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SHAPE DISTORTION AND AIR GAP FORMATION DURING CONTINUOUS CASTING
by Andres Emilio Delmont Mauri

ABSTRACT

A theoretical model has been developed which relates the build-up
of stresses in the thin shell of steel solidifying in a
continuously casting mould, to the shape distortion and the
formation of an air gap. The work postulates that the behaviour of
this shell can be analysed as that of a flexible structure formed
by four elasto-perfectly plastic beams linked by rigid corners.
This "box" represents the whole section of solidified shell at a
given metallurgical height only if the section is totally detached
from the mould. In general, it represents the detached corner
portions alone. The rest of the shell is assumed to remain clamped
against the mould wall by the metallostatic pressure. The thermal
contraction of the neutral axis "filament" along the whole shell
determines the amount of room which is available for the detached
corner portion to distort, and thus also the size of the detached
lengths of shell. The mechanical equilibrium of the structure is
determined by the combined effect of temperature gradients and
metallostatic pressure, by the rigidity condition imposed at the
corner and by the flexural characteristics of the shell. The yield
stress of the steel is assumed linearly dependent on temperature.

The analysis of the shape distortion and air gap formation was
initially informed by the observed behaviour of a partial physical
analogue constructed from bi-metallic strips linked by rigid
corners. Thermal moments were induced by immersing this analogue
in a water bath at controlled temperatures, and distributed loads
were imposed through a system of pulleys. The elastic behaviour
of this physical analogue was predicted using basic beam theory.

For the analysis of the deformation of a continuously cast
structure, mathematical equations were derived which describe the
overall moment and force equilibrium; the elastic and plastic
stress distribution across the thickness of the shell; and the
force and moment equilibrium within the cross-section of the
shell. An eguation was derived relating the curvature at any
point along the shell to the moment at the corner of the
structure. An iterative procedure was developed to determine the
moment at the corner and a Runge-Kutta algorithm was incorporated
to integrate the curvature equation. Further equations were
derived which relate the deflection at the corner and the detached

length on one side of the section, to the total length of the
other side of the section.

Recent high temperature studies of the mechanical behaviour of
steels have been analysed in terms of the theoretical model
developed. The model is able to predict the extent and thickness
of the air gaps forming in the corner regions during the casting
of billets and slabs and also provides explanation for the
formation of both internal and external off-corner cracks. It
also demonstrates the theoretical basis behind the practically
observed relationship between casting speed and crack formation.
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CHAPTER 1 =
INTRODUCTION

From its early days Continunus Casting has represoented a
challenge tor Process Modelling. As with other important
advances in Metaliurgy. its implementatipn can be said to
result from trial and error rather than from comprehensive
theoretical understanding. Yet, much of the trial and error
involved in the successful development of Continuous Casting

has been based on physical and mathematical models.

The phenomenavinvolved in the process are complex and the
increased speed of solidification which results in the higher
output éf the continuous casting process has lead to a whole
range of problems not previously encountered with ingot
casting. Some of these‘probleﬁs are caused by intense stresses
which devélop within the solidifyihg shell during
solidification. This current research investigation has
focussed attention on the study of these stresses and the
resulting deformation and overall mechanical behaviour of the

solidifying shell in the early stages of solidification.

The great majority of mathematical models related to the
Continuous Casting process have been primarily concerned with
Heat Transfer. It is apparent, however, that any further
development of these models requires analysis of the stresses
involved in the process. This has proven to be particularly
difficult in the early stages of solidification due to the

lack of data on the mechanical properties of steel at high
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temperature and the limited understanding of the complex
behaviour of the solidifying shell. Although a number of
models of increasingAcomplexity have been developed, the
mechanisms by which shape distortion and crack formation occur

are still poorly understood.

A fundamental characteristic of the Continuous Casting strand
of which the previous models do not take account is that the
thin shells of metal solidifying along the four sides of the
billet cross-section behave together as a flexible rectangular
s£ructure.. Mechanical interactions between adjacent sides of
this structure play an essential role in the development of the
stresses within the solidifying shell. These interactions are
particulérly intense because the corners act eftectively as

rigid hinges.

The model that has been developed in this thesis analyses the
equilibrium of forces and moments within this rectangular
structure formed by the thin solidifying shells at a given
metallurgical height. It assumes that the solidifying shells
behave in essence as a "box" constructed from four elasto-

‘perfectly platic beams rigidly jointed at the corners.

Previous models (26,27,30) which have analysed tﬁe behaviour
of the thin solidifying shells in terms of beam theory have
assumed an elastic behaviour of the solid steel and have
failled to consider the interaction between the sides of the
billet. The beams representing the solidifying shell on each

side of the slab are assumed to be either simply supported or
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fixed at the ends

The predictions of these models are clearly restricted by the
support assumptions made. A net‘inward dishing or outward
bowing of the skin is predicted depending on which support
assumption is made. The surface stresses predicted are either

tensile or compressive along the whole beam.

The second chapter of the thesis contains a survey of both
éxperimental and theoretical studies related to the behaviour
‘of the solidifying metal within the mould of a continuous

casting machine.

The next chapter describes a simple physical analogue
constructed using bimetallic étrips and rigid corners. The
development of this physical analogue and of a mathematical
model based on elastic‘beam theory to predict its behaviour
played an esential role in the research providing a basic
undefstanding. fhis elementary mathematical model is presented
on appendix 1. the computer program developed to predict the
deflection of the bimetallic gtrips structure is presented on

appendix 2.

Chapter 4 is the central chapter.of the thesis. It states the
derivation of a mathematical model to analyse the equilibrium
of forces and moments within the rectangular structure formed .
by the thin solidifying shells at a given metallurgical height.
The computer program developed to predict the shape distortion
of this structure and the distribution of stresses and moments

is presented in the next chapter. The results are presented in
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chapter 6 and discussed in chapter 7.

Finally the conclusions and propositions for further work are

presented in chapter 3
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CHAPTER 2 :
LITERATURE REVIEW

2.1 GAP FORMATION IN CONTINUOUS CASTING

As a process, continuous casting seems to be nearer to an
ideal continuous production with precise controi than the
traditional ingot casting. Better control is possible
during the solidification process, the main variables being

controlled in a continuous manner.

The high rates of heat transfer involved, however, give rise
to phenomenoma of an intensity not seen before in solidifica-
tion processes and small changes in the control variables
produce quite distinct variations in the properties of the

resulting material.

One such phenomenom is gap formation. It has been intensively

studied both experimentally and theoretically but it is still

not fully understood.



2.2 EMPIRICAL EVIDENCE

Although an important number of papers are related to diffe-
rent measurements\of the gap formation, the information avai-
lable is quite limited and nb numerical data is given of the
actual shape of the metal strandiixér just below the mould

zone.

Evidence has been given, however, that under certain circums-
tances,' an air gap forms which varies in size in both longi-
tudinal and transverse directions and which is not constant
in time (for a given particular distance below the meniscus).
The relation between the formation of this gap and its various

causes has been roughly established.

‘The time at which gap forms can be measured in the case of
ingot moulds by a method originally used by B.Matuschka (l);
a wire is passed throughvthe mould wall and the electrical
resistance of the wire is measured between the ingot and a
measuring point set in the mould Wall. The air gap formation
shows itself as a sudden increase in this resistance. Several
authors (2,4) used this or similar methods. A.Diener et al
(3), in a study of static casting, observed that the gap at
the corners of the mould sets in quickly after the rising
steel reaches the measuring position, well before the end of
the casting, while gap formation in the middle of the sides

follows much later and depends on the height of liquid steel

above the measuring point and the length of the side.
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Another method widely used is to place a number of thermocou-
~ples within the mould and record the variation of the tempe-
rature as solidification proceeds. The gap formation, or
colapse is related to perceptible variations in the cooling
rate (4,5,6,7-8.9% K.F.Behrens and H.Weingart (5), observed
an interval of rapid temperature oscillation in their measu-
rements, indicating that in that interval the solidified skin
alternately separates from the mould and falls back onto it,
i.e., when a gap forms there is a build-up of temperature in
the solidified layer which raises its temperature and makes
it easily deformable. This cycle is repeated until the ingot
skin has attained adequate thickness and strength to resist

the ferrostatic pressure.

