX' in Figure AZ remains at the mid thickness of
~ the specimen throughout the = deformation.

- The elemental material that is effectively squeezed  out from beneath
the plateys to form a column of rhomboidal elements  of equal volume
between the deformed and undeformed elements,



ix -
Platen | dy i, 5,
Soecimen badll I LR |2
P _ ST LT T, dylo]N -8
' A I . : _ '
)_c: A | 45! 8 J6
..I . | )
o dyitl :
[ ) Ne§
S Q3
| t
aiol 1 8 ST T
- — Qd < © Q2
| i
| 1@ a
{ T '
; N =1
u ; _ v
Mel|M=2 B M7 Gentreline
T * F TIN-t-1)
. o estll dx :
po TMMIQ?;-—“&:'—-“;—'—E!Tl
.u“&-"“ i Pt
oo
Figu.re' A2 © Element dime_ns'ions and heat-.flcw_ in a deformed plane strain

compression specimen



Al.3.1.1 Specimen”elemgnt dimension chapges in deformation zone

In plane strain deformation, the strain applied to the specimen during pass i
is '

- 8y[o0]
- &' = 1lnlhs /he) = _ln -_— Al.24
- Sy{i]
3t : . _
= e— Al1,.25
- Be
Rearrangement of equations Al.zﬁ.&nd Al.25 gives
8y(0] o -
Oy[i] = e—r A1.26
exp(8E) '

Bquation A4l.26 gives.the-height of the elements in the deformation zonme for
any period during a test. ' '

Al.3.1.2 Specimen element dimensions just outside the deformation zone

During deformation 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 slements 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 defonhations.

| However this assumption greatly simplifies the calculations of the fpacimen

dimensions and heat transfer. | "

The width of the rhomboldal elements, ext[i], is obtained by manipulation of
the equation defining the area of & rhombus:

_ 5+ 8y[(1)
axt{i] = —ema——— ' o Al.;?'
By[i-1] + By[i]
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The 1on35r. parallel side remmins comstint at the initial element height,
by[0}, whersas the shorter side equals the height of the elements under the
platen; &y[i], for that pass., During deformaticn the representative
temperature of an element is assumed to remain at thé centre of gravity of the

element.

A1.3.2 Heat Transfer During Plane Strain Compression

Duzing deformation, ﬁhe rate of heat transfered between the . specimen and
platens is governed by the a&erage'heaﬁ 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 gimply related to time and

must be estimated.

Before and after_defurmation, heat is &onsidered to flow in the specimen
thickness direction and along the specimen length (i.e. in the z and =x
directions) for all specimen élaments; as in alr cooling. The area of ha heat

conducting path is perpendicular to the direction of heat flow,

Considering the N,M element in Figure A2, the formulae for Ql. - Q4 remain
basically the same as for air cooling (equations Al.4- A1.7) the only
difference being thut  the deformed element dimensions are used in the

calculations i.e.

QL = (T%P .0 ~ T™Prya.a) k 8x 8z 5t/ By[i] AL.28
Q2 = (TP, - T Pnea.) k By{l] Bz Bt/ B8x AlL.29
Q3 = (T%P% 3. - T°Fy.y) k Bx 5z 3t/ By[i] - A1.30
Q4 = (TPpes.ae = T*P.y) ¥ 8y[i] 82z Bt/ 8x - Al.31

Por the rhombbidaL.calumﬁ of elemernts, heht flow in the.x direction is given
hy: ' | :

Q4 = (TL = T"Py.y) k 82z 5t fext(i] Al.32
Q2 = (T2 -~ T®y.e.a) k 82 8t fextii] Al.33

it.was:shdwn by Foster [19] that the value of Tl obtained by interpolation is



(TP e = Téﬂn-l-:..x"-ﬁ-) .P’-

Tl = TPy peea, =

Al.34
Pa )

- where P, P. are defined Iin Figure A2. The value cof T2 iz obtained in a
gimilar way.

A1.3.2,1 Specimen Surface Temperatures in deformation zone during deformatiom

Fogter [18] found that the surface element temperature of the specimen in the
deformatiocn zone at the end of a time interval, Bt, is given by equation
Al,35; '

L4

TP pux - TP = e | I - o 1= Al,35
_ 2 Wk - Sy[i]yfeyld]

6 k bt

D = Al.36

¥ s
The surface tsmperatures,'Tﬁi.“:. of the platem at the end of time interval,
8t, were alsc calculated using equation'Al.BS, except that the platen surface

element temperatures, TPy ,, were used aud k is replaced with k’.

Ai;3.2.2 Temperzture drop due to conduction to the platens

The temperature drop at the surface of the specimen due to conduction during
&eférmﬁtion is '

2H _
8T gng = ———— Bt _ Al1.37
By[i] s _'y-

The temperature rise at the surface of the platens due to COnductLon during
deformation is ' '

—

_ 2 K C : :
TP aoma = i it ) : Al.38
' dy[o] sff'
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The temperatura at the centre of the specimen surface elements at the end of
the deformation time interval, 8t, is given by

_ xQ
TPyt = TPy b —————  « 8T%Peona 41,39

Vol s f.

Similarly the surface temperature at the centre of the platen surface elements

is given by
EJ

TP, " TPy o + - 81P%cona Al.40

Vol' s* 'g '
& suitable value of, bt, was calculated so that the distance penetrated by the
temp'ar‘a.tur_e'_gradi'e'nt into the speéiinen yDy 15 jupt less than the specimen
element thickness in the deformation zone, 8y[i]. Ideally, the value of the
© gtable celculation time incremeﬁt, Stommse, glving 8y[i] = Do, is required.
However, this cennot be obtained by equating the relationships for D. and
dy[4] and an Jteration method is therefore used to find a value of &tmas such
that

(8y[i] - D) = 0.0001 | o ALM

The value of D. that satisfies equation Al.4l is used in equation A1.23 to
calculate Stemms '

A1.3.2.3 Bstimation of Heat Transfer Coefficient Betwwen Specimen and Platen
- During Deformation

The heat transfer coefficlent is a rapidly changing function with time 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 - Al,50:
. Ho+ 9H, -
H = r—— 4L.42

1o ' '

where

Ho = € (TPous « TP upng) o Al.43
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H;ﬂ c (T’Pnu.:.'*' '].:.Pa'una:n-‘“I ) Al * 44
where ' o

TePyr g = TP g + F1 - F2
T-Pnur-‘"-Tp""aur* = - Al.45

' 1+ F3 + F4
and
pe] ZJ
Fl = - - Al .46
Bx 8y[i] ¥ s 8y[0] 8= ¥ 's’
1 1

F2 = Al.&7

0.1 C Et(T-pnur"Tga‘wu}.’} ) + y
. : Sy[o]s' °§* 8y[ils §

F3 = 9 F2 - . - Al.48 .
8y{1] Dac Da F10 8y[0]

Fé& = 20 - [ - + : Al.49
2Wk|. 2 8y{0] 2 8y[0}| 2 k*

where -

Fi0 = (Wﬂ+ 1Y% « 0,33 {(WHLl)3 ~ W2)) Al.50

A1,3.2.4 Temperature rise due to mechanical work

The temperature gained due to mebhgnical work in botia rolling and plane strain
compression is a function of the_yield stress, R., of the material deformed
and of the thickness ratio [19].

' Ra hg _
TP e = —oln e—= i Al .51
-3 he

8T"P4ne is added to each element tempetrature after. deformation.



usas
dos,ort;

Const

T & N
e o o~

Type

arrayltype = array[i..5,1..7]of rpals
" array2type = array[1..5,1..7]0f real;

ariay3type = array[0..15Jof real:

arraydtypa = array[l..15]of integer;

Var

Jd, 11,HH,68,dx, dyy, HT, k1,51, rhol, H,k,5,rho
DD,FF,EE, Toplinit, Tamb, deltal,add, add]
Ji,34.02,03,04,01,02,43,Q4,05, Tinlt, L -
factor dalta,drop,rise.distance,dtdafiry
F1,F2,F3,F4,F10,C,0_x,Dxx, Hnew, Ho1d, Hnean
AA,CC,counter, test, 1, passes, m,n
plusl,plus2 niett,nettl, nettz -
dtoo],dspec, spec, tool,q,J
surface,toolsurface

KK, L%, dy,deftive, timeair,dtair, dtdef

M4, NN extension, skrain,rate, stress

logger

8B, filestrain,filename

strainfile, thefile

key, A, U, KU

Pracedure Inftial:
begin

clrscr;
Texteolor(13);

writetn(' xH

writeln;
window(1,1,79,30):
texteolor(1l);
writeIn{'Scheduls Humber :
writeln; '
writeln{ 'Nurher of Passes:
writaln;

writeIn{ Element width 3
writeIn'ETement height:

writain(' ' Ambient
writeln; i .

writeIn{ *HT¢ for deformation ¢

writeln:

writeln{'Boundary condifion factar :');

sreal;
treals;
sreal;
reals
sreal;

- rinteger:

rintegers;
rarrayltype;
sarrayetypa;
sarray3type;
sarraydtype;
iarraydtype;
istringf80];
stexty
schar;

INPUTS #x');

File kema for Output Data File ¢');
Temperatures ');

Inftial Specimen :*);
Initial Platen

)

')

Uniform / Nen-Uniform TU/NU] ¢ '3;



writeln; :
writeln{'Passs  Strain:

textcolor{white);
gotoxy(19,3);
. readin{test}:

- gotoxy{60,3);

read in{f1lenama);
gotexy{19,5);
readin(passes);
gotisxy(liﬁ,?} H
readin{tinit);
gotoxy(45,8):
readTnf toolinit);
gotoxy(45,8);
read In{tamb};
gotoxy(18,7);
read In{dx);
gotoxy(16,8);
readin({dyy):
gotoxy{22,11);
veadIn{T): .
gotoxy(57,11);
readin{key):
gotoxy{28,13):
readin{factor);

for i:=1 to passes do
begin '
© gotoxy(8,15+1);
writeln(i); -
gotoxy(12,15+);

. readIn{strain[i1}; .
gotoxy(25,15+1};
readin(rate[i]);
gotoxy{41,15+i);
readin{stress[i]);

- gotoxy(56,15+1);

readIn{timeair(i]}:
end:_

assign(thefile, f{lename);
rewrite{thafile);

1F key = 'U" then
begin

for m=1 to ¥ do begin
for n:=1 to ¥ do begin
Spec[n,m]e=Tinit;

end; :

- end;

end
else
begin

Strain Rate:

Hean Stress:

Delay Tima:!);



clrser:
texteolor{13);

writalin{ 'Non Uniform Temperature Input');

taxteolor(ll);
writalng
witainl!