Although these papers make quite wide,interpretatidns of
their results, their true significance is severely limited by
the effect oﬁ the mechanical behaviour of the metal of fac-
tors which they do not take into account. Metal composition,

as I will explain soon, is one of these factors.

Heat flow estimation methods have also been used. An example
is the work developed by Mackenzie and Donald (4) who explain
their result, i.e., the rapid fall observed in the rate of

heat transfer to the mquld (fEigure 1), as the separation of

83
the ingot from the‘mould,E 14-r— %
gy 12— ¥ 2
being caused by expansion*y 104 .\ _____—2.05?
Sé 8_ : “‘ —"—-——_-_—_—-— "1. %U.
of the mould, contractionig 6 ' ,"'\ -1.03{
. [P , s Tt S e e e e =
L W sr---=2--H0.5<73
of the ingot or by both 0 5 10 15 20 25 30
- FIG 1: Rate of heat transfer from
these factors. ingot to mould.(4) '
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In his M.Phil thesis at the Sheffield City Polythecnic (1978)
Martinez-Fueyo (10), developed a direct observation method.

He used a purpése built mould with one transparent glass wall
and three metal wallé with integrated cooling chanels. It
was observed that the air gap starts to form at the corners

of the cast progressing towards the center when it is cooled
uniformly and at relatively‘high rates. Pure tin and 50% 1lead
tin alloy at some 20 C and 50 C respectively above the solidus

arrests were used in these experiments.

If gap formation has been observed in ingot solidification,
and a lot of valuable information can be deduced from this,
gap formation in Continuous Casting is much more pronounced
as is the deformation of the metal. In continuous casting,
solidificaﬁion times are measured in minutes compared with

the hours of conventional casting.

The measurement methods used in Continuous Casting are in.
general similar to the methods used for ingot solidification
measurements, aithough problems due to the reciprocating
movement of the mould have to be solved and no explanation of
how this is done has been found in the literature. It is also
possible (11) to make direct measurements of the dimensions
of the cast structure as it comes out of the mould. But,
readihg the papers, it is difficult to asess the reliability

of the results given.

In the early 70's, I"S.Rudoi (12) placed a network of sensors

in a vertical slab casting mould to estimate the degree of
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contact between the mouid walls and tne metal surraces adja-
cent to them. Overall results are given which show that the

degree of conﬁact is intermitent and that there is a net de-
crease of contact from top to bottom (figure 2). It is inte-
resting to notice that the main decrease is in the first

200mm below the pool

>
«
\
o
~
‘

surface and, in 1200mm | 40— U5 LA L S S
e
of "sensible" distance, o'} 1: .
P oojood 0.0 s
R oooo o|0 piry )
contact is not comple- epgsiesd 1sle] § M 1
L gPoalosq [oje] = ‘
. ;8 i ]
tely lost. No detailed Peslos 8!8 3 \ /\/\ i
. P 00,000 o0 a/o\
. . ngglggcﬂg: b b \J \ Vi “\\o/
1nformatlon on trans- ﬁﬁgagﬁri /xJ
: : o LI,
verse differences in | gt 0 oL L SLLTLE

the degree of contact FIG 2: Contact sensor pattern and
% contact time vs depth.

is given, but the ini- (from L.S.Rudoi, ref.ll)

tial decrease is probably related to contraction at the

corners.

More interesting is the instrumented-mould study carried dut
by Roztkov et al (12) which measured the variation in gap

width as a function of time

“/\,\,v/"“n‘\\_,/\/\/“$l4L~ - and shows quite unstable
: . G |
\/\/quﬂ\j//”/-“\)~//\\f\v behaviour. Gap variations

of 0.6-1.2mm and 0.2-0.8mm

- for the wide and narrow

—_ 1
: f-N~iﬁﬁ::;::g>’ faces, respectively, of a

*m| 250x360mm slab lubricated

‘ . 12 :
FIG 3, T, min . with paraffin (figure 3)
i a Variation in gap size along wide face 6, and .
“ narrow face 6,; b hydrogen content of gap along Were reported. Sampling

' (1) narrow and (2) wide face with (3) average
| for nine heats (12)
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tests confirmed the presence ot COZ2, 02, CO, NZ and HZ 1n the
gases. In a :elated study, Akimenko et al (14) observed that
the composition of hydrogen in the gas is a maximum as the
lubricant is first introduced, 45-55%, but that the average

composition during casting is closer to 10-20%.

Although the influence of the hydrogen atmosphere in the gap
on the heat transfer, and thus on the mechanical behaviour of
the metal, is not made evident from these papers, but rather
acepted as a fact, several other pépers show how important it
is and its importance is readily accepted in today's indus-
trial practice. Charles R.Taylor, in a 1975 review on conti-
nuous casting (21), refers to some measurements made by Volk
and Wunnenberg from Mannesman in a mould specially designed
for the purpose of the mean heat flﬁx in the interface at

different levels.. This mould has 8 different horizontal chan-

nels of water. ’ : »' casting speed, mmin”?
: 04
[ 1e00- £ T 3% -
Measuring the water flow and | /' \\. —— 10
‘ I —- 12
: N
the change in temperature (in / VAYRY
! l//-“\\\ \
a similar way as has been donei

ey
3
—
.
e
s
|

for ingot moulds), they esti-|

i

mated the heat flux in each of:

" HEAT FLOX, KW ™

8 levels. As could be expected

the heat flux varied with

depth and they also found that 200 | ] 1
400 600 800

0 200
. - DISTANCE FROM TGP EDGE OF MOULD,
the relation between heat flux ' mm

FIG 4: Mould heat flux as
and depth varied with the cas- function of distance from

top of mould for various
ting speed (figure 4). casting speeds.(19)
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iue 1uliease 10 Heact transrer towards the bottom of the mould
is related to the influence of the gas atmosphere in the gap.
Jacobi (16), investigated the influence of different gas
atmospheres, reporting that high leves of H2 will result in

faster cooling rates.

Taylor relates the presence for hydrogen in the bottom part of
the mould with the disociation of water coming up from the

'top sprays of the secondary cooling zone.

Klipov et al (16), report a higher upper-mould heat flux with
0il than with mould powder which is probably also due to an
hfdrogen—rich atmosphere resulting from the breakdown of the
oil. The injection of hydrogen into the gap increases the
heat transfer rates as K.Cliff & R.Dain (17) have shown.
However, because the presence of hydrogenvis normally related
to breakdown of the lubricant film, erratic variations in

temperature can be produced.

Now, observing fig. 3, which reviews Rozhkov et al work (13),
the oscilations in gap thickness shown do not seem to be
related to any oscilation in the level of hydrogen present.
There is, however, a net variation of the hydrogen content in
the 12min period considered and it could be said that a
general pattern can be observed in the variation of the gap
thickness which follows the pattern of the curve of hydrogen
content. The actual oscilation of the gap thickness, which
seems quite important, has, however, no relation with the

registered levels of hydrogen. It could be argued that not
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enougn sampies were taxkern, DUL thlsS 1S5S not the exXplanation.

V.A.Ul'yvanov et al published a paper on the non-uniformity of
the solidification front in continuous casting strandé (19),
which gives further clues. There is a strong interdependence
between the width of the gap, its non-uniformity and the non-
uniformity of the solidification front. One of the factors
which affect uniformity is the disturbing effect of the stream
of molten metal. Depending on the casting method and the flow
rate of the molten metal, the flow currents extend to a depth
of 1-2m, while the zone of maximum rates of the circulating
currents, which wash the shell being formed, are found at a
distance of 0.3-0.8m from the meniscus (that is, in Soviet
practice). In this zone, the solidification front is subjected
to melting and erosion, with particular intensity,. Non-
uniformity of the solidification front occurs as a result of
non—élignment between the molten stream and the technological

axis of the machine (figures 5,6,7,8 on the next page).

Another major reason for the non-uniformity of solidification

is the nqn—uniformity of the heat extraction around the peri-

;meter of a continuous casting strand, which is, of course not

only related to the gap formation but also to:

* non-uniform shrinkage of individual regions of the
solidifying shell.

* appearance of additional thermal resistances in the fbrmvof
lubricant, oxides, slag particles.