Surface

writein;
textcolor{14);
writeln('[5,7]
writein;
weiteln{*(4,7]
writeln;
writein('[2,7]
“writeln;
writeIn('[2,7]
writaing
writaIn{'[1,7]
texteolor{ll);
writein{'Centre

{s,8]

- [4,6]

{3,6]
[2,6]

{1,6]

£5,5]
{4,5]
[3.5]

{2,8]

1,51

£5,4]
[4,4]
[3:4]
[2,4]
[1,4]

. [5': 3]

{4,3]
(3,31

{2,3]

. £1,3]

(5.2
[4.2]
(3.2]
[2.3]

f1.3

texteolor{18);
gotoxy ( 6 15J i
readIn(spec(5,7]};
gotony(18,5):
readIn{specf5,61);
gotoxy(3r 3);
veadIn{speals,51);
gotaxy(41,5);
readin{spec(5,41);
gotoxy(§2,5)

read In{spec{5,31};
gotoxy(63,5)

vead In{spec[5,21); -

gotoxy(M4,2);

read In(spsc{8,1]}:
gotoxy(6,7);

read In{speci4,71);
gotoxy(18,7);

read In(spec(4,6]):
gotoxy(30,7);

read In{specf4,5]);
gotoxy(41,7};
readIn{spec[4,41};
gotoiy(52,7);
vead' n{spec[4,3]):
gotoxy(63,7);
readTn{spec(4,2])3
gotoxy(74.7)s
readIn{spec(4,1]):
gotoxy{6,9)

reod In(spec(3,21);
gotuxy(18,9);
readIn{spec[3,61):
- gotoxy(30,9);

vead In(spec[3,51); -

P

[5,11
[5.1]
(3,1)

[2,1]

1]

Hidthickness




gotoxy(41,9);
readIn{spec(3,41);
gotoxy(52,9);
read In(spec[3,31};
gotoxy(83,9);
read In{spec3,2]);
gotoay(?4.9):
readIn{specf[3,1]);
gotoxy(6,11);
readIn{spec(2,71};
gotoxy(18,11);.
readIn(spec{2,61});
toxy(30,11);
ceadn(spec(2,5]):
gotoxy(41,11):
readin(spec{2,43};
gotouy(52,11); _
read In{spec[2,3]);
gotoxy(63,11);
readIn{specl2,2]);
gotoxy(74,11);
readIn{spec{2,11}¢
gotoxy(6,13); -
veadIn{spec{1,7]):
gotosy{18,13)1
readIn(specf1.6]);
gotoxy(30,13);
readn{spec(1,5]);
gotoxy(41,13);
readtn{spec{1,41)s
gotoxy(82,13);
read In{specl1,3]);
gotoxy(63,13);
readIn{spec[1,2]);
gotoxy(74,13):.
readIn(spee(1,11):
end;

for ms=3 to 7 do hegin
for el to W do begin
Tooiln,m}i=Taolinit;
and;

and;

elrscry

add:i=0;

addl =03

dy[ 0] :=dyy;

for fie« 1 to passes do bagin

ay[ 1] s=dyl 1-1]/exp(stratnl {1); _
extens jon §1:e2rdxdyl 11/ (dy{i-11+dy[1]):
deftimel1T:=strainfi]/rate[1];

end; ' _



B i R F L L

(*for {:=l to passes do begin

writein{thefile, timeair[1]:10:4);

writeln(thefila,deftimel 11:10:4);

end;*)

rho:=7800;

§10650;

ki=24:

rholi=8215;

sli=425¢

k1:=26;

clrsers

writsln;

textcolor{13):

writeln; '

writein(® Element Dimension Changes®);

witeln(' _ - . ')
textcolor{11): _

writeln(" Pass . Height (sm} Extensiot (em) ')
textcolor{white); '

writeln;

for ii=l to passes do begin _

writen{i:14,dyl 1]%1000:17:2,extension {1¥1060:19:2);

end; :

texteotor(13); _

writels(’ . . e
readln:

end;

Procedure Alr_Stabile Time;

begin

cirser;

textoolor(13});

writeln{! Times (seconds}'};

writeln(! _ . e
writeln; :

- textoolor{14);

writein(’ Air Coolings'):

texteolov{1l):

writein(’ Pass Hold Time Stable Interval');
texteolor{whita); .

writeln; -

for f:= 1 to passes do begin

dtair {3swsqr({dy[{-11)*rho*s/{6*%k);
weitein(is14, tineair(1]:10:0,dtair[1]:23:4);
end:

writeln;

writeln;

ehds

{._l - . .. .
i- Iteration for Stable Time During Deformation -}

——



Pracedure Deform_Stable Time:

begin

textcolor{14);

writeln(' O "ormations');
textealor{ll):

wreiteln(’ Pass Contact Time Stable Interval');
textcolor{white);

writeln;

for 1:= 1 {o passes do bagin
dtdaftryi=l;

repeat

begin .
dideftrys=dtdeftry-0.61; :
distances=sqri{Grdtdeftry*k/(s¥rho)};
end; )

until (distarce - dy[1];2) < 0,0001;

' dtdef[1]=dtdafiry;
writeln{1:14,deftimef i1:10:2 dtdef{i] 23:4);
endy

" texteolor{13);
writaln(! . . . ')
readln: '
end;

Procedure Print_Tool;

begin .

ehrscrs

writeln;

© textoolor{l13); C o

writeln(' Platen');

teavsolor(ll); _

writeln(’ _ s

texteolar{white):

for ni= 1 to w do begin

writeln{teoiln,7]:15:0,t001[n,6]:7:0, tooln, 5} T ﬂ.
too1(n,4):7:0,too[n,3]:7:0);

end;

{*writeIn{toolsurfacal§, 7111510, toolsurfacel5,6]:7:0, tool surfacel 5, 6]:7:0,
_ toolsurface(5,41:7:0, tooisurface(s,33:7:10);7)

texteolor{1l): :

writeln{’ 'k

writeln;. '

ends

Procedure Pr'im‘: _Spec;

hegin

writeln;

textcolor(13); :

weitein{® _ Specimen’)s
texteolor{il); ' '
writeln(* _ R o H
textcoior(white);

writeIn(surface[§,7]:16:0, surface[5,6]:7:0, surface(8,51:7:0,




surface(5,4]:7:0, surface(5,3]:7:0, 5urface(5,2]:7:0,
. surfacef8,1]:7:0});
for ni= w downto 1 do begin
writeln{specln,73:1530, specln, 61:7:0, specln,5]:7:0, specin, 4]s7:0 spec[n 3L,
specln. 2]:7:0,specln,1]:7: ﬂ),
end;
textcolor{11);
writeln{’ _ . )
writein;
(*writeln{thefile,add:10:3 spec[1,7]:1011,5pec(2,2]: 10:1, spec[3 7Js10:1,
spact4,73:10:), specf8,7]110:1) 1)
writeln; '
weitein{' Alr Cooling before pass *,{:14,'  Time: ',add:4:2):

write1n(theff1e.add:10:3,spec[l.7]:10:1.5pec[5.?]:10:1);

end;

{ }

{= AIR COOLING -}

e - }

Procedure Mr_bottnrm*a&spac: .
begin

for m=2 to V-1 da begin

) e 0 '

Q2 = O
qq . tm D;
deltal := 03
il 1= {1 + (spec[1,mI-specE2 m})*krdxrdardtatri]/dy[1-1];
G2 = 02+ (specki,ml-specfl,mi])*kxdy[i~1]*dtair{i];

-1

41 1w 04 + (specll,m+1]-spec[1,mi)*krdy[i-1]*dtair] ]2
Qfiml 3= 04-102 - Q8
deltaT e dettat + QC1,m}/{rho*stdxrdxvdy[i-1]);
spec[1,m]:= specfi,m] + deltaT; '
end;
and}
Procedure Alv bottemrowtool:
begin
for mi=4 to 6 do begin
J3 O
a2 I H
J4 [N H
deltaT =
1= 33+ (tool[1,mj~toolf2,m}) kivdxrdusdtair1]/dyy;
2 t= 2+ (tool[1,mi-too1[1.m1])* ki dyy*dtaive[i];

4 a4 4 {tonl[1,m1l-to01[1,m]})*ki*dyy*dtair[i);
CALm]l s - 03 w02 + J4 ¢ FactorJdg o

deltal = deltat + J{1,m)/{rhol*si*dx dx*dyy);
toal[l,m]'- tnal[l.m] + deltaly
end:
 end:

Procedure Mr_héttouﬁ'ightspac:



begin _
01 = 0
2 = &

© deltat = O

131 1= QL + (spee[1,V]-spec2, VI}*krdxdx*dtair[1]/dy(-1];
02 1= Q2 + (spec[1,V]-specf1, U-l])*k*dy[i-l]*dtair[i],
Qr1 « Q1 -2

deltaT = deftat + Q[1, U]f(rhu*s*dx*dx*dy{i 11);

spee[l,¥]s=  spec(l,V] + deltal;

endy

Procedure Alr bottumighttool;

begin

J3 i 0

92 LS 1 H

daltat := 03

J3 = 23+ (toolf1,71-tool[2, ?])*kl*dx*dx*dta1r[1]fdyy
» t= 2 + (tool[1,7]-tauil1,6] ) ki*dyy dtatr{i];

1,71 = - J3 - J2 + factor+dd;

deltaT = deltat + J{1.71/{rhol*s1*dx*dx*dw};
toalf!,7]:= tool[l, ?] + daltal:

end'

Procadurs Air_righthandspec:

begin

for nie2 to w-1 do begin

Q e 0

Qz m &
03 I H

deltat = 03 - N _

@ v= 01 + (spes[n,v]-spec(n+l,v])*k*dx*dx*dtair[i]/dy[1~1]:
G2 1= 2 + {spec[n,v]-spealn,v-1])*k*dy] i-1]*dtair{i]:

Q3 = 03 + {specn-1,v]-spacln,v])*krdxrdxrdtairl #1/dyl {-1]; -

Qln, V] 2+ Q3 - Q1 - Q2;
deltat = deltat + Qfn, U]!(rhn*s*dx*dx*dy[1-1]),
speeln,v]: specn,v] + deltat;

end;

and;

Procedure Air yighthandtool;
bagin

for ni=2 to w-1 do begin

J1 HUEH

a2 tm

13 LI

deltat = O _

Ji 1= 31+ (tool[n,7]-toel{n+l, 7] )%k 1 %dx*dx*diair] 1]/

32 = 02 + (too)[n,7]-tool1[n,61)*k1*dyy dtair[i];
g3 o 33+ {toolfn-1,7]-too)ln, 71)*k1*dx*dxrdtair( 1] dyy;:
77 = 33 - - 92

deltat 1= daltat + J[n,?]/(rhal*si<dx*de*dyy);

tool{n,71:= toolln,?] + deltat;

end}

end;



Procedure Air_hottomleftspec;

bagin

o L

M - o= D

dejtat = O

a1 = Q1 + (spec[l,1]-spec[2,1])*k*dx*dx*dtair{i]/dyf i-1]1;

g4 = 04 + (spec[l,2]-spec[1, 1}}*k*dy[i-1]*dta:r[i].

qf:,1] = 04 - Q1 - factor*Qd;

deitat = deltat + Q[1,1]/{rho*s*dx*dxrdyfi-1])3

spec{1,1]:=  spec{1,1] + deltat;

end;

Procedure Air_bottomlefticel;

begin

33 = O

b L H

J& O

daltat = O

N L _ _

H = # + 0,03227%(too)(1,3]-Tamb}+3.2319E-11*(sqr(sqr
{too1{1,31+273)) - sqr{sqr{tamb+273))};

J5 1= 35 + Hedxrdyyrdtair[{)*1000; _

J3 i« J3 + {tool[1,3]-tool[2,3])*k1*dx*dx*dtair[ i)/ dvy;

4 4= M+ (tool[1,4]-to0l{1, 3]J*k1*dw*dtair[1].

JfE,3] = 04 - 03 - J§ ~ factor®4;

deltat 1= deltat + J[1,3]/!rhol*si*detdx*dyy);

tool[1,3:=  tool[1,3] + deltat; :

end; .

Procedure Afr_firstspec;

begin

for nt= 2 to w-l do begin

(411 = 02

q = 0

03 = O

Q8 w0

dattat = 0:

Sl iw Q1 + (spec[n,1]-specin+l, I]J“k*dx*dx*dtairl:i]Idy[r-l].
3 = Q3 + {spec(n-1,1]-specin, 1]}krdeperdtat, [1)ravl1-13;
04 1= 04 + (spec[n,2]-specln,1])*kedy[ i~ ll*dtﬂir[ﬂ.

Q 1= Q2 + factor Qd;

n,1] := 03 +0Q4 - 02 - Q1;

delta? = doital + Q[n l]f(rho*s*dx*dx*dy[i 1)
~spec[n,1]1t« specin,1] + daltaT; '
end;

end;

~ Procedure Alr firsttool;
begin )
for ni» 2 to wal c[o begin
J1 1= O
J5 s
9 1= 03

] TN 1]



H
“daltat
|

J5

1

43

g4

Jn, 3]
deltal
tool[n,3]
end;

end;

N AL

1= 0;

e _

1= H + 0.03227%{tooi[n, 3] Tamb}+3.2319E-11*{=qr
{sqr(tool(n,3]+#273)) - sqr(sqr(tam»273))};

1= J5 + Hedx*dyy=dtair[11*1000;

1= J1 + (tooi[n,3}-toolln+l,31)*ki*decdx*dtairf i]/dyv:

t= J3 + (v.01[n-1,3]-tool[n,3] )kl *dx*dx*dtalrl i1/ iyy;

t= J4 + (too1[n,4]-tuolfn,31) "1 dyy*dtair[1];
= J3 44 -05 -0

= deltal + Jd[n,31/{rhoi*sl*dx*durdyy);

¢= toolfn, 3] + deital;

Procedure Afr_internalspec;

begin

for m:= 2 to v-1 do begin
for n:= 2 to w-1 do begin

0;
0;
0;
0;
0;

QL + (specln,m]-spec[n+1,m])*k*dx*dx*dtair]i1/dy[1-11;

G2 + (specln,m]-specfn,m-1]}k*dy[ 1-1 J*dtair{i];

03 + {spec[n-1,i]-specn,m})vkrdx*dx*dtair] {1/dyfi-1];

04 + {spec[n,ml]-specfn,mI)*kédyl i-1T*dtaiv[i];
03+04-02-01;
dettdT + Qfn, m]!{rho*s*dx*dx*dy{i 110

spec[n,m]:= spec[n.m] + deltal;

ql ™
Q2 to
43 =
W Im
deitat :e
11} tw
2 =
43 t=
[
Q[nam] =
deltal :=
end;

ernl;

end;

: Procedure Air 1ntarna1tool-

begin

for mi= 4 to 6 do begin
for ni= 2 to w-1 do bagin

Jl =
J2 . s
J3 ]
J4 )
dE]tBt =
J1 te
\]2 =
J3 =
34 -
Jnm] =
dettaT =
too1(n,m] =
end;

end;

end;

0

0

'H

0

0'

.n + {tool[n,ml-tool[n+1,ml)*k1*dxrdxrdtairl i1/dyy;
+ {tooifn,m]-too1lnm-13 4k *dyy*dtair[1];

J3 + (tooi{n-1,m]-tool[n,m]} k2 *dxdx*dtatr] i]/dyy:

4+ (tonl[n.ml]-toﬂ[n.m])*kl*dyy*dtair[i].

B+ 3B - 02 <5

deltal + J[n,m]/ (rhol*sI*dxdxrayy)}

tool1ln,m] + deitaTy



Procedure Mr_sur'f'a.ces;:e'c;

begin -

for.m:=2 to V - 1 do bedin

G2

o3

04

Q5

H
deltal
02

Q3.
04

H

-
QM ]
dattal

a
L

- spec[i,m]z=

_end H
- end;

0
0;

0;

0
0;

0;
q2 +
43 + {spec[W-1,m]-spec[W,m])*krdxxdx¥dtairi1/dy(i-13;

(specli,m]-specl¥,m-1])*kedy[1-1 Jdtatr 1];

04 + {spec[W,m+1]~spec[¥,m])*k*dy[1-2]*dtair{1];

K+ 0.03227%(speclit,m]-Tanb)+3.2319E-11*(sqr{sqr

(spec[i,m}+273)} - - sqr({sqr{tamb+273))):

Q5 + Hedxrdx*dtatr[1]¥1000;
-08-02+03+ 04

deltaT + Q[W,m]/{rho*s*dxrax*dy[i~11);

spec[¥,m] + deltals
surface[W,mls=spec[,m] + R*1000%dy[1-12*({w*w*w-exp(3*In
(1)) /3w ) {2k )

Procedure Afr_surfacetool;

begin

for mi= 4 to 6 do begin. .

J2
J3

RO

35
H
‘dattaT
2
J3
J4
H

5
J[¥,m]
de1taT

tool[¥,m]:=

[
L H

o . |
32 + (toal[¥,m]-too1[W,m-1])*k1*dyy*diairf 1];
33+ (tooi[H-1,m]-too 1[4, m]y*ki*dxrdx*dtain] ]/dyy:

UH
0:

N

0;
03

3+ (toat[W,m1]-teo 1{H;n] *k1*dywyrdtair[1];
H+0.03227*( too 1 [W, m]-Taxh)+3.2319E-11*(sqr{sqr
(toal[¥.m}+273)) - sqr(sgritanb+273)));

05 + N*dgkdeedtairf {1#1000;

-J5 - 32 + g3 + J4¢

deltaT + J{H,m)/ (rhol*s1¥dx*dx*dyy);

tool[W,m] + deltal;

toolsurface[¥.m]:= tool[W,m] + H*1060%dyy*

({waoexp(3* (-1} 3wt} /{2%k1)s

Procedure Air surfaceleftspec;

-begin
43

04

45

H
deltal

0

0;
0
;

. 0

R S



Q3 L
Q4 im
H t
05 a
qt_“ull im
deitaT =
specW,1] =
surface[H,1]:=
 ends

03+ (sch[H-l 1] speciH, 1])*k*dx*dx*dtair[i]fdyh-l],
Q4 + {spec[W,2]-speci¥, 1])*k*dy[1-1]*dtairf{];
H+0.03227*(spec[W,1]-Tanb)+3, 2319611 { sqr{ sqr
(spec[W,1]+273)) - sqr{sqr(tamb+273))%;

Q5 + Hedrdxrdtaie[i]*1000;

« 05 - factor*(4+Q3+Q4;

dettaT + Q[¥,1]1/{rho*s*dx*de*dy[i-1]);

spec[H,1] + daital; .

speci,1] + H*1000*dy{{-1]*

{ (wmwiw-eap{ 3% In{w-1)) )/ 3-whw} /(2*wek ) ;

Procedure Mr__surface lefttool;

begin

J3 m
J4 =
J5 i=
H t=
delta¥ ju
Jd3 im
I.M Hal
H HE
J5 i
J(W,3] Crm
delta¥ 1a
tool{W,3] i

0

o

O;

0

03 . .
J3 + (ton][W-1,30-tao1[H, 3] )tk Irdxrdyrdtair] { 1/dyy;
d4 + (toal[¥,4]-too1{W,3]}*k1*xdyy*dtair[i];
H+0.03227* (o0 1 [}, 3]-Tamb)+3.2319E-11*(sqr(sqr
{tool[W,3]+273)) - sqr{sar(tamb+273)));

d5 + Hedwrdxrdtair[1]*1000; '

- J5 - factor®34 + J3 + J4;

deltaT + J[¥,3)/ (rhul*sl*dx*dx*ﬁyy)

- too){¥,3] + deltal;

tooIsurface[H 3]z tool[#,3] + HrL000%dyy*

end;

{{wwrw-exp(3*In(w-1)))/ 3-w"w).f { Z'W*kll :

Procedure Air sur'facemghtspec-

begin

2 =
Q3 H
4] ] 1=
L : ta
daTtat o
(12 -
QS . 1=
H : i
161 iu
Qlw, v] ™
deltal 1=
spec{W,v] =
surface[H,v]:»
end:

0;
0;

0

02

i H

02 + (spec[H,V]-specfM,V-1]1*k*dy[1-1]*dtair[i];
Q3 + (spec[W-1,V]-spec[H,V])"k*dxrdx*dtair] i]/dy[ i-11;
1+0.03227%(specl  V]-Tamb)+3,2319E-11%
{sqr{sqr{spec[},V]+273)) - sqr(sqr(tamb+273)));:
05 + Hedwedn*dtair] 11%1000;

- 05 +03 - Q2 |

deltal « [N, v]/{rho*s*dx*dxrdy[ 1-1]);
‘spec[W,v] + deltaT;

spec[¥,v] + H*1000%dy[ §-11%( (W ww-exp
{3*In(w-1) ) )/3-whw) /(Z*wHK):

Procedure Alr surfacerighticoi;

begin



2 = 0

J3 t= 0

33 T H

H w02

daltat = O

J2 1= J2 + (tool[W,7]1-tool1[W,61) "kt dyy*dtaiv]i];

J3 1n 33 + (tool[W-1,7F-toal{W, 7T "1 *dxtdx*dtair{1]/dyy:

H tm. §+0.03227*(tooi[W, 71-Tamb)+3.2310E-1 1*(sqr
{sqr{too[N,7}+273}) - sqr{sqr(tamb+273}));

J5 1= J5 + Hedxrdx*dtair{{]*1000;

Jw.?]  t= =35+ 33 - 2
daltaT 1= deltal + J[W,7]/(rhol*si*dx*dx*dyy};
tooi[W,7] = tooifW,7] + deitaT;
Tooisurface(i,7]i~t0a1[,7] + H*1000dyy*

{ (wrwruw-axp(3*In{w-1)) )/ 3-wrw}/ (2%wmk1);
end;

Procedura Print_Dtodl;

begin :

clrscr;

writeln;

textcolor{11);

writeIn(’ ' Piaten’;;

textecolor{ll): . _

writein{' — '};

textcolor(white); :

for ni= 1 to w do begin

writeIn{dtoal[n,7]:15:0,dte0lln,§]:7:0,dtoo1{n,6]:7:0,
dtoolfn,4]:7:0, dtool[n,3):7:0);

" end:

textcolor{11);

writein{’ o : _ i
writeln; T
end;

Procedure Print D

begin

writeln;

texteolor{14): :

writeln{* . Specimen')s

taxteolor{ll): _

weiteln(' : _ "3

textcolor(white); :

for ni= w downto 1 do begin

writeln{dspec{n, 7J:15:0,dspec[n,.6]:7:0,dspec[n,5]:7:0,dspec[n,4]:7:0,
dspec(n,3]:7:0,dspecn,2]:7:0,dspecln, 1]:7:0);

and;

texteolar{ll); .

writein(' . . e ‘)i

(“writeln(thef! e, add1:10:3,dspec}, 71:10:1 dspec(2, 7151011, dspec(3, 71: 1011,
' uspecf4,7]:10:1, dspacs, 71:10:1) %)

weitelny
textsolor{14);



writeln({' Deformaijon: Pass ',itd,'  Time: *,addl:6:2);

writeln{ thefile,add1110:3, dspec(1,7]: 1021 dspecf 5, 71:10:1);
end: '

{ }
{ - Deformation -}
{ =}
Procedure Toprow;

begin

for m:~ 4 to § do begin
@Z. = O

03 TN T

i = 0

J2 = D

J3 = 0y

34 = 0

Fi = 02

Fe = Dy

-F3 = O3

Fd = B

b = 0

H = {0

Hetd := O

Hnew =

Hhean = &;

drop 3= B

rise = D )
HT = HT+0.03227*(dtoo1(W, m3-Tamh)}+3.2319E-11*

(sar({sqr{dtooilH,m]+273)} - sqr{sqr{tamh+273)));
H ] I-I-I-0.0322?*(d5pe4_:['n‘;m}-Tamb)+3.23195-11*(sq‘r
(sar{dspec[¥,m]+273)) - sqr{sqr(tamb+273)));
q2 1= Q2 + (dspec[W,m]-dspec[W,m-11)*k*dy[{]*dtdef[i]; -
g3 3% Q3 + {dspec[W-1,m]-dspec[#,m})*k*dx*dxrdtdef[1]/dvi]:
Q4 t= G4 + {dspeclW,m+1]~dspeci,n]) *k*dy[ 1]*dtdef[1];
] = J2 + (dtool[H,m]-dtoo 1{H,m-1])*k1*dyy*dtdef[i];
3 = B3+ (df_:oo1[H«l.m]-dtuﬂ{H.m])*kl*dx*dx"dtdef[i_]fdyy;
34 = 34 + (dtool{¥,m+1]-dtoo1[W,m])*kirdyy*didef[{1:
QH,m] s= (- 02 + Q3 + Q4)/(rho*s*dx*dx*dy[1)/2); ;
JH,m} 3= (- J2 + J3 + J4)/(rhol*sitdxrdxrdyy);
i | s= Qwm] = J[w,m];
dspac[W,m} e dspec{{,m] + Qlw.m};
surface[W,m] = dspec[W.m¢ ¥ H*1000%dy[1]/2*({w*w'w-exp
{3%1n(w=1)))/3-whw) /{ 2%w*k) ;
dtoot[4,m] s dragl[W,m] + Jwml;
toolsurface[W,ml:= dtoo1[W,m] + HT*2000%dyy*{ (w*w'm-
exp(3*In(n-1)))/3-ww}/ {24k ) ;