* distortion of the mould.
(eee)
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* thermal stresses and coarse scratches or dents 1in the
walls (which will deform both or one of the mould and

the strand).

* locally varying heat fluxes (associated with the water

cooling channels,

* varying flow rates of the water in these water cooling

channels.

* non-optimal withdrawal speed.

It has been said (16) that daﬁa from numerous experimental
investigationsvand from mathematical modelling indicates that
raising the withdrawal spéed for 600-640x150mm strands from
0.5 to 1.1 m/min reduces "AY,,', the maximum non-uniformity,
(see figure 6) by a Eactof of 1.5-2, while a further increase

from 1.1 to 1.7 m/min reduces "A%,y by only 5-10%.

There is a close relationshiplbétween the casting speed and
the breakdown of the 1ubricant,‘as H.Takeuchi et al point out
(17). Data éollected by Gray & Marston, Wyckaert and H.Nakaté
(refered by 17) show that the velocity of casting correspon-
ding to a minimum incidence of cracking varies invefsely with
the viscosity of the lubricant used. A.W.D.Hills points out a
relationship between the lubricant viscosity, the casting

speed and the lubricant thickness (18).

Further information on the causes of the non-uniformity of the

solidification front is given by Singh and Blazek (22) as the
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result of the important experimental work they carried out.

A total of 30 heats was cast on a bench-scale caster with
steels of 10 different carbon contents (see figures 9'& 10).
The mold was statiqnary. Most of the necessary technical data

is given.:

To study the macroscopic solid-liquid interface of the soli-
difying skin, unsolidified steel wés emptied from the casting
by means of a contrélled breakout technique. This technique
consisted of burhing a hole in the solidified steel skin 1.8m
below the mold. After the unsolidified steel flowed out, the
shell was withdrawn and cut longitudinally to permit examina-
tion of the solidified skin. Transverse and longitudinal
sections were taken from the completely solid sections of the
billets and etched with hot HCl to reveal the grain structure
The outer surface was shot blasted to remove scale, so that
the surface roughness could be examined and the surface could.

be rated for pinholes.

The technique of conﬁroled breakouts (22,23) seems to give‘
the best results for measuring the shell thickness. However-
since a finite time elapses while the unsolidified steel is
being emptied, the thickness measured is always bigger than
the original and this difference increases towards the point
where it is being emptied. It should be possible to recognise
or estimate this latter skin, although no mention is made of
such an estimate in the literature. In any case the errors

involved seem to be smaller than those produced by the other

11



Mmetriods oL Mieasurciicli.

The most interesting result reported by Singh and Blazek (22)
is their observation of the change in behaviour that occurs on
approaching the 0.1 carbon content in the steel (figures 11,
12, 13, 145. This could explain the differences in results
found in comparing previous measurements, which in fact become

meaningless when the carbon content is not specified.

The effect of mould reciprocation has, in general, been

avoided in the available literature, although some reference
is found in USSR articles in relation to the development of
special mould designs to "...avoid skin defects and improve‘

the heat transfer uniformity." (24,25).

The results found By Singh and Blazek for the effect of
carbon content on friction in the mould vary greatly and do
not seem very reliable (figure 13). Other conditions, not
taken into account, might have changed. But it does seem that
this factor does not determine the roughness observed at 0.1C
which contrasts>with the relative smoothness observed at

other carbon contents (figure 14).

Singh and Blazek suggest that the solidified skin is stressed
between the shrinking forces due to the change of state
(solid more dense than liquid) and the ferrostatic pressure,
and it has to wrinkle to be able to release the stresses.

However, this is still not a satisfactory explanation.
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FIG 9: Locations of thermocouples in Cu mould to measure the
‘temperature and location of ircon to measure exit
temperature on the south face of the billet.(22)

Temp, F, Mold
at Mold  Heat

Compozition,® Exi¢  Transfer,

. Heat o wt% Temperature, I’ (South kBtu/(hr)
. No. € Mn Si Comments*® TCI TC2 IC3 TC&  Face)  (ft%)
[ ST781 0.69 0.88 0.30, 234 307 204 287 2242 532
i ST782 0.69 0.89 0.30 238 283 252 271 2089 528
, ST784 0.11 0.90 0.30 184 219 180 207 2414 434
ST785 0.27 0.88 0.28 194 291 173 262 2387 504
ST786 0.20 0.93 0.33 2186 2687 200 2486 2318 487
ST787 0.12 090 0.32 178 205 166 =208 2423 411
ST788 0.42 0.88 0.29 212 316 194 243 2417 542
ST789 020 0.97 0.32 189 266 179 254 2385 488
ST790 027 083 0.32 193 273 197 . 284 2316 534
ST791 041 0.94 033 212 289 194 271 2245 518
§ST792 089 0.89 0.30 248 280 233 266 2145 524
ST7 089 082 038 243 274 235 3. 508
ST794 0.20 0.90 0.39 189 251 184 254 2310 503
ST796 0.11 0.84 0.29 ER. 205 235 248 285 2354 487
ST797 0.0668 0.90 0.33 213 249 205 234 2397 475
ST798 0.12 0.89 033 0.98%Cr 190 214 188 203 2471 413
ST799 0.12 0.89 033 1.03% Ni 184 215 188 221 2436 471
ST800 0.003 0.84 031 218 264 207 258 2345 469
ST802 0.085 0.91 0.36 214 253 210 255 2303 503
ST803 0.69 0.86 0.32 ER. 55 - 104 104 2064 567
ST8 0.14 0.89 031 g.%‘.’.f}% Al 202 ° 233 201 227 2417 436
STR0S 0.003 0.85 0.34 2068 219 2390 50S
STs)8 0.69 091 034 030%S 216 282 197 261 2152 511

b 3JTo08 0.69 091 034 0.30%S 259 42 259 274 2143

! STS810 070 0.86 0.32 E.R. 73 .78 227 2 2042 615
STS812 0.11 0.90 036 S.T. 167 202 183 214 2122 472
STS813 184 0.96 0.38 253 272 249 2863 1935 523
ST 81 1.50 091 0386 247 267 241 255 1881 514
ST 81 196 0.88 0.87 197 -2687 196 250 1902 527
ST83. 0.098 089 035 030%S 231 -291 230 283 1908 541

¢ P and S were both <0.01% for all heats. ¢% E.R. = elevated ceramic reservoir

S.T. = submerged tube.

FIG 10: Chemical analysis, mould-wall temperature, and mould
heat transfer for the Heats investigated. (22)
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' Fig. 7—Effect of carbon content on mold friction during
continuous casting.
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FIG 13: Effect of carbon content on mould friction during
continuous casting. (22)

FIG 14: As-cast surface of 0.10% and 0.40% carbon steels
that have been shot-blasted.(22)
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2.3 THEORETICAL MODELS

Several theoretical models have been developed to describe
.the behaviour of the metal surface during solidification. The
lack of data has made it difficult fo acheivé satisfactory
descriptions, but some growth of understanding of the pheno-
menom involved has been acheived. i want to describe here
briefly the main models that have been put forward and give

some opinion on them.

The model developed by Savage (26) in 1962 consists of 4 beams
simplyisupported with the Young's modulus being taken as
constant up to.the melting point of the steel; Purely elastic
behaviour of each of these beams is assumed. The beams tend to
bow concavely towards the liquid core under the action of the
thermal stresses originating from the temperature gradient
throughout the shell; However, the beams cannot bow until the
ferrostatic pressure is overcome by thermal stfesses in the

| solidified shell and the time when this occurs is taken as the
time at which the air-gap forms. The model first assumes the

modulus of elasticity to be independent and then dependent of

temperature.

Tien and Koump (27) advanced Savage's model (26). By assuming
-the solidified skin to be an assembly of four separate beams,
each behaving elastically, they calculated the stress
distribution and the distortion of the solidified shell. The

calculations were carried out for an exponential decrease of
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the beam surface temperature and for gipgevent thitRNouges of
the beam. Their model assumes a\linear‘&*ﬁe"“ture apendent
Young's modulus which is nil at the meltil point o the

material. They consider two cases: & Simd¥ HUPPOrted heam and
. a time Jdepondent

a built-in beam. They found, for both oasede

displacement.

LT L eest dhanges from a
For simple supported beams the displacemdt
L o esegative thearg
positive to a negative value and remains eUAES

- o . @wx O a congave
after, i.e., the beam changes from a convel ¢ :

shape as solidification proceeds.

| is &d A positive

For a built-in beam the displacement 1$ aiway ,

. avda the liquig o
i.e., the shape of the beam is convex towardd 1 cor
apee OF the simply

as solidification proceeds. The final shdi

. wag with thay
supported beam that this model predicts agyn? t of
Saéage (26).

Weiner and Boley (28) assume that the 301(d|ﬁted layer does not
- bend, and that there are no externél gorcety @ither in the»
axial difedtibh or at the corners. The yiv!! pondition ig
assumed to be independent of plastic strait following idealised
plastic theory and as the elastic portion vl Fhe strain s
included in ﬁhe analysis, they named thetv model as Blaneo-

Perfectly Plastic.
Sreml e sortdlfind laver wap
= The;temperature'distribution~in the solidiﬁ'”r o ag
SR | with a constant

taken to‘be’given by the Newmann solutiony

: o , pat at the ¢
external surface temperature. This implied that , ftart
e o jirature dro

- of solidification there is an immediate tempﬂr. b et
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the external surface from the melting temperature down to
this constant surface temperature, a situation that does not
occur in practice since the surface temperature does not drop

suddenly, but gradually.

| Richmond and Tien (29) introduce creep behaviour: when the
material is subjected to a constant force and its temperature
is raised to a high level, the elongation of the material will
be observed to increase continuously with time. Elastic
behaviour is also considered as part of the mechanical process,

a temperature dependent Young's modulus being used.

Their model leads to non-linear differential equations for
which an analytical solution is only available for very slow
solidificétion. In this case the stress resulted to be uniform
through the ingot skin at all times, begining with a
compressive value and becoming less compressive as solidifi-

cation proceeds.

Oeters and Sardeman (30) consider mould deformation as a
relevant process in the case of continuous casting although
they do not consider it relevant in the case of ingot casting.
The gap is considered into two parts, one due to the
defbrmation of the solidified layer and one due to the
deformation of the mould. The solidifying metal can be deformed
by the ferrostatic pressure, not the mould. Contraction of the
metal during solidification is neglected as it is said to be
completely oblitarated by the ferrostatic pressure. (This may

be so in ingot casting depending on the rate of solidification
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and the composition of the steel, but it is certainly not the

case for continuous casting).

The solidified layer is assumed to behave as 4 stressed beams
(behaving purely elastically) with fixed ends. It further
considered that: "...any yielding ocurring at the highest
temperatures may possibly be compensated for by increased
strength in the lower temberature regions near to the surface
of the ingot." (In fact, they‘assume this to be so, which is
an inconsistency since there can be no yielding in a beam

that behaves elastically).
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2.4 MATHEMATICAL MODELS

Several mathematical models (26,...,48) have been developed
to analyse heat transfer and, in some cases, stresses in the

continuous casting process.

The rele?ance of these models to predict how the solidifica-
tion proceeds is limited by the lack of understanding of the
processes involved, which stiil leaves many quéstions without
saﬁisfactory answer, and also by the inherent compléxity of

the heat conduction problem.

Many assumptions have to be made about heat transfer across
the air gap between the slab surface and the mould wall and
about mechanical and thermal properties of the metal at

temperatures near to the solidification temperature,

Heat transfer analysis

The analysis of heat transfer is in itself complex because

of the presence of a phase transformation.

The solidification front is not simply the locus of points
where the temperature is equal to the temperature of solidi-
fication it is also a boundary across which the properties of
the material change abruptly. Unlesg a gradual transition
'from one phase to the other can be assumed, the differential
equation describing the heat transfer has to be formulated

with the solidification front as one of its boundaries. This
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is a major complication because the position of the soliditi-
cation front has to be predicted by the differential equation

itself.

A boundary of this sort is known as a free boundary, in

opposition to a fixed boundary which is specified beforehand.

The external surface of the solidified megal is the second
bogndary of the differential equation. It can be made a fixed
boundary by ﬁaking it as thetafigin of the system of reference
used. The distance between this surface and the surface of the
mould is external to the range of the differential equation
and so the fact that it cannot be specified beforehand will
not affect the problem in the same way as the fact that the
position of the solidification front cannot be specified

beforehand.

Several mathematical treatments have been develoééd to tackle
a problem of the kind éiven here by thevheat equation and its
boundary conditions (45). In general, these treatments trans-
form the differential equation into an integral equation and
then solve this later equation with the use of numerical
methods. Analytical solutions have only been found for some
ideal situation. In the particular case of the continuous
Casting solidification, in which the free boundary coincides
initially with the fixed boundary, mainly two alternative

mathematical treatments have beén'used:

l.- The integral profile method,

This method has been extensively used in the form presented by
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Hills (32,33). The differential equation is transformed into
an integral equation incorporating the free boundary condition
and the integral of the temperature across the solidified
layer. The integral of the temperature is then estimated by
the use of an aproximated auxiliary function and in this way
the problem is reduced into a system of non linear ordinary
differential equations which can be solved by a marching

" technique.

2.- The finite differences method,

The differential equation and its boundary conditions are
aproximated by difference equations. The method uses a grid
with a variable time step to ensure that the boundary nodes
coincide with the free boundary. This is done by selecting a
space step first and then finding the apropiate time step
through an iterative process of solving simoultaneously the

difference equations given (32,37,45).

Stress analysis

The mathematical methods used for the analysis of the stresses
within the solidified metal have varied very much because of
the various theoretical models of mechanical behaviour (see

section 2.3).

The finite-element method is at present the most commonly used
technique (37,38,39,46,47,48). The fact that this technique
was originally developed for the analysis of structures seems

to have misled many authors into believing that the structural
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analysis of the solidifying shell had been overcome. But the
finite~element method has serious limitations. Its application
to non-elastic structures requires great care and substantial

computation time.

The complex nature of thermomechanical behaviour in the early
stages of solidification in the continuous casting process has
required certain simplifications to be introduced in all

mddels.

Few authors have attempted to deal with the actual bending of
the solidifying skin, the example set by Weiner & Boley (28)
of considering only an idealised situation in which there is

no bending was followed in most later models.

Savage (26), Tien & Koump (27) and Oeters & Sardeman (30)
analysed the behaviour of the thin solidifying shells in terms
of beam theory. They assumed an elastic behaviour of the
solid steel with constant or linearly dependent Young's
modulus and failled to consider the interaction between the
sides of the slab. The beams representing the solidifying
shell on' each side of the slab are assumed to be either simply

supported or fixed at the ends.

The predictions of these models are clearly restricted by the
support aséumbtions made. A net‘inward dishing or outward
bowing of the skin is predicted depending on which su@port
assumption is made. The surface stresses predicted are either

tensile or compressive along the whole beam.
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The 1ncreasing complexity of the models found 1in the
literature has been primarily focussed on the elasto plastic
behaviour of the steel at high temperature. Thus Weiner &
Boley (28) assume an elasto-perfectly plastic behaviour but
restrict their analysis to the consideration of a square
cross—-section and neglect the melt pressure to avoid bending
and rotation of the corner. Richmond & Tien (29j assume a |
non-linear viscous behaviour but consider that the pressure of
the melt and the viscous response of the solidifying skin
"...insures contact between the skin and the mold wall and
also a lateral compressive stress in the skin, thus preventing

~bending".

Recent models based on the finite elements method fail to
consider bending, effectively assuming that the cooling face
remains in contact with the mould. This idealization of the
problem is necessary because the numerical techniques used
were originally developed for the analysis of structures
fundamentally different from that formed by the solidifying
shells and these techniques become extremely difficult to
dperéte under conditions significantly different from those

for which they were developed.

The model developed by Grill, Brimacombe & Weinberg (37), and
later.modified by Sorimachi & Brimacombe (38) is based on the
modified pure tangent stiffness approach originally formulated
by Yamada, Yoshimura & Sakuray (49). This approach was
developed for‘proSlems in which the plastic deformation is

contained and for which the overall distortion of the body is
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of the order of 1/E times the mean stress. 1In order to apply
this method, then, it is necessary to assume that the
distortions of the solidifying shell are vanishingly small -
effectively to assume that the shell remains in contact with

the mould wall.