F2 = F2 + 0. 14Cxdtdef{i]*(surfacefw,m] - toolsurface
[, ] )% (17 {dyysT*rhol }+1/ (dyl § I*s1*rhal }};
F3 ' t= F3 + 0.9%Crdtdaf[1]%(1/ {dyy*sl*rhol )1 /(dy[1]*

sl*rhol))s



D_x
Dax
F10
L

Hnew

Hold
Hmean

“dspacfw,.m]

dtool{w,.m]

drrop
rise
end;
end:

sa sqrt{gex*dtdef] i/ vaovs));

e Dx/{2%dy[ 11/2);

1= 5.666;

1o F4 + C({dy[ 1/ (2%K) J*(2*-Dxx}*0ax  +
F10*dyy/(2*6%k1)};

“t= Hnew + C*{(dspec[w,m] - dtoot[w,m] + F1 - F2)/
(1 +F3 +F4});

= Hold + C*(surface[w,m] ~ tonisurface{w,m]);

- 1= Hmean + (Hold + 9*Hnew)/10;

m dspecfw,m] + Qfw,m] - 1000*Hnean*dtdef{1]/
(dy[1J*s*rho/2);

= dteollw,m] + Jiw,m] + L000*Hmean*dtdef[i]/
(dyy*sI*rhol);

e drop +  Hmean*didef[i]/(avf i 1*s*rha/2);

e rise + Fmean*dtdeff i1/ (dyy*si*rhol);

Procedure TopRight;

begin

Q2

Q3

J2

d3

F1

F2

F3
F4

HT

0

Hold

Hiew

Hmean

drop

rise

HT

H

G2
Q-
J2
a3

Q7]

F1

surface[W,7]

e H
:al);
H/H
=0
i
ra);

-t

HLIH
:=0;

=l
EiUH

HEH
1=0;

rull

taldy

s= HT+0,03227%(dtoo 1[W, 7]-Tamy )43, 23196-11%(sqr

{sqr(dtool[W,71+273)} - sqr(sqr(tamb+273))):
= H+0.03227%({dspec[¥,7]-Taimb)+3. 23196-11*{ sqr{sqr
(dspec[¥,7]+273)) - sqr(sqr{tam+273)));
= Q2 + {dspec[W,7]-dspecH,E1)*k*dy[ 1 *dtdef[1];
‘1= Q3 + {dspec[W-1,7]-dspeclW,? 1) *krderderdtdef[ 11/dy[1]:
1o J2 + (dtool[W,7]-dteol[W,5])*kivdyy*didef[1];
= J3 + (dtool1[W-1,7]-dteoiEW, 7]} "kl dxrdx*dtdefl 1] /dyy;
e (- Q2 + Q3 }/{rhovs*dxrdx*dy{i1/2): :
d[¥, 7] e (- 02 + JT )/ (rhol*si*dxadxrdyy);
s=Qw,7) - Jw,7;
dspec[W,7]

dtoo'rm.?]
toolsurfacefH,7] 1= dtoolfM,7] + HT*1000*dyy*{ (u*wrw-exp(3*

F2

P

1= dspec[N,71 + Q[w, 71 -

:= dspec[W,7] + H*1000%dy] {]/2%( {wrw*w-exp
- (3 In{w=1)) 1/ 3w H{ 2Rk ) '

te dtool[W,7] + Jw,?];

In(w=1)))/3-wrw)/{ 2=k }; :
o F2 + D.i*Cdtdef[ {]*(surfacelw, 7]~toolsurface
Lw, 71)*(1/ {dyy*sl*rho) )+1/{dy[ i J*sl*rhol}));



F3 tw F3 + 0,9%C*dtdef[ 1 ]*(1/{dyy*sl*rhol)+1/

(dy[ 1]*s1*rhol)};
0x - 1= sgri(6*kedtdef[1]/{rho*s)):
URx 1= Dx/(2%dyfi]/2):
“10 i 5,666;
F4 “gm FA o+ O({dy[1]/( 2%k )} { 2%0-Dax ) 0k +
Flvdyy/ (246*Kk1));
Hnew 1= Hnew + C*{{dspacfw,”] - dtooi[w,7] + F1 -
o FRYHL +F: FAY);
Ho i 1+ Hold + C*(surf.cefw,7] - toolsurfacelw,7]):
Hmean 3= Himean + (Hotd + 9*Hnew}/10;
dspeciw,7] 1= dspeclw,7] + Q[w,7] - 1000*Hmean*dtdaf]il/
. (dyL1]*s*rho/2);
dtoollw,7] 1= dtoolfw;7] + J[w,7] + 1000*Hmean*dtdef] i)/
{dyy*s1arhol); '
drop 1= drop + Hoean*dtdef[11/(dy{1]*s*rho/2);
rise 1o pise + Ameantdtdaf[1]/{dyy*sl*rhol);
ond;
Procedure Tapleft;
bagin
2 a0,
03 =08
Q% =m0y
J3 =D
3 1=
Ji =
FI  1=0;
F2  :=0y
N S P
[ I H
HT a0
H i H
Hold :=d;
Hnew :=20;.
Hmean:=0;
drop m0;
risea ;
1 = HT+0,03227*(dtoo1{¥,3]-Tamb}+3,2310E-11%(sqr{sqr
{dtool1[¥,3]+273)) ~ sgr{sqr(tamb+273)));
H = H+0,03227%(dspac[¥, 3]-Tamh)+3.2319E~11% (sqr (s
' (dspec(W,3]+273}) ~ sor{sqr{tamb+273}));
Q2 t= (12 + (dspec(W,3] - dspec[W,2])*k*dy[ {]*dx*dtdef]!]/extension[1];
K t= Q3 + {dspec[H-1,3]-dspecl¥,3])*k*dxrdx*dtdef[i]/dy(i]:
M t= 04 + (dspec[W,4]-dspec(W,3])*k¥dy[1]*dtdef{{]: _
J3 = J3 4 (dtool[W-1,3]-dtoolfH, 31)*k1xdx*dx*dtdaf[11/dyy;
- J4 1= J4 + (dtcot[W,4]-dtooi[N,3])*k1*dyy*dtdef[i];
J5 1= J5 + Hédx*dyy*dtdef(1]*1000;

UN,3]1 = (- G2 + 43 + Q4)/(rho*svdxrdardy[11/2); 3

JiW,3] 1= (- 05 + 03+ 04)/(rholrsltdx*ds*dyy);

F1 Q(w, 3] - Jw,3];

dspec(¥,3] sedspec(W,3] + QLw,3]; _

surface[W,3]  :edspec[W,3] + H¥2000%dy[1]/2%( (w*w*w-exp(3*1n
{wn1)) )/ 3ewru)/ (2%n*k);



dtool(H3]  ~dtool[W,3] + J[w,3];
toalsurface[W, 3] tedtool[¥,3] + HT*1000*dyy*( (whu*w-exp{3*1n
{w-1))1/3-wra}/ (2*w*k);

F2 1= F2 + 0.1%Crdtdef[ 1 3#{surface{w,3] - toolsurface
[w, 31)%(1/ {dyy*si*rhal}+1/(dyl §]*s1*rhol) };

F3 1= F3 + 0.9°Crdtdef[11*(1/ (dyy*si*vhol }e1/{dy[1]
*51*rhol));

0 x = sqri{6*kvdtdaf[i3/{vho*s));

Dxx : 1= Dx/(2rdy(11/2);

F10 = 5,666 )

F4 = F4 + O (dy[1]/{2%k ) (24D )*0ex  +
F10%dyy/(2%6%k1) )

Hrew 1o Hnew + C¥((dspac[w,3] - dtool[w,3] + F1 - F2}/
(1 +F3 +F4));

Hold s Hold + C*(surfacelw,3] - toolsurfacelw,3]);

Hmean te Hmean + {Hold + 9%Hnew)/10;

dspeciw,3] = dspeclw,3] + Qlw,3] « 1000%imeantdidef]i}/
{dyl 1 J*s*rho/2);

dtoolfw,3] t= dtool[w,3] + J[w,3] + 1000*Hmean*dtdef[1]/
{dyy*sl*rhol); '

drop 1= drop +  Hmeantdtdef[ §1/(dy[i]*s*rho/2);

‘rise 1= rise + Hmean*dtdef[1]/(dyy*sl*rhol); -
end; ' :

procedure . YopleftSpec ;

begin
43 HVH
G4 val;
Q5 EP
H I
deltal  :=0; : :
03 1= 03 + (dspecii-1,1]-dspec[W,1])*k*dx*dx*dtdef[1]/dyy:
L te Q4 + (dspec(K,2]-dspec(H, 1])*k*dyy*dtdef[{];
H 1= H40.03227%{dspecll, 1]-Tamb)+3,2319E-11%(sqr{sar
: (specl¥,13+273)) - sqr(sqr{tanb+273)));
05 1= Q5 + Hedx*dx*dtdef]]¥1000;

GiW,1] = - 05 - factor*Q4+Q3+04;

deltaT o~ deltal + G[W,11/(rho*s*dx*dxndyy}:

dspecii,1]sw dspeci,1] + delals _
surface[W,1]:= dspecf¥,1] + H*1000%dyy*( {wrww-exp{3*In(w1}})/
Jawmw) F{ 2%h ) s

end}

Procedure Toprhomboid;

begin

g2 §all;

03 =0

Q4 1=l

05 1=0;

H 1=l

deltalT i=ly

0@ m Q2 + (dspec[¥,2] - dspec{¥,1])*k*dyy*dx*dtdef{i]/

axtension[i]; .
03 = 03 + (dspec{W-1,2]-dspec[H,2])*k*dx*extensianf {]*



dtdef[ 117((ayy+dy[11)/2);

Y} 1= 04 + (dspec[¥,3]~dspecH, 21 y*k*dy[ 1 J*dx*dtdef[1]/
extension(i];

H 1= H#0,03227*(dspec[W,2]-Tamb }+3.2319E-11*(sqr{sqr
(spec[W,2]+273)) - sor{sqr{tamb+273})):

05 t= (5 + H*dx*extension[ i]*dtdef[ 1]*1000;

ofW,2] = -05-0Q2+0Q3+0Q4

deltaT &= deltaT + Q[W,2]1/ (rho*s*dx*dx*dyy};

dspecW,2]t= dspec[W,2]+ deliaTl;

surface[H 23:= dspecW,2] + H*L000*dyy*{ (wwtw-exp( 3*1n{w—1)))}
J-whw) /(20K

and;

Procedure InternalSpec;
hegin

for m:~ § to 6 do begin
for fi= 2 o w-1 o begin

q1 = 0y
qz 1= 0;
3 = B
o = 0

deitat := O¢

n t=  (1+({dspecfn,m]-dspecin+l,m]}*k*dxrdxrdtdes] i]/dy[i1;
02 1 Q2+{dspec[n,m]-dspec[n,m~L])*k*dyf { Jdtdef{];

g3 = 03+ {dspec[n-},m]}-dspec(n,m}}*k*dx*dx*dtdef] {1 /dy{{]):
12} t»  Q4+(dspec[n,m+l]-dspec[n,mi)*k*dy[ 1]*dtder{i];
Qinm] = Q3+ 0Q4-Q2-qQL

deitaT := daltaTl + Qfnml/ (rho*s*dx*dx*dy{ i1/2):

dspeci{n,m]s= dspec{n,m} + deltaT;

end;

end;

end;

Procedure [nternalTool:
begin

for m:= 4 to 6 do bagin
for ni= 2 to w-1 do begin

J3 = 0
J2 = i
.43 ELIRHH
J4 1= 0

deltat := Op

Ji e Jls{dtooi[n,mJ-dtoal[n+1,m})*ki*dx*dx*dtdef[ 11/dyy;
Jz = J2t({dtool[n,mj-dtoailn,m-1]) k1 *dyy*dtdef[i];