Grill, Sorimachi and Brimacoﬁbe (39), attempted to extend this
approach to treat distortion within the mould but ran into a
number of problems. They uéed load increments that caused a
fixed number of elements to yield each time in order to reduce
the overall computation time but even then found that the load
analysis was too expensive to operate at every time interval
used in the thermal analysis. Knothe and Muller (50), however,
in a general discussion of the Yamada's modification to the
tangent stiffness approach, shéwed that even for load
increments small enough to cause the yielding of a single
element only, the finite element solution will drift above the

upper bound solution.
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Z.> MECHANICAL PROPERTILS OF STEELS AT HIGH TEMPERATURES

Very little information on the mechanical properties of steel
or indeed of metals in general near their solidification

temperatures is available.

P.J. Wray and M.F.Holmes (51) documented the plastic
deformation of austenitic iron, represented by a zone refined
iron an electrolytic iron, an Fe-0.05C alloy, and an
Fe-5.2Mn alloy, for the temperature4range 950 to 1350 deg C
and the strain-rate range 2.8 x 103 to 2.3 x 1074 (1/sec.).
Their documentation is restricted to initial periods of strain
usually less than 0.10 due to the intrusion of
recrystallization during deformation. It is also restricted
because they had to use specimens that were possibly
unrepresentative of a polycrystalline aggregate in order to
maintain the initial structure as an invariant for tests at
different temperatures. On the basis of their results, Wray
and Holmes found that chemical composition appeared to
influence the plastic-flow behaviour of ausenitic iron
primarily through its effect on the grain structure. The
large—grained-zdne refined iron was found to be relatively
weak and the difference in behaviour between the Fe-0.05C

alloy and the Fe-5.2Mn alloy was found to be small.

Sorimachi and Brimacombe (38) infer the data used in their
model of stresses in the continuous casting of steel from the

values reported by Wray and Holmes (51) for austenitic iron.
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The lack of data is reflected on wide variations on the values
used in different models, as is illustrated in figure 15 (67).
Kojima et al (67) refer to this wide dispertion, which they
relate to variations in measuring methods, to justify the use
of mean values based on the data refered for the modelling of
bulging of slabs in the secondéry cooling zone. It must be
observed, however, that only two of Kojima's references
correspond to experimental results. It is interesting to note
that the only Young's modulus curve presented which
corresponds to experimental measurements differs from

the other curves in that it shows a rapid decrease of the

Young's modulus which tends to stabilise after about

1000 degC.
x10%
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Sorimachi (assumed)
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Puhringer (experimental)
Kinoshita (experimental)

FIG 15 Mechanical properties of steel (67)
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More recently, the tensile properties of continuously cast
'carbon'éteels at élevated temperatures up to their melting
points were investigated by H.Kitaoka, K.Kinoshita and T.Emi
(52). Strength and ductility of steel solidifying in a
continuous casting machine was investigated for low., medium
and high carbon steel slab spécimens reheated on an Instron

type testing machine up to their melting points.

Table 1 presents the chemical composition of the continuously

cast slab tested.

The stress-strain curves obtained for sample No. 1 and for
samples No. 2 and No. 3 are given (figures 16 and 17). It can
be noticed from this figures that the amount of work hardening
decreases significantly with increasing temperatures,
suggesting that the assumption of elasto-perfec plastiCity
represents a good approximation of reality. It can also bek
noticed that the variation of the Young's modulus with

temperature appears to be negligible in these figures.

Table 2 shows the change of the 0.4% flow stress and of the
tensile strength. A variation of the order of 100% on the
values of the tensile strength reported for different steels

at each temperature can be appreciated in this table. The

difference between corresponding values of 0.04% flow stress
and tensile strength is also of the order of 100% at 1000 degC

and above.

Figure 18, illustrates the dependence of tensile strength on

temperature and carbon equivalent. It shows the quasi-linear
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variation of the tensile strength with temperature

The stress values given in figures 16 and 17 and in table 2
correspond to a strain rate of 10~% sec™l. The effect of the
strain rate on the values of the tensile strength was tested
at 1150 degC and at 1200 degC. The authors indicate that the
results obtained, shown in figure 19, follow the same
relationship between stress at a quasi-static strain rate and
the strain rate reported by Jonas et al (53) for various
materials, which include carbon and alloy steels, at lower

temperatures (up to 1100 degC).

stress girain rate) = Stress(gggr) (strain rat:e/QSSR)o'2

where.
0SSR = 6 x 104 sec™?!

is the usually assumed quasi-static strain rate (53)

The stress rate referred to in this equation is the average
rate of strain, such as has béen used in nearly all
experiments on dynamic plasticity. It is interesting to note
that although the stréin rate has a significant effect on the
magnitude of the stresses, it has no effect on the Young's

modulus (55).

The same type of equation is used in the model developed by
Sorimachi and Brimacombe (38) assuming a constant strain rate

of 1073 m.s—1,
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1The measurements made Dy Kiltaoka et al (oZ) represent an
important advance in that they cover a whole range of steels
énd can be related to specific characteristicsrof these
steels. Still, the determination of the mechanical properties
of steels solidifying in a continuously casting mould by
experimental methods which rely on reheating cold specimens is
limited. This is illustrated by the investigations undertaken
by Weinberg (70) which show inportant differences in the
results obtained after preheating the steel to near its

meltiﬁg point prior to testing.

The results of these measurements can only be taken as an
indication of what the mechanical properties of continuously
cast steels might actually be while they are solidifying in

the mould.
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Table 1 Chemical composition of the continuously cast slab
samples tested (52)
(%)
Steel C Si Mn P S Al N . Cr Nb \Y
No.1 0.035 0.019 0.25 0.016 0.015 0.048 0.0040 — — —
No. 2 0.40 0.26 1.37 0.019 0.008 0.012 0.0068 — — -_
No. 3 0.89 0.27 0.46 0.014 0.008 0.001 0.0058 0.18 — -
No. 4 0.94 0.22 0.38 0.014 0.003 — 0.0039 | 1.16 —_ —
No.5 0.08 0.25 1.61 0.020 0.004 0.037 — jl 0.004 0.037 0.052
No.6 0.13 0.21 0.62 | 0.021 | 0.011 | 0.002 - = - =
1 T
No.7 0.18 0.21 0.68 0.027_L 0.014 0.003 | — — | - ) —
20
No.2 steel
~—=No0.3 steel
15 15¢
£
_ 10} = 10}
E H
E ¢ | AL
= 5
; S~
< T, T .
= {
a 5 950 650
750
850
1050, 450
o \ 1250 )55 :
orowz 3 ed 03 0.1 02 03 04 05
Strain Strain
FIG 16: Stress-strain curves FIG 17: Stress-strain curves

for No.l low carbon

steel (52)

for No.2 and No.3
high carbon steel (52)
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Table 2 : Change of 0.4% flow stress and tensile strength
with test temperature.(52) 5
(kgf/mm<)
Ty C)
Steel Stress -
650 | 750 | 850 | 950 | 1050 [ 1150 | 1250 | 1350 | 1400 | 1450
No. 1 o004 25 22 1.7 L6 1.5 1.0 0.7 0.3 04 -
0.
Ors 127 6.5 3.2 45 34 1.7 14 0.6 0.5 —
No. 2 Goo0s 3.2 24 23 1.8 1.7 0.9 0.6 0.4 0.3 0.3
0.
Ors 308 | 176 9.3 5.7 35 1.9 1.2 0.7 0.5 0.4
Oo.004 23 2.2 21 13 1.2 0.9 0.5 0.2 - —
No. 3
ors 20.3 8.6 76 ' 45 2.8 1.6 1.0 03 - -
Tuou 28 | 221 18] 19 | 11l 11| o6 | 02 | — | —
No. 4 }
0. 206 | 95| 89 | «a | 29| 17| 10| 03| — | -
Tp (°C)
Steel Stress
700 | 800 [ 900 | 1000 | 1100 | 1200 | 1300 | 1400 | 1450 | 1470
No. Oo.004 2.8 3.1 21 24 23 11 0.6 0.4 - -
0.
ors 251 | 134 9.9 6.4 39 | 24 13 | o8 - -
No. 6 Coon 2.7 24 14 2.0 14 09 | 09 04 0.3 0.2
0.
o1s 149 | 69 54 | 46 32 20 13 0.8 0.6 0.5
No. 7 Cosu 26 217 23 1.7 1.2 10 | 07 0.5 0.3 0.2
0.
615 18.4 7.2 64 | 41 3.0 22 1.3 0.9 0.6 0.4
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FIG 18

FIG 19

Steel No.l

No3

No.4

1.0

1.2

Dependence of tensile strength on temperature and

carbon equivalent. (52)

‘ONo.l steel T»=1150T
ANo.2 steel
6F |ONo.4 steel

o,y thgl/mm?)

. ] T.=1200C
‘& N5 l

No.5 steel
6F '@ No.6 steel
l..\in] steel

TR VRS TR AR TR

Strain rate{s™"

Strain rate dependence of tensile strength
at 1150 degC and 1200 degC for the steels

listed in table 1.
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CHAPTER 3 :
EXPERIMENTAL DEVELOPMENT OF BIMETALLIC STRUCTURE ANALOGUE

3.1 STAGES OF DEVELOPMENT

INTRODUCTION

The previous analysis has already identified the main area of
interest of the research as the study of the continuous
casting solidifying shell as a structure of four beams joined

together by rigid corners.

The aim of the experimental work was to develop a physical
analogue of this sfruéture, that is, to construct a simple
structure and subject it to factors analogous to those found
"in continuous casting. In this way the behaviour of the
structure forming in the real process could be visualised and

familiarity with its likely structural behaviour be acheived.

If an horizontal cross section of a continuously cast strand
is considered, it appears that a rectangular box structure
formed by four bimetallic strips and four corners provides a

suitable analogy.

The use of bimetallic strip allows the development of thermo-
mechanical behaviour analogous to some extent to'that-shown
by rapidly solidifying metal shells. Some type of distributed
load can provide an effect analogous to that of the liquid

steel pressure acting upon the solidifying shell.
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SELECTION OF THE BIMETAL

‘The bimetal TELCON 200 was selected because of its high strip

deflection constant,
-6
Ks = 3/4 (oL~ ) = 19.3 x 10 [l/deg C]
where "o" and "p" are the coefficient of thermal expansion of

the high and low expansion sides respectively.

 Bimetal TELCON 200 is based on a comparatively recent innova-

tion in the high expansion alloy field: the development of
high manganeseAcopper—nickei alloy with an exparision coeffi-
cient of about 29x166[l/deg Cl. This alloy when combined
with a standard low expansion alloy, produces a thermostatic
bimetal'with approxiﬁately 50% higher thermal activity than

standard high sensitivity bimetals.

Figure 1 shows the comparative deflection curves for medium

to high activity TELCON bimetals, which are typical bimetals.

High activity bimetals have the further advantage of having a
stable deflection constant over the range from 25 to 100 DegC

or up to 150 DEG C for type 200 (Table 1).

It was assumed intuitively that the higher the bimetal deflec-
tion constant the greater would be the deflection produced
experimentally. This proved to be right, although it later
became apparent that there were other factors that had to be

taken into account in selecting the most suitable bimetal.

Table 2 presents the mechanical properties and table 3 other

fundamental characteristics of the TELCON bimetals.
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COMPARATIVE DEFLECTION CURVES FOR TELCON MEDIUM TO

FIGURE 1 :
HIGH ACTIVITY BIMETALS.

TYPES 200, 160, 140, E140, 400, E400

(Telcon bimetals, publication TPlA, pg. 29)

Defiexion

Temperature deg

PAGE 3:3



INSTANTANEOUS DEFLECTION CONSTANTS FOR TELCON

TABLE 1 :
BIMETALS.
(Telcon bimetals, publication TP1lA, pg 31)
Temperature deg C 2
) }
TYPE -75| -50] -25} O 25| 50) 75| 100| 125 150 | 1751200 | 225} 250 | 275 ] 300 | 325 ;
200 15-8 {177 [18:6 (19-1 [19-3 [19:3 [19-3 [19:3 [19:3 [19-3 [19.0 189 |14-6 | 95
160 ; 11-2 {12:3 [13-5 [14-5 (14-8 {14-8 {14-8 {14-8 14-8.14-7 14-3 {13:6 {12:4 [10-5 [ 75 | 51
140 .gg o8 103 [11:7 136 140 14:0 [14-0 }14-0 [14-0 13-9 [13-2 |16 | 9-2 | 7-2 | 5:7 | 4-55| 3-85,
E140 ?% 107 [11-7 [12:4 [12:0 [131 1341 131 [1341 |12 }12:6 }110 108 | 91 | 72 | 56 | 43 | 385’
400 ég 94 | 97 [103 [11:2 {116 119 (118 [11:9 [11:9 [12:0 [12:0 [1211 [12:1 1211 [12:0 [11:6 {106
E400 gg 67|76 | 85| 9-4| 98 [10-2 [106 [11:0 [112 [11-4 |15 11-6 [11-7 117 [11:7 113 [104
15 §§ 77| 8186 ’?90 94|95|95|92|86|75|60] 455342752524
TEL A R R R R ~ [
188 3 67|69|75|87|93|92|90|88|83|76|64 4753028252423
75 4148|564 58|61 |64|66|68|72|75]|77|80|81)|80|78|72]|66,
s 33| 37|39 41| 415 42| 42|41 |40|38]37|36|35]|33]|30]27]|23
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TABLE 2 : MECHANICAL PROPERTIES OF TELCON BIMETALS.

(Telcon bimetals, publication TPlA, pg 12)

Ultimate ' Typical
, Component Mt;dul_us of tensile Specific hardness
Type alloys elasticity strength gravity HV
LE ,
HE . . - '
kof/mm tbf/in? kgf/mm?® | tonf/in’ ‘ HE LE
200 36 Ni . .
36 Ni :
%0 | NiMngre | 18000 | 225-10° 70 45 80 230 210
38 Ni |
140 NiMFe | 16000 | 225x10° 70 45 80 230 210 |
: |
E140 36 Ni 0~ |
Ni/Ci/Fe | 17000 | 24:0-10° 80 50 80 260 220
4(;0 R 42N' 4 - .1 . _ PUUEDN S S PR [ I - 4 - Y
NinEe | 18000 | 230x10¢ 70 a5 80 230 220
£400 42 Ni 5. 10 '
15 36 Ni 18500 | 26:0.10¢ 70 as 86 210 210 |
: ;
188 | Ni/Fe/Cr 50~ :
NifFescr | 17900 | 250-100 80 50 8:0 250 230 |
58 Ni i
75 Ni/Mn/'Fa 17 500 25-0- 10" 70 45 83 230 220
41 N‘ . . "——*.-.—— ——_‘~4_‘———‘
Ni/CL/Fe 19500 | 28G-10 70 45 86 250 - 200 5
’5

The Modulus of Elasticity of type 200 is'significantly lower
than the Moduli of Elasticity of the other types which means
that the forces and bending moments necessary to deflect it
are significantly lower. On one hand, this is an interesting
characteristic of type 200 as it means that it is more sensi-
ble to the forces and bending moments. On the other hand,
working with small loads made friction forces in the experi-

mental apparatus relatively more significant.
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FUNDAMENTAL CHARACTERISTICS OF TELCON BIMETALS.