J3 1= J3 + {dtoo1[n-1,m}-dtooi{n,m]) k1 dx*dx2dtdef]i]/dyy;
J4 1= Je{dtool[n,mel]-dtool{n,m]}*k1*dyy*dides[ 1]
Jingm] i J3 4+ 04 - 02 - 413

deltaT = deltaV + Jn,m]/{rhol*si*dx*dx*dyy):

dtm1[n.m] =dqtoolfn, m] + daltaT;

end;

end:

end;

Procedure firstcolspec:’



bagin
for n:= 2 to w1 to begin

QL e O

Q2 = 0

Q3 LN

G4 1= 0

deltat = 0@

qn 1= Ql+{dspec]n,1]-dspec{n+1, 1] )k dx*dx*didef[ i]/dvy;
Q3 := 03 + {dspec{n-1,1]-dspecn,1])*k*dx*dx*dtdef[1]/dyy;"
04 1« Q4+({dspecin,2]-dspecin, 1]} *k dyy*dxrdtdef( 11/dyy;

Q2 = Q2 4 factor=<Q4:

Q[nrll' = Q3 +0Q4-02-0QL

ApltaT 1=  delbtaT + Q[n,1]}/(rho*s*dx*dxrdyy); .
dspec[n,1]i» dspecin,1] + deltal;

end;

end;

Procedure secondcolspec;

begin

for ni= 2 to w-1 do begin

q1 ga O

e = O

03 tw 0

Q4 I H

deltat = O;

0| 1= Ql+(dspec[n.2]-d5pec[n+1,2])*k*dx*extensi9n[l]*

didef[13/({dyy+dy[i])/2);

q3 = 03 + {dspec[n~1,2]-dspecin,2])*k*dx*extenston[ i1
dtdef[§3/({dyy+dy[11}/2):

] :n Q4+(dspec(n,3]-dspec[n, 2] y*k*dyy*dx*dtdef[ i1/
extension[i];

(4 02 + (dspec[n,?) - dspecin, 1])k*dy[i]*dx*dtde*[i}/
extension[i];

0fn,2) := Q3 +Q4-Q2 - QL;

deltaT 3= deltaT + (fn, 2]!(rho*s*dx*dx*(dyy*dy[i]JIE)

dspec[n,2]:=dspecfn,2] + daltaT.

and;

end;

Pracedure thirdeolspee:

begin '

for nie 2 to w-1 do begin

;] = 0

Q2 = 0

q3 = O

04 = 0

deltat = O

Q. o Ql+{dspecin, 31 dspecni+1,3])*k*dxdurdtdef[i1/dy] {]:

L t 3 + (dspec{n-1,3]-dspec[n,3])*kdx*dx*dtdef{{]/dy[i];

04 % Q4+(dspecn,4]-dspecn,3])*k*dy[ 1}*dtdef]1];

42 i» 02 + (depec{n. 3]-dspecin, ?])*k*dy{i]*dx*dtdef[ilf
R axtensfon[1];

Qn,3] = Q3+Q4-02-Q

deltalT &=

daltal + q[n, 31/ {rho*s*dx*davdy[i]}:



dspecn, 3] dspec[n,3] + de]\:a'l'

end;
end:

Procedure Firstcolinol:

bagin

for ns= 2 tu w-1 do begin

J1
n
43
J4
$T
deltat
Hr

g
a3 _
M

a2
d(n,3]
deitaT

-

[}
L1
»
H
H
.
.

0:

0;

0

0;

0;.

[1}4

Hfhﬂ.03227*(dtaol{n.3]-Tanb]+3.2319E-11*(sqr
(sqr{dtool[n,3]+273)) - sqrysqr{tamb+273))):
Jl+(dtoolfn,3]-dtoal{n+l, 31} *ki*dx dx*dtdef[ 1]/dyys
J3 + (dtoolfa~1,3}~dtec[n, 3] )xki*dxrdxrdidef1]/diy;
J+{dtooi[n,4]-dteot[n, 3])*ki*dyy*didef[ 1:

Jz + Ht*dx*dyy*dtdaf[ﬂ*moo:

J3+ 94 . 32~ J1;

dejtal + J[n, 3}/ {rhol*si*dx*dx*dyy};

dtvol[n,3]:=» dtool[n,3] + deltal;

end;
end‘

Procedure “Bpttomrowspec;

begin

for mi=2 to V- 1 do begin

o

2

W
deltaT
Gt

Q2

)
qL1,m]
deltal

dspec[1,m}:=

“end
end;

bagin

H

0;

UH

H

0-

“Qi+{dspecf1,m]- dsgecfz,m])*k*d'*dx'dtdef[i]fd.v[i],
G2+(dspec(1,m]~ dspec{l,m-1])*k*dy{ §]1*dtdeff{];
Q4+(dsprc[l,m1]- dspec[i, m]}*k*dy[i]*dtdef[i].

- Ql - Qz * Q4.

deltat + Q[l.m]/(rhu*s*dx*dx*dy[i]}

dspecf1,m] + deltaT;

Procedure Bottomrowtoals

for m:=4 to.6 do hegin

Ji
a2
J4
daltaT
Ji
»
A7}
J[1,m]

deltal -

ia

o3

o

0;

&
Ji+(dtool[1,m]-dtoo1{2, m])*k 1 *dx*dx*didef[1]/dyy:
J2+(dtool[1,m]-dtea1[1,m1])*k1edyy*dtdef] {];
Ja+(dtool[1,m1]-dtoolf1,m])*k1*dyyrdidet] {1;
«Jb - J2 + Jb + Tactor~Ji:

deltat + J[1,m}/{rhol*si*dx*dx*dyy);

dtool[1,m]:= dtool{1,m] + deltal;



end;
end;

Procedure Bottomrightspes;

begin

i = 0;

0? 1= 0;

deltat =  O: _

qL t=  Qi+(dspec[l,V]-dspecf2,V])*krdxrdx*didef]i}/dy[i];:
17 t= (2+(dspec[1,V]-dspec[i,V-1])*k*dy[ i rdtdef[1];

fi.v] = . -01 - 02; _
deltal := daeitat + Q[1,V1/{rhovsdxsdx*dy(i]);
dspecfl,V]:»  dspec[1,V] + deliaT:

end;

Procedure Bottomrighttool;

n
a1 = QO
J2 L ' H
deltat = 07 _
J1 s« Ji+(dtool[1,7]-dtog {2, 7])*k1*dx*dx*dtdef[ 1 1/dyy;
J2 t= J2+{dtool[1,7]-dtoo){1,6])*k1*dyy*dtdef[1];

JL,7] = 1 - 32 + factorvil: . _
deltal = deltat + J[1,7]/(rhol*sl*dx*dx*dyy};
- dtool[1,7}:¢  dteol1,7] + deltal;

end; -

Procedure Rightcoispes: _

begin

for n:=2 to w-1 do begin

i o 0;

Q2 = 0

03 - 0:

deltat =~ O

) ta  Ql+(dspecln,v]-dspecl ntl,v])*k*dx*dx*dtdef[11/dy[1];
02 1= (2+{dspecin,v]-dspecln,v-1])*k*dyf 1]*dtdef[i];

03 = 03 + (dspec[n-1,v]-dspec[n, v])*k*dx*dx*dtdef(i1/dy[i]:

OlrV] = 03 -0Q1-0Q2;
do’tat = delttat + Q[h,V]/(rho*s*dx*dx*dyf1]);
dspec[it,v]li~  dspecln,v] + deltat;

end;

end;

Procedure Rightcoltools

begin

for ni=2 to w-1 do begin

Ji = 0;

J2 iw 0;

d3 = o

deltat = 0 ' ' :
Jl t Ji+{dtac]n,7]-dtooi[n+1, 7] )"k *dx*de*dtdef[1]/dyy:
J2 4= J2+({dton1{n, 7}-dtool[n, 6] ) *k1*dyy*dtdef[i];

5 ta J3 + (dtool[n-1,7]-dtool{n, 71 ki*dxrdemdtdet§1/dyy;

Jin, 7} s 33 . d1 - 0



deltat =
dtool[n,7]:=  dtaol[n,7] + deltat:

. end;
endy

deitat + J[n,73/{rhal*s . dxrdx*dyy)s

Procedure Buttomlefispec:

begin
41 3=
o4 t=

deltatss’

o1 =

M =
Q[_1l11:=
deltaty=

itH

0

a: . .
Q1+{dspec(t,1]-dspec[2,1])*k*dxrdx*dtdef] i1/dy[11;
Qa+{dspoe[i,2]-dspec[1, 1] )*k*dy[ 1]*dtdaf 1];

Ga - 0 - factor*(4:

deltat + Q[1,11/(rho*s*dxtdxrdy[11):

dspecl1,1]:=dspec[1,1] + deltat;

end;

bagin
a

H
22
dettat
ur

2
J

|
J1,3]
deltat

Procedure Bottomlefttool;

¢
0;
0;

RH ’ .
KT+0,03227*(dteoi[1,3]-Tamb)+3,2319E-12*(sqr{sqr
{dtool1{1,3]+273)) - sqr{sqr{tamb+273})):

J2 + Ht*dxrdyy*dtdef[ $]*1000;
J1+(dtaol[1,3]-dtoo1 (2,31 )1 *dxdx*dtdef] 11/dyy:
JM+(dtool[1,4]-dtoo{1,3])*k1*dyy*dtdef [1];

3 - 01 + factorwJl - 32!

deltat + Ji1,3)/(rhol*si*dx*dx*dyy);: -

dtool[1,3):~ dtoai[1,3] + deltat:

end:

BEGIH
clrser;

textcolor{white):

writeln;
writaln;
writaln;

- writeln;

weiteln;
writeln(
writeIn(
writeIn{
writeln:

writaing

writeln{
writeln;
writein{
writein;
writein{
writeln;
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Hritten by
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texteolor{il): -
writein: -~ :
writeln{‘Insert Data Storage Disc in Drive A:'};
writeln; o
writeln{ 'Fres: ENTER to continue‘);

© readin;

Inftal;
Ajr_Stable_Time;
beferm_Stabie_Time;

" plusl:= 03
for i:z= 1 to passes do
" begin

repeat

begin
pluslzwplusl + 1}

writeln(plusl:7);

C dtdd e
end;

until add > addl + timeair[i]; -

addl;=

-Air_bottonrcwspec;

Alr_pottomrowtoo];
Air_bottemrightspec;
Air_bottomrighttool;
Afr_righthandspec;
Air_righthandteel;
Air_hottomleftspee;
Afr_bottomleftspee;
Alr_firstspor;
Ajr_firsttool;
Afr_internalspecs
Air_internaltool;
Air_surfacespec;
Alr_surfacetool;

‘Air_surfaceleftspec;

Alr_surfacalefttool;

- Alr_surfacerightspec;

Air_surfacerighttonl;
Print_tool;
Print_spec;

add + dtair{i];

add;

plus2= plusly

for n:=l to w do

begin

for ms=3 to v do

ends

begin

dspeefn,w]respecin,m] + 10

end;

for 1=t to w do

“beginm

for m:;-l to 2 do

begin

00*strain{ i]*stress{i]/(tho*s):



dspec[n,m]s=spec{n,m}; -
- end;
end;
for mn1 to wdo
begin
for m:=3 to 7 do
begin
dtool{n,m]:=tool{n,m];
end; .
ety
repeat
begin

- toprow;
topright;

. topleft:
topleftspes;
taprhomhoids
nterna 1spec;
interpaltoel;

- firstcolspec;
secondcolspec;
thirdeolspec;
firstcoltool;
bottemrowspec;
bottomrewtgol;

. hottomr ightspec;
bottemrighttoot;
rightcolspec;
rightenlteol;
bottomleftspec;

: bottomleftioo);
addl:= ~  addl + dtdef[i];
plus2i=  plus? + 1;
writeIn{plus2:20);

print_dtool;

print_dspec;

end; |
uktil addl > add + deftime[1];
plusti= plus2: .
add:= . dddly

for niel to w do
begin
far mz=1 %o v do
bagin
spac{n,m]:=dspecfn,m]:
ey
end;
for n:=t to wdo
begin
for m:=3 to 7 do
begin
teol[n,m]:=dteal{n,mj:
ends



end;
End;
netts= plusl;
Close{thefile);
cirscry
writeln; .
weiteln;
writalng .
writein('Total number of pairs *,nett:4,’ -Note this Valuel');
readin; o
END.