TABLE 3 :
(Telcon bimetals, publication TP1A, pg 14)
2
]
1 ¥
! | Sta- .
i , bilis- =
! ing °
Defiexion'| pap ‘ ;
; ge of | Useful Modulus of | heat -
v | TS | o | auiin | ey | et oo
pe g Sensitivity Range @ Zosd;‘;té | ment .
. deg
; { ™ [ i
q?400§ m: for
egC) || degcC deg C  |kgt/mm' crom s
200 119-3x10°* .| _2515 200 | 75 t0 260 | 13500 111 260
160 |14-8x10-* S :
010180 | -7 :
--~~“w~~m——-—~--._M_Mm*hﬁvv.*ffiifgﬂ 16000 { 0-78, 350
’1 . - T - '_'E'-‘
ﬂ,“f?__;ti?X1o_‘, 010175 | —75 10 350 | 16000 0.76 350
E140 1131x10°* | _ 2515 160 | —75 10 400 | 17000 078 350
4 . -
00 [11:8x107*|l 15310 | —75 10400 | 16000 0-70 350
E40 §x10
0 110:5x10°*1 7010310 | 7510 400 | 17000 0-68 250
15 | g3x10-¢ ] — — 1
8:3x107* | _ 1010110 | —75 to 250 | 18500 0.16 | 350 |
. |
188 | 88x10°*} 010130 | —75 10400 | 17500 0-87 1 350
75 | 65x10°* | 12515300 | —7510 400 | 17600 0-46 350
41 Ax10-%, ’
41x10°%| _2510 150 | —75 to 400 | 19500 0-16 150

(NOTE ON HEAT TREATMENT: Following recomendations of the

manufacturer, all bimetallic strips were heat treated to
release the stresses induced during the manufacture. This

heat treatment consists simply of heating the piece parts
to the temperature recomended in this table and maintaining
the temperature for one hour. The parts being treated must
be packed in such a manner that they are free to deflect

during the heat treatment cycle.)
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Another important factor to take into account is that the
high deflection constant of bimetal TELCON 200 is acheived at
the cost of an inherent weakness, the Maximum Loading Stress
which it is able to withstand at a given temperature is
significantly lower than for other bimetals (figure 2). This
Maximum Loading Stress given in figuré 2 is related to the
internal stresses which develop in the bimetal and which have
a particularly significant effect at the bonding between the
two components . It is a safe margin, determined empirically
by the manufacturer, to ensure that no pefménent set ( no

"plastic deformation") of the bimetal occurs.

But this weakness of type 200 is compensated by the fact that
lower loads (and bending moments) are involved in its

deflection.
Four TELCON 200 bimetallic strips, flat at room temperature,

300mm x 35mm X lmm , were ordered from the manufacturer to

provide the sides of the box analogue structure.
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FIGURE 2 : MAXIMUM LOADING STRESS CURVES

(Telcon bimetals, publication TPlA, pg 33)
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Chapter 3 Section 3.1

RIGID CORNER,BIMETALLIC STRUCTURE

The first rigid cbrneré were constructed uéing angle sections
of extruded aluminium together with alﬁminium plates, which
were hold with nuts and bolts. Figure 3 shows these first

rigid corners and the assembled structure (with dimensions
corresponding to the structure used in the first experiment).
Each end of each bimetallic strip is clamped between a plate
and one face of the angle section and pbsitioned between the
four bolts so that the strip lies horizontally with its
longitudinal axis at the required height (32mm from the surface

on which the structure rests).

Each corner is provided with a foot made by grinding a weld
into an inverted cone shape. The assembled structure can thus
rest upon a smooth surface with the corners free to rotate

and slide as the structure deforms.

Since the corners are free to slide, no more than a slight
tension on the bolts is sufficient to prevent the strip being
pulled out of the clamp. However, it is also necessary to
restrain the bimetallic strips from twisting and bending about
their horizontal axes, so the aluminium used both for the
angle and the plates has to be thick enough and the bolts

have to be kept well tightened.
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EXPERIMENT 1 : EFFECT OF THE TEMPERATURE CHANGE ON A
' STRUCTURE WITH DIFFERENT MOMENTS OF INERTIA IN
EACH PAIR OF OPPOSING SIDES.

A rigid corner bimetallic structure with the following dimen-

sions was assembled for this experiment (see figure 3), where,

CORNERS : Internal side width, 35mm
(Aluminium) Length (height) 56mm
Thickness, : 3mm

Internal plates dimensions, 30mm x 56mm x 3mm

BIMETAL STRIPS : 2 x (112mm x 16mm x 0.5mm)
(TELCON 200% 2 x (300mm X 34mm x 1.0mm)
: flat at ( 20 = 5 ) deg C

OVERLAP AT CORNER : ov
ov

30mm for the short strip.
25mm for the long strip.

nou

‘The structure was immersed in water in a standard insulated
tank 300mm x 900mm x 300mm. The water level was maintained
at least 150mm over the top of the structure, that is, at

least 210mm high.

Two 350W stirring immersion héaters were used to control the
temperature of the tank. They had to be left on overnight to
reach a temperature of 90 deg C. Measurements were then taken
by cooling down the water to the desired temperature. Measu-
rements. were also taken increasing the water temperature to
the desired temperature. No difference was detected between

"cooling-down" and "heating-up" measurements.
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The water temperature was menitOred at different locatiens to
detect temperature gradients. A PVC sheet helped to minimize
heat eseape by evaporation from the upper surface of the
tank,_while allowing the structure to be observed. It was
possibie to minimize the.temperature gradients by raising the
water temperature so that all thermometers would read at |
least 2 deg C more than the desired temperature and then
leaving the temperature to stabilise after turning off the
heater. In this way the tempereture difference over the
height of the bath eedld be kept below under 1 deg C, while
temperature differences within the immediate vicinity of the
structure were negligible. =
Various direct methods, using reference grids on top or under
the structure, have been tried to measure the deflection.
None of them was satisfactory, several problems developing:.
* the deflections involved were small.
* water vapour from the bath tended to obscure direct-
observation.
* the water surface distorted direct readings.

* it was difficult to keep the water clear.

Some measurements where, however, made. The contraction of
‘the minimum distance betwen the two long beams (along the
transversal median line of the rectangle) was measured ueing'
a ruler fixed slightlyvabove the top of the long strips on
two steel bars (aprox. 50mm from the bottom). The bars were

welded upon a plate to increése their stability.(See fig. 4).
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FIGURE 4 : MEASURING WITH A FIXED RULER.

The contraction of the distance between the long beams is

given by,

Aa= a-a

where,

a is the distance between the long beams at To.= 20 deg C

a' 1is the distance between the long beams at T

The deflection of a long beam, at mid-span, was then assumed

to be,

Measurements were taken at 20 deg C, 40 deg C and 60 deg C
twice after "heating-up" and 6 times after "cooling-down".
The results obtained were reproducible to within lmm. The
averages of the 8 sets of measurehents are presented in
~table 4 . They are compared with the results predicted by the

first and the final theoretical models.

PAGE 3:13



. - - — - —— -~ - - -

The reaéing‘error'eétimate is based upon the fact that for
each measurement of a' two readingé had to'beinade on the
ruler scale,
a' = ' - r"!
so that the error on a' is twice the basic reading error Er,
Ea' = 2 Er

"and it was difficult to estimate the position of éacﬁ strip

in relation to the ruler within less than 2 2mm.

TABLE 4 : EXPERIMENTAL AND. THEORETICAL RESULTS, EXPERIMENT 1
(deflection at the long beam middle span)

T a = a - a' v(1l60) v(160) v(160)
EXPERIMENT FIRST MODEL FINAL MODEL
[deg C] - [mm]} [mm] (mm ] [mm ]
20*1 12 * 4 6 %2 3.3 | 6.5
40 z1 v 224 11 2 6.6 13.0
60 * 1 42 = 4 21 =2 10.0 19.5

At the time of these initial experiments, only the first

theoretical model of the physical analog was completed (with

its limitations).

The difference between experimental and theoretical results

was atributed to twd possible reasons:

l.- lack of effective rigidity at the corners due to play in
the corner clamp.

2.- limitations of the theoretical model.
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The possibility thét the first reason waé correct was
reinforced by the observation of a slight bending of the
holding plates after several experimental runs. But after
replacing the l.5mm thick plates originally used with 3mm
plates, the results‘rémained within the same range but no
bending of the plate'coﬁld be detectéd. Later results
confirmed that the-difference between the experimental and
theoretical results was not due to experimental errors but to
limitations in the first theoretical model. Indeed, these
measurements showed that the lack of rigidity of the corner
was negligible.

# : :
The measurement 'technique used limited the analysis of the

deflection of thé beams to the mid-span deflection of the
long beams, that is, to the maximum deflection within the
.structure. Attempts were made to measure the short beam
mid-span deflection, but they were abéndoned as no éignifi—
cant change could be measured between one‘temperature and

another.
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EXPERIMENT 2 : EFFECT OF THE TEMPERATURE CHANGE ON A
STRUCTURE WITH CONSTANT MOMENTS OF INERTIA.