APPENDIX 2

Listing Of Computer Prozrammes To Convert Load, Displacement and Time
‘Binary Data To Digital Format.



PRINT "Insert Disk Containing Fo ce Data"
INPUT ; was

PRINT "Specify path of LOAD BINARY file“
INPUT ; filels

PRINT "Filename. for LOAD data™

INPUT ; filename$

DEF SEG@ = &HBEOD

BLOAD filel$, feedoff

rangel = 1500

‘OPEN filename$ FOR OUTPUT AS E1

FOR { = 1 TO 1i66

a=(i-1) %2

demand = PEEK(feedoff + a) / 16 + (16 * PEEK{(feedoff + a + 1))

demand = {demand -~ 2047) * (rangel ; 2048)
PRINT £1, USING "SE£EEL.£EE"; demand

MEXT i :

CLOSE &1

VEF SEG .

END .

PRINT "Insert Disk Containing Position Data”
INPUT ; was

PRINT z Specify path of BINARY POSITION file“
INPUT ; file3s

'PRINT " Filename for Position Text File "
INPUT ; filename$

DEF SEG &HBB0O

BLOAD file3$, pos off

range = 50

OPEN filename$ FOR QUTPUT AS £2

FOR i = 1 TO 1186

a = {i- 1) % 2

samo = PEEK(pos.off + a) / 16 + (16 * PEEK{pos. off +a+ 1}}
lamo = {(awo - 2047) * (range / 2048)

PRINT £7, USING "gLEEE. ££“. amo

NEXT i .

CLOSE &£2

DEF SEG

JEND



PRINT “"Insert Disk in Drlve A "
INPUT ; was

/PRINT " Binary time f£ile"
INPUT ; files

~ PRINT "Converted time file"
LNPUT ; f£ilenames

PEF SEG = &HB80O

BLOAD file$, tim.off _
OPEN filename$ FOR OUTPUT AS £1

. FOR 1 = 1 TO 1326

b=(1-1)*4 ;
amo = (PEEK(tim.off + b) + (256 * PEEK(tlmioff + b + 1)) + (65536! * PEEK(
PRINT £1, USING "EEEE£.EEE"; amo .
NEXT i
CLOSE £
DEF SEG
END



APPENDIX 3

1. Computer Programme For Communlcatlons Between IF85 Data Acquisition
Unit And Computer,

2, Programme For Temperature Analog To Digital Conversion



90 ©
190
2390
390
490
590
590
790
890
990
1090

1190

1230
1390
1490
1590
1690
17390

1890

1990
2090
2130
2290
2330
2430
2590
2690
2790
2830
2490
3090
3190

L3

DIM A5(20,20)

OPEN '*COM1:1200,N,7,2,BIN" aS #1
INPUT "Number of readings @ ",M
INPUT "Channels to be yead : ",CH1,CH?2,CH3,CH4,CHS5,CHé
PRINT CH1,CH2,CH3,CH4,CH5,CHb ' :
FOR N=0 TO M

IF CH1 > 0 THEN GOTO 890 ELSE GOTO 1190
PRINT #1,"0D",1,N

LINE INPUT #1,A8(1,%)

PRINT AS(1,N)

IF CH2 > 0 THEN GOTO

BRINT #1,"0D",5,N

LINE INPUT #1,A3(5,N+1)

ERINT A$(5,N+1)

NEXT N

CLOSE # :

OPEN "OQUTPUT" ,1,YDATAl"

LINE TNPUT "WUMSI';AS '

FOR I=] TO M

PRINT #1,A$(1,I)

PRINT #1,43(5,1+1)

NEXT T

CLOSE 1| : ' '
PRINT "READING FROM FILE DATAL"
OPEN "INPUT',1,"DATAL"

FOR I =1 TOM '

LINE INPUT #1,AS

PRINT I,48

NEXT :

CLOSE 1

END



uses

crt,dos;
type .
DataRee = Record
Valid : boolean;
Range : strinegll]};
Channel : integer;
Value : reals
Expon  : integer;
Pol : string[l];
End;

' DataArray = array({1..1200] of string[24];

var

Pasvalue t array[1..17)0] of DataRec;
datfile,tempfile @ text;
filename,filetemp : string{121;
i,points, j,result : dinteger;
k,nth t intezer;
MemArray : Datadrray;
Memvalue : styingf40];
Memvalid : string{1];
Memrange ¢ styingfl];
Memchannel : string[l];
Mempal : string{l1];
Memexp ! string{3];
t,temp_time : realj
key,s,kk t stringl3];
choice t integer;

procedure Readdata;

" begin
textecolor(l5); _

writelu('IF85 Path | File Name :');

gotoxy(25,1);

readln(filename);

assign({datfile,filename);

reset(datfile);

i:= '
while not EDF(datflle] do
begin

readin{datfile, memarray[1+1]),

is=succ(i); :
end;
close(datfile);
points:=i; _ _
‘writeln('Data Points / Chammel : ',~oints Aiv 3:2)3
ends :



procedure dinterval;

begin

writeln('Sampling Rate: Choose fyom 132;5;10;20:503;100;200 ms :')
gotoxy(56.4);

readin{choice);

case choice of

I :  t:= 16.384/16384;

2 T t:= 32.768/16384;

5 ¢ ti= 81.92/16384;

10 «+  t:= 163,84/16384;

20 @ tr= 327.68/16384;

50 @ tsi= 819,2/16384%;

10G: t:= 1638,2/16384;

200 t:= 3276.8/16384;

else S
wrlteln('Incorrect choice — Try again')j;
end;

writeln(’'Data Interval (n) ');
readln{nth);

t ;= t % nth

end;

procedure GonvertDat;

begin

for j:=1 to po;nts do

begin

Memvalue g= copy(memarray[j] 13 s

Memvalid  := copy(memarray[jl},2, 1),
. Memrange @ := copy(memarray[jl,s,l);

Memchannel := copy(memarray[jl,10,1);

Mempol += copy(memarray[31},12,1);

Memexp 1= copy{memarray{i],18,3);

(¥ if Memvalid = 'S' then
begin :
Pasvalue[j].valid := TRUE;
writeln{'0.K.');
end
else

pasvalue[jl.vali . := FALSE;
writeln('No');*)

. with Pasvalueli} do
begin
val{memvalue,Pasvalue[j] value ,Result)
val({memexp, Pasvalue[Jl expon,Result};
val(memchannel Pasvalue(j].channel ;Result);
“end;

if j =k - 3 then
begin



writeln( k / 3:5:0,temp_time:10:3,Pasvalue{j-2].Value/10.0:10:1);
k =k + 3;

temp time := temp time + t;

end;

srd.

widiteln;

textcolor(1l1l); : o _
writeln(' Pt.,  Time(sec) Ch 1l Ch 3 th 5 millivolts');
readln;

end;

procedure temi2rature;

begin

clrscr;

writeln('Converted Temperature Path \ Fili; Name :')4

gotoxy{43,1});

- readln(filetemp);

assign{tempiile,filetenp);

rewrite(tempiile);

for j:=1 to points do

begin .

texteolox{ld); '

pasvaluef jl.value := pasvalue[jl.value/10.03

if key = 'kk' then

pasvalue{j]l.value : 1= pasvalue[j].value#Z&.&SS

0. 000496*sqr(pasvalue[3} value)
- 0.00132%sqr(pasvaluel j].value)*pasvalue[j].value +
2,75B~5%sqr(sqr({pasvalue[jl.value)};

if key = 's!' then
pasvalue{jl.value := pasvalue{j].value®*145.,46 - 7,8%
' sqr{pasvalue{i].value)
+ 0,375%sr(pasvatuelj] value)*
pasvalue[j].value; .

if § =k ~ 3 then
begin
writeln({TempFile,temp time:10:3,Pasvalue[j-2].Value:10:0);
writeln(k / 3:5:0,temp_time:10:3 yPasvalue[ j~2],Value:10:0);
“k =k + 33
temp_time := temp_time+t;
ends;

end;

close(tempfile);

textcolor(1l);

writeln; : : '

writeln{' Pt. Time{sec) Ch 1 Ch 3 Ch 5 “Celsius' );

- ends

BEGIN
ClxyScrs



- Wwriteln('Insert Disk In Drive A:');
readin; '
clrscr; .
writeln( 'thermocouple type s or kk');
readln{key);
" .elrser;
Readdataj
writeln;
Interval;
temp time = 0,03
kR o:= 63
ClrSexs
ComvertDat;
ClerSer;
temp_time := 0,03
k = 63
. Temperature;
END.



APPENDIX 4

LISTING OF COMPUYEL PROGRAMME, PLATESIM, TO SIMULATE THE MECHANICAL AND
METALLURGICAL CHANGES GCGURRING IN HQT ROLLING.



USES
ort, dos, graph;
CONST

rad = 1:

¥min = 0.07
fmax = 500.0:
Ymin = 0.0;
Ymax = 250.0:
Tein = 1000.0;
Tmax = 1300.0;
Ttick = 60

- Ytick = 50.0%
Xtick = 50,0y
¥_min = 750;

¥ max = 1280;
¥_tick = 100.0;
Almin = -1;
Kmax = 3;
SansSeriifont = 3;
Hor{zDir a0
VertDir = 1

VAR

Flow, Tfinish,¥_in,H_f1,Tota)strain, Cool_rite,Ferrite
prev_D,prev_A.prev_B,prev_C,reheat,h0, rpm, pear,UTS
Radius,ine,T_1,T7 2,7 3,E_1,E_2,E 3,Yield,FATT
R,1i.j,Passes, Switch

Grdriver, Grmode, Erreade
Time99,Time,d,drex,h,T,Strain,dgg

P, meanf low,roll_force, Z,F,B,H,PS,BF

E, Totaltime, Temp, carbon,mn

" tons,d_T_con,d_T_def,leat_1,Q,5_rate

key.k,1
File_input,Fle_mech,File_evol,File output, Filetemp
Guiput_f{le, Input_file,Mech_file,Evol_f1le,Tempfile

{~ FUNCTIONS -}

functjon ptx(totawea!} integer;

begin

ptx:=round{{500-50}/ ()hmx—-hnin)*(tntal-)(min)-rﬁ) :
ard;

function ptxlog(totaisreal): integer;
begin

ptxlog'-mnd((SDU-EO}f{leax—lein)*(total~x1min)+50).

end:

functton pty{total:real):integer;

:Real;
‘Real;
tReal;

- sImtegers

Integer;
tArray[0..20]of real;
tArray[0..20]0f real;
sheal:

tArray[0. .20]of real:

+Chiar}

1String[15];
Text;



begin
pty:=round({-110) /(Ymax-¥min)*tata 1+60-{ (-110)/{Ymax-Ymin)*¥max) };

end;

function Ty(total:real) integer;

begin

Tys=round({- 215)!(Tmax-Tmin}*tota1+Gu-(( «215)/{Tmax-Tmin)*Tmax) )
end;

{$1 grid.pst}
{31 grid big.r:1}
{$1 dinset _l.rs1}
{$1 inset 2,psl}
{81 1inset_3.psi}

Procedure Input;

begin

clrscr:

texteolor{is); .

writein{' REHEAT entry ROLLING exit
textcolor(9): :
writeln{'
tantcolor(7):
writeln{'Q R
writeln{ '] B - . .
writeIn( ' Rapmemed 000000UCOI0000000G0B000C00A00C000C0000
textcalor(3);

COOLING  '):

FRTEREEITE' )

";
" H

writeTn(’

textcolor{ll):

~writetn{'Inputs from (k}eyboard or fl{l)e r )

writein('Reheat: °C Pass h{mm}  °C tfs) Force

wrételn('Thick ¢ m');

weiteln(*W (1) : mnt

wreiteln{'¥ (f) : ')

writeIn{ *Radius: mn'):

writeln('r.p.m t');

writeln(Passes:');

© writeln{'zc pRY;

writeln( ' tlruf: 5')e

writeln{ ‘Rotation : B H

textcolor{12};

gotoxy(36,7) sread n{key);

if key="k' then

begin )
(* gotoxy(1,23)swriteIn(‘File:');
gotoxy(7,23) yreadIn{f{le_output);*)
file_cutput:='482,dat';
Assign{output_file,file_output);
Rewrite(output_file):
{- START READ FROM KEYBOARD -}
gotoxy(3,4);writen( ' SXSEM'):
texteotor(12):
gotoxy(9,8)readIn{T{0]);
gotoxy(9,9) ireadIn{h{01);

Finish Temp'};



gotoxy(9,10);read1n{W_fn):
gotoxy(8,11};readIn{i_fi):
gotoxy(9,12):read In(Radius);
gotoxy(9,13)sreadIn(RPM);
gotoxy(9,18) readIn{passes):
d[0]:=exp(9,847-6601/ (T[0]+273));
gotoxy(9,15) pwriteln{d{0]:2:0);
gotoxy(9,16) yread in{timel07):
gotoxy(12,17}sreadIn{switch);
gotoxy(3,4)iwritein(’ . '):

{- WRITE INPUTS YO FILE -}
writeln{output_f1le,7(0]:0:0);
writein{output_¥ile,h{0}:0:0);
writeIn{output_file,W_1in:0:0);
writeIn{output_file,W_fi:0:0);
writain(output_file,Radius:0:0);
writein{outprt_file,RPM:0:0);
weitein(output_f1le,passes:0);
writeln{output_file,d{0]:0:0);
writaln{output_file, timef03:0:0);
writela{output_f{le,switch:0;;

for t:= 1 to passes de

begin

texteolor(12);
wotoxy(24,3)writein 221" );
gotoxy(20,8+1);writeln('} °,i);
gotoxy(32,B+1) pwriteIn(’ '):

gotoxy(32,8¢1);readin(h[1]};
wrteln(output_file,h{1]:0:0);
if h[§1 > h[1-1] then '
" begin
repeat
begin
gotoxy{32,8+¢i}s
textcolor{15+b1ink):
writeIn('Press Enter');
textealar{12);
readln-
gotoxy(32,8¢1):writeln(*
gotoxy(32,8+1}ireadIn(h{1]);

writein{output_f1ile,h{1]:0:0);

end; -

- unti) h{§] < hii-11;

end; . . '

gotoxy(42,8+1)sreadIn(TL1]):
gotoxy(50,8+1) sread In(timef 11);

" gotoxy(58,8+1);readIn{tonsf$]):
writein{output_file,T{1]:0:0):
writeIn{output_file,tive[i]:0:0);
writeIn{owtput_f{le, tonsf 11:0:0);
textcotor(12);



gotoxy(24,3)iweiteln{’ . ‘)3
gotoxy(46,3) swrite 1 ' ameemen' )i
reddln; _ :
textealor{15};
gotoxy(46,3) pwriteln(' . '}
end; .
texteolor{12);
gotoxy(68,3) swrrite T ' mowesgrmecean’ )i
gotoxy{68,2) juriteln(’ s
gotoxy(72,9) rreadIn{TFinish);
weiteln{output_file, TFinish:0:0);
gotoxy(72,10);
Closa{Output_file);
end;
{~ EMD WRITE TQ FILE -}
{~ END READ FROM KEYBOARD -}

If key = *1' then

{~ START HEAD FROM FILE -}

begin
{*gotoxy(1,23}writeln{'File:');
gotaxy(7,23):readIn{file_input);*)

{- CH
{~ Enter File Nome Here -}
{- -}

file_input:='400,dat';
Assign{Input_file,file_input);
Reset(Input_f1ile);

gotoxy(3,4) jweiteIn( RS
textcolor(12):
read(Input_f1le, T[0]);
gotoxy(9,8) suriteln(T[0T:1:0);
read( Input_file,h{01);

gotoxy(9,9) writeIn(h{0]:1:0);

* read{ Imput_file,M_in); -
gatoxy(9,10);writen{i_in:1:0);
readIn{Input_file,W_f1);
gotoxy(9, 11 }iwriteln(y_fi:1:0);
readin{Input_file,Radius);
gotoxy(%,12) writeIn{radius:1:0};
readIn(Input_f1le,RPH);
gotoxy(9,13) seriteIn(rpms1:0);
teadIn(Input_f1le,passes);
gotory(9,14) ;write In(passes:1);
d[0] r=exp(9.847-6601/(T[01+273));
gotoxy(3,15} swriteln{d{Q]:1:0):
readin{Input_file, time{0]);
gotoxy{9,16) swritein(time[03:2:0);
resdin{Input_f{le,switch):
gotoxy({12,17 );writeln(switchi=1);




gotoxy(3,4)writetn{* . ')

for {:= 1 to passes do
" begin :
textcolor{12); -
gotoxy(24,3)writeln( 'f
gotoxy(20,8+1;writein("] ', 1);
readn{Input_file,h{il};
gotoxy(32,8+1} writeIn(h[i]:1:0};
f ni{] > h[1-1] then
bagin
repeat
begin
gotoxy(32,8¢1):
textcolor(15+b1ink):
writeln('Press Emter'):
texteolor{12);
readlin: :
read In{Input_fila,hfi]):
 goetoxy{32,8+1);writein(h{{]:1:0);
writeIn({tnput_f1le,h[11:10:0);
end;
= untid hi] < Bl1-1);
end; '
readIn{Inpat_f1le,T[1]):
gotoxy(42,8+1 ) writeIn(T[1]:1:0); -
readIn{ Input_file,timef1]}:
gotoxy{50,8+1) ;uritetn(time[i]:1:0);
readTn{Input_file,tons[i]);
gotory(58,8+1 };weiten{tons{i]:1:0)¢
textcotor(12):
gotoxy(52,3)iwriteIn( ' EREM' )
(* readln: = *)
textcolor{1s);
gotoxy(52,3) ;writein(’ . '}
end;
texteotor{12):
gotoxy(72,3);writeIn( ' SEEEE' ):
gotoxy(72,9);writeIn(! B F
readIn{ Input_f1ile,TFinish);
gotoxy(72,9)swrite in{Tfinish:1:0);
Cla: o Input_f1le):
end;

{~ END READ FROM FILE -}

gotoxy(72,10);readin;
end;

Procedure Deformation;
begta

¢irser; :
totalstrain 1= §;



for is= 1 to passes do
hegin
-strain{1]:= W{h[0]/h{i]) - totalsirain;
totalstrain o totaistrain + strainlil; -

5 rate[1] 1= 2*3.142*radius*rpm/60; o
S_rate[i] s= §_rate] ]*strain{i]/(sqrt{radius*{h[i-11-h[i1))):
end: . .

end;

Procedure Temreriture;
begin

Inset_2;

Grid Big: )

Temp = T{03:
totaltime 3= 07

E = {07
Setealor{2):

{= -}
{- Insert file name here-}
{- i -}

filetempr='450.tem';
assign{tempfile,filetemp);

rewrite(tempfite);
for 1 == 1 to passes de
begin
inc = 0¢
Repaat
begin
inc e fhc + 1;
totaltime := tolaltime + 1;
- E fo {Temp)*(0.00 . -wpY/1000 -

0.48)/1000 + .1}

Tem = (Temp273)faxp(0.33*In{2 + 6 *
B.G67E-B * £ * [Temp+273)*
{Temp+273)*{Temp+273) * irc /
£7750%650*h{ 11/1000)))~273;

 setenlor(3);
writaIn{tempfile, totaltime: [0: 1, temp210:1);

Circle{ptx(round(totaltime*s)+50},

Ty(round(temp)+20),1);

end; ' -

CUntil Inc = time(1];

Heat 1[4] = Temp;
d T con[1] := 22E3*sqrt(strain[11/{h[§)/
1000*radius/1000}) * {heat_1[i] - 400)/
_ . ~ {(l-strain[1])}*3.142%7800*650* pm/60) ;
(* meanflow *) d_T_def{{] t= 1E6¥100%strain] 11/ (7800*650)*2;
Temp = heat_1[1] + d_T_def[i];
writein(tempfile, totaltimes10:1, temp:10:1);
- Tewp i= teng - d_T_conf1]:



writeIn(tenpfile, totaitime: 1021, tempi10:1);

writeIn{temp:10:1,E:19:1, inc210:1, heat_1[1]:10:1);

setcolor({15);
Cirele(ptx{round(totalt ime*5J+560),
Ty(round(T[11)+20),2)%
end;
€lose(Terpfile);
readin;
end;

Procedure Mechanics;

begin
Cirscr;
Setgraphmode(detgraphmode} ;
setbkcoior(0);
Insat_1;
Grid; -

{-__ “}

{- Insert file name here -}

{- L -}

File_mech i~ '480.pro';
Assign(Mech_¥1le,File_merh);
Rewr {te(Mech_file);

~ Writeln(Mech_fils,’ € at (MPa)  F{meas) Flsim)
hold(s)'): : :
Writein{Mech_file,’ O H
totalstrain = Of
roll_force[0]:= ¢
p[0] = 0
for 1 t= 1 tn passes do
begin
inc = 05
flow 1= 0;
rapeat
begin
prev A = totalstraing
prev_B t= flow;
ne = fne + 0.001;
totalstrain :~ totalstrain + 0.001;
§f heat_174] > 1150 then
bﬂs*ul )
flow 1= oxp(0.3*In(S _rate[i])) *{0.8%(153*exp{0.4*In{inc)) -
' 40%exp{0.8%In(1ne)) ~
70%exp(1.2%n{ tnc)) 1)
end; :
{f (heat_L[1} <= 1150) and (heat_L[{} » 3115) then
bagin ' '
flom t= exp(0.3%In(S_rate{ 1)) *(163%exp(0.4*In{inc)) -

49*exp(0.8*In{ inc)) -
70%exp(1.2¥Mn( inc)})s

T(z)°C

T{m)°C

dlun)



énd;

if {heat_i[1] =~ 1115) and (heat_1[i] =« 1040) then
begin :

flow sm exp(0.3%In{S_rate[11)) *(179%exp{0.4*n{irc}) -
' 79%axp(0.8*In{inc)) -
Arexp{1.2%In{inc)));
end;

#f (heat_t[i] < 1040) and (heat_l{i] »a 0950) then

bagin .
Flow t= exp(0.3*In(S_rate[1]})} *(204%exp(0.4*In(inc)) -
: 109*exp(0.8%In{inc)) - '
18%exp(1.2*In{ine)});
and; '
if (heat_1[{] < 950} then
tegin
Flow 1w 200;
end;
tf (inc » 0,015) and {inc < 0.017) then
begin .

. setcolor{12)s
Cirele{ptx{round{totalstrain®167)+50), pty(round( Flow}+70),2):
end; o :
setcolor{12):

Line{pta(round{prev_A¥167)+50),pty{round(prev_B)+70),
ptx(rouna{totalstrain*167)+50), pty(round{f low)+70) );
and; B :
© yntdl inc » strati(i]s

seteolor(12)s

Circle(ptx(round{ totalstrain¥167)+50), pty(round(flow}+70),2);

if heat_1[1] »= 1150 then
begin .
meanflow[1] 1= exp(0.3*In{S_rate[1]}) *0.B * {(153 / 1.4%exp(1.4*In{strain[1]))
- 4% { 1,8%xp(1.8"In(strain[t])) '
=70 | 2.2%xp(2.2*In(strainfi]))
-48 } 1.8
-7/ 2.
and; '

it (heat_1[1] <a 1150} and (hest_1[{] >« 1040} than
begin '
meanflow[1] i+ exp{0.3*\n{S_rate[1])) * {153 / L.4*axp({l.4"\n(strain[1]))
« 49 7 1.8%exp(1.8*tn(strain[i]}) '
- 10/ 2.2%xp(2.2%In{strain[i}))
+ 1583 / 1.4
-43 /1.8
- 70 72.2)
. ond: -



if (heat_1(1] < 1040) and (heat_1[1] >~ 950) then
-begin
.meanflow[i] = exp(0.3%In(S rate[i]}} = (204 / l.4%exp(d. 4*1n(s~tra1n[l]})
- 100 / 1,8%exp(1.8%In{strain[1]))
.18 ;zvumzvm&ﬂmﬁﬂn

+204 /1.4
~ 100 / 1.8
-~ 38 /2.2

end; :

if (heat_1[i] < 950} then

begin _

maani low[§] = 200:

end;

weiteIn(' Mean fiow stress ',1:4, meanflow[i]:6:1);

Roll fnrt:e[ﬂ 1n 0,25%(3.142 + sqre((h{i-11-h[i]}*radius)/
: . {UIRE 1]+2*h[1])f3)].

gril = Roll force[i].

If 1 <= switch then
" Rotl for::e[i} = in*rmanﬂnw[i]*
roll for'ce[‘l]*sqr‘t(l"ﬂdius"(h[i-l] h[i])}flﬂﬂﬁﬁ{l
Else ..
Roll_force[{] := W_fi*meanflowi]*
rol1_forcel i]*sgrt{radius*{h[i-]- h[1]J]{100000
pLi] 1= totalstrain:
seteolor(3):
L{ne{psx(round{pf 1-11%167)+50),
pty{round(rol]_forcel 1-11/2}+70),
pti( round(pl 11%167)+50),
- pty{round{roi1_force[ 11/2)+70));
Cirele{ptalround(p[ 11167 )+50),
_ pty{round(ro1_forse[11/2)+70), 231
end;
end;

" Procedure Metailurgy:
begin :
dggl0]:=df0];
totaltime := Oi
ine := 0: '
for § i= 1 to paszes do
begin
totaltime = totaltime + time[{]:
ine = totaltime - time{il;
satenlair{ls);
Circle{ptx(round(totaltime*2, 5}+50).pty(round((TI_i]«0)!10*2)-296} 2);
setcolor(3);
"ircle(Ptx(t‘wnd(tutaltim*z s)+50) pty(round((heat_L{{1-0)/102).296},2);
end;

totaltime 3= 0.
~Ang g= 05
heat_1[03:=1{0]; -



fu_r

closa(mech_file) :

and;

i :=# 1 to passes do

begin

totr'time 1= totaltime + timefi];

ing 1= totaltive - time{1]; . _

drax[1] 1= 0.5%exp{0.67*In(d[1-1])}/strain[i];

{f drex[1] » d{1s1] then

drax[i] = d[i-11;

time99[i] t= 2¥2.5E-19*sqr{drexii])*exp(3E5/(8.31*
{heat_1]1]+273)))/sgr{sar{strain{i]});

dgal1] s=drex{ i]#(1+0. 195* In{ time( 1]/t ime98[1])~
8E4*(1/(heat_i[i1+273) - 1/(heat_1[i-1]+273))/8.314);

di il 1= dggli];

satcalor(13);

Circle{ptx(round(totaltine*2.5)+50),

pty(round{drax[1])-296).2);
Cirele{ptx(round(totaltime*2. 5)+50},
pty(round(dgg[1])- 296).2)3
Line(ptx{round{inw*2,5)+50),
pty(round(aggl 1-115-2961,
ptx(rdund{tots" . ' ¥ "y,

- pty(round{dr =, . T
Line(pta{raand{t - . Ruw. .0
ply{round(¢ - . 496},

ptacrourd(tin . 1me*2.5)+50),
pty{raund{dgal +])-296});
Writein(Mech_fi1e, i:1,P[1]*100:10.2,Meanf Tow[ £]:10:0, Tons[1]:10:0,
* Rall_furcel : "1 J:10+0, Heat L[ 11:20:0,
T[13:10:0, drex[i):1040, tiunl $1:00:0);
weiteIn{Mech_f1le, 11,7 11#100:10:2, Meanf low] {]:10:0, Tons[11:10:0,
Roll_force[1]%10:10:0,Heat 1[1J:10:0,
T{13520:0,dogl 11:20:0, time[ 1]:10:0);
end;
setcolor(15+bYink);
outtextxy(ptx(round(totaltine®2, 5)+50),
pty(round(dgg{passes})-290), " <-= 7 final')

Proc. ‘ure Cooling:

hegt

n .

clrscr:

g

Setgmphmode(getmpmnda)':
setbkeolor(d);
Inset_3;

N H

_ Tinish &= THinish + 273;

T3

1= THinish;

Repeat

bayi

prev A := fne;
prev D = T_3;

inc

o

= ing + 2;

Bl L T B A R S S



E_3 1= (T_3-273)/1000%(0.125%(T_3-273)/1000 - 0.38) + 1.1;

T_3 = (TFinish)/exp{0.333*In{l1 + 6 * 5.67E-8 % 0.8 *
{T¥intsh)*(Tfinish}*(Tfinish) * inc / '
{(7760*650*h passes]/1000)));

setculor(14);

if prev_A < 0 than o

Line(ptx Jog(0.4347*In{prev_A)),pty(round(prey_D-273)/16*2 + 70},

ptxlog(0.4347%In{ inc)) , pty(round(T_3-273)/10%2 + 70}):

ends
Unt1l inc > 900;

seteolor{12);
Line{ptx{0+80), pry(B20/1042)-30, ptx{500+50), pty(820/10%2)-30);
Lina(ptx(0+50) ,pty(720/19%2)~30, ptx{500+50), pty(720/10%2)-30);

setcolor(15)s
Quttextxy{505,60, 'Ac3!);
Quttextxy(505,75, 'Ac1');
setcalor(id); :
Outtextxy(300,75,'F');
Quttextuy{350,84, '#');
Duttextxy(300,05,'8');
Outtextxy(100,95,'Ms'):
Outtextxy{100,120, 'M');

{- CCT 0.19C - 0.428% - 1.20Mn -}
satcalor(15);

2[1] = 0.13 2[2] =0
2[68] 5= 0.9 2[7] =)
1] =8 3 712] = 4
2[16] =80 ; Z[17) == 1

1 U3) = 0.4; I[4] :=0.6; Z[5] = 0.8
+ 28] :=2.0¢ Z[H) := 4.0¢ Z[10] := 6.0;
t Z[13] ¢= 20 ;  2[14] := 40 ; Z[15] := GO ;
3 2[18] := 200;  Z[18] = 400; 2[20] := 60D;

M{11 = 436; M[2] 1= 435; H[3] := 435; H[4] := 435; M[5] 1=~ 435;
M8 1= 435; H[7] = 435; M[8] := 435; K[9] : 420; H[10] := 405;
M[11] := 400; M[12] 1= 397; M[13] := 300;

B[6] 1~ 4504 B[7] := 4703 B[8] := 515; B[9] := 550; B[10] := 560;
B[11] := 570; B[12] := 580; 3[13] 1= 585:  Bf14] := 587:

FL7] :» 500; F[B] &= 670; F[9] 1= 700; F[10] t= 700; F[11] t= 720;
FL22] t= 723; F[13) 1= 730; F[14] := 750; FL15] e= 755; FL16] 1= 760;
FL17] = 770; F{187 = 780; F[19] :» 790; F[207 1= 795;

PS(A1] &= 6803 PS[12] := 600; PSCI3] := 620; PSLI4] = 630; PS[15] := 635;
PS[16] = 640; PS[17] 1= 645; PS[18] := 650; PS[10] := 653; PS[20] := GR5;

PF{14] s= 6303 PF[15] :» 635; PF[16] := 64O;
PF[17] := 645; PF18] t= 650; PFLAO] := 643; PF(20] t= 655

setealor(13);
setlinestyle(1,0,1);

for 1 ¢= 8 to 20 do



begin

line(ptxtag{0.4347* In{2f - 1]!2}J+35.pty(F[1 -11/10%2+78),
© ptxlog(0.4347%n{Z[11/2)}+38, pty(FL 1]/10%2+70) );

end;

for § 2= 12 to 20 do

begin

Tine{ptxlog(.4347*In{Z[1-1]/2}}+35, pty(PS{ i-11/10*2470},
ptx1og(0.4347% (2] 11/2) }+35, pty(PS[ 11/10%2+70) };

end; ' '

for 1 1= 15 to 20 do

begin

THne{ptxlog{0.4347*n{Z[ j-1]/2) }+35, pty(PF[f 1]{10*2+70},
ptx1ag(0.4347*In(ZE 11/2))+35, pty(PF{ 1]/10%2+70));

erid; '

for 1 t=2 to 13 b

begin

\ine(ptxlog{0.4347* 1n(Z[1-11/2))+35, pty(W[ i-11/10*2+70),
~ ptxlog(0,4347xIn(2[11/2))+35,pty(H[11/10*2+70) );

end; '

for 1 1= 7 to 34 do

begin

Vine(ptxlog{0.4347*1n(Z[ 1-11/2} }+35, pty(B[{-11/10%2+70),

ptxlog{0.4347*n{Z[11/2) }+35, pty(B[11/10%2470));

end;

readin;

end;

Procedure Properiies;

Eagin

textcolor{12);

clrser;

writeln; _

writeln(' C: Mz Cool Rate: '}

textcolor{15}: _

gotoxy(12,2);readIn{carbon}

gotoxy(22,2) sreadin{m);

gotoxy{41,2)readIn{coa]_rate);

writeln;

writeln;

writaln;

writein;

fextcolor{12);

writeln(' Cool rate (°C/s) r(am) wlpm) oy(MPa) oUTS{MPa) CUN 0°C');
textcalor(is); B

writeln(’ i = : ')
{*Caol_rate ;= 1.1 - 0. 35*(h[passes] 25)!15-*} '
Pear:=24; : :

Ferrita "= 5.?*exp(-ﬂ.1?*1n(coulhratej)*exptu.333*ln(dgg[pasaes]});




Yield . = 321 + 255,3*Carbon + 32.4*Mn + 76,3*strain[passes] - 0.119*T{passes];

Urs - := 246 + 4, 2%peis + 15/5yrt{ferr te/1000);

FATT e 227 - 514.7*Carbon +37.8"strain[passes] - 0.095*T[passes];

writeln(’ %', cool_rate:7:2,dgg{passes]:14:0, ferrite:10:1,yie1d:9:0,UTS: 70, FATT:12:0," |*):

writeln(* ' : 3); -

writeln; :

witeln;

writeln;

writeln:

read1n;

: clrser
writali: -
toxtcolor(12): : :
writeIn{' Pass € om P{meas) T(s) T{m} drex dgg Hold P(s) Erate');
textoolor(7); :
‘writeln(! ; ' _ o _ : = '}
texteolori18): ' :
for § i= | to passes do
begin
writeIn{{1:2,P[1]:8:2,Heanflow] 1]:5:0,R01]_forcef 1]*10:8:0,

~ Heat_1[1}:8:0,T[1]¢8:0,drex[i]:7:0,dgg[1]:7:0,
time] 1]:5:0,Tonsf i]:8:0,5_rate[i]:6:1);

end;

textcolor(7}; .

writeln{' : : : ' Ny
vead Ing :

end;

Procedure [mtroduction:
- begin
elrser:
textcolor(2):
writeln
writeln;
writalm;
writeln:
writeln;
writeing
writeln;
writein;
writaind'
weiteln(?
writeln{'
writeTn('
" writeln(®
writeln(’
writaln(!
readin;
end;

SIMULATION OF HOT ROLLING

K.M.Banks (Iscor Ltd)

St et Nt Nt Yl Wl Yo
m wa mE ma AF mE wa

- BEGIN
© Introduction:



Input;
I:Iefom‘:tion:

Grdriver i= detect; _
. Initgraph{trdriver, Grmode,'');
Errcede 3= Graphrasult;
{f Errcode = grok then
begin
Temperature;
Mechanics;
Hetallurgy;
readln;
{ Cooling:*)
end '
else
writeln('Graphics Error:®,graphErrorMsa{Errcode});
Closegraph:
Properties:
textcolor(15);
clrscrs
END.
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