Experiment 1 was repeated using strips of different length,
two short and two long ones as before, but of otherwise equal

characteristics (same thickness, width, components),

CORNERS : Internal side width, 35mm
(Aluminium)  Length (height), 56mm
Thickness, 3mm

Internal plates dimensions, 30mm x 56mm X 3mm

BIMETAL STRIPS : 2 x (112mm X 34mm X 1.0mm)

(TELCON 200) 2 x (300mm x 34mm X 1.0mm)
flat at ( 20 2 5 ) deg C
OVERLAP AT CORNER : ov 30mm for the short strip.

n

ov 25mm for the long strip.

The general set up of the experiment and the measurement

technique used were the same as in the first experiment.

TABLE 5 : EXPERIMENTAL AND THEORETICAL RESULTS, EXPERIMENT 2
(deflection at the long beam middle span)

T a=a - a' v(1l60) v(1l60) . - v(1l60) i
EXPERIMENT FIRST MODEL _FINAL MODEL
[deg C] [mm]) [mm] [mm] - [mm]
01 0.2 01 0.0 0.0
0=1 0=2 01 0.0 0.0
0 £1 02 0=x1 0.0 0.0

No deflection could be detected. This result agrees with the

predictions of both the first and final theoretical models.
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The deflection of the structure is independent of the
relative lengths'of the bimetallic strips as the bending
moment induced in both is constant over their length and all

their other characteristics are equal.

The result confirmed that lack of rigidity at the cornefs was
negligible and that the absence of'agreement between the
results predicted by the first model and those obtained in
the first experiment was due to the limitations of the theo-
retical model. Limitations of the measurement technique had
aiready been taken into account in the error estimate of the

results.
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THE USE OF LONGER BIMETALLIC STRIPS

After these first attempts to develop a physical analogue of
continuous casting, it became evident that both the technigues
used to measure deflection and the mathematical model of the
ahaidygue had to be improved a great deal to approach a |

satisfactory starting point.
The structure itself was unsatisfactory.

Although measurement techniques and mathematical modelling
‘could be improved a lot it was already apparent from the
simple observation of the behaviour of the sﬁructure under
temperature changes and under its simple handling (pulling
out the strips with the hands) that the variations in curva-

ture along the strips remained very small.

One of the aims of the research is to develop some understan-
ding of‘the curvature variations along the deforming faces
reéulting in significant changes of concaviﬁy along thg long
face of a continuously cast slab. It was not_cleér, at fifst,
if a purely elastic deformation along the faces could account
for such a final shape, but the analogue structure had
already shown that elastic deformation by'itself could lead
to similar shapes from the combination of thermal and mecha-
nical loads. However the resnits also showed the necessity of
ampliinng the effects obtained before firm conclusions

could be drawn.
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Whereas thé thermally induced bending moment.onAa bimetallic
-strip is constént, the bending moment arising from a mechani-
cal load is not since its magnitude is related to the rela-
tive distance from the supports as much as to distance from

the points of application of the load.

The bending moment resulting from the superposition of
thermal and mechanical loads is thus not constant along any

of the beams.

Thus in practice, variable momenﬁs, similar to those found in
continuops casting, can be developed within the physical
analogue, even though its deflections are purely elastic.
There is , however, no direct relation between the non-
uniformity of the mgments within the analogue, due to the
mechanical loading, and the non-uniformity of the moments
within the continuous casting shell which involve plasticity

and variable thermal loading as well as mechanical loading.

Incréasing the lengths of the bimetallic strips in the analo-
gue structure, without altering their other characteristics,
would amplify both the overall deflections and the variations

in curvature caused by the non uniform moments.
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CURVATURE OF THE STRIPS AT ROOM TEMPERATURE

New bimetallic strips were obtained having the same thickness
~as the previous strips, but being longer and wider (Table 1).
the other important difference was that théy were not flat at

room temperature. (figure 5).

This allowed meaningful measurements to be made at room
temperature on the combined efﬁects on the structure of
mechanical and thermal loads, assuming that the curvature.at
room temperature wasvin fact . due to a thermal effect, there
being a certain higher temperature at which the strips were

flat (expériment 4).

The curvature of the strips was measured geometrically from

the imprint of their edges.

There is a variation of curvature within each strip (Table 6)
which consists mainly of a regular increase of the radius of
curvature along the length of the strip due to the fact that
the strips are finished and packed in rolls. There is also
some twisting of the strips, which manifest in different
cuvatures of the top and bottom edges of a given lengﬁh.
However, the effect of this twisting is less than the length
variation and negligible at the center lines where the deflec-

tion measurements were later taken with the final apparatus.

Both curvature variations are diminished when the strips are
assembled into the structure and are too small to induce a

relevant built up of stresses.
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FIGURE 5 : BIMETALLIC STRIP CURVED AT ROOM TEMPERATURE USED.
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TABLE 6 : CHARACTERISTICS OF THE BIMETALLIC STRIPS CURVED AT
ROOM TEMPERATURE USED

(Information providéd by Telcon metals)

Type: TELCON 200

Components alloys, L.E. : 36 Ni

' H.E. : Mn/Cu/Ni
Modulus of elasticity: 13500 'A, [kgf/mm ]
Ultimate tensile strength: : 70 [kgf/mm ]
Specific gravity: | '- 7.8
Typical hardness (HV), L.E. = 210
# H.E. : 230

r -6
Deflection constant (20-100 deg C): 19.3 x 10 [l/deg C]

-6
Specific deflection (20-100 deg C): 0.212 x 10 [1/deg C]
Range of maximum sensitivity: -25 to 200 [deg C]
Useful deflection range: -75 to 260 [deg C]

Stabilising heat treatment: 260 deg C for one hour

Dimensions: short strips long strips

[mm] . [mm ]
length 214 502
‘width 120 116
thickness 1.0 0.5
Curvature at room temperature: (260 20) [mm]
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FIGURE 6 : IDENTIFICATION OF THE STRIPS EDGE SEGMENTS FROM
WHERE IMPRINTS WERE TAKEN FOR THE MEASUREMENT OF
CURVATURE. .

1l: Top left ' 2: Top right

/"T A

3: Bottom left 4: Bottom right
The "TELCON LE" labels, printed on the strips to identify

their low expansion side, also identify unambiguously the edge

segments considered.

TABLE 7 : LOCAL CURVATURE OF THE STRIPS EDGES

STRIP DIMENSION CURVATURE AT EDGE SEGMENT:
1 -2 3 4
[mm] [mm] {mm] [mm]
A Immx120mmx214mm 250 265 245 273
B Immx120mmx214mm 243 265 245 285
C _+5mmx116mmx 50 2mm 238 262 243 269
D .5mmx116mmx502mm 247 263 246 263
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EXPERIMENT 3 : LONGER AND WIDER BIMETALLIC STRIPS
This was an attempt to repeat the previous experiments with

the new longer and wider bimetallic strips. The assembled

structure had the following characteristics,

CORNERS : External side width, 25mm
(Aluminium) Length (height), 150mm
Thickness, 3mm

External plates dimensions, 25mm x 130mm X 3mm
BIMETAL STRIPS : 2 X (100mm x 120mm Xx l.0mm)
(TELCON 200) 2 x (300mm x 120mm x 1.0mm)
flat at ( 20 * 5 ) deg C
OVERLAP AT CORNER : ov = 25mm for all strips.

{e.
The general set up of the experiment was similar to the one
used in the first experiment, although a bigger and non

insulated water tank (600mm x 600mm x 600mm) had to be used

as well as an extra 500W immersion heater.

Several attempts were made to obtain a homogeneous tempera-
ture distribution around the structure during heating;up. A
propeller étirer was used in different orientations with
different orientations for the immersion heaters, but a
temperature difference of up to 10 deg C remained within the-
vicinity of the structure. This induced a twiéting of the‘

bimetallic strips.

A more homogeneous temperature distribution was obtained by

cooling down the water slowly from 80.deg C to 30 deg C.
Hot water was extracted from the top of the tank, while

cold water was introduced at the bottom (far from the
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structuré), very slowly, using 8 rubber hoses (10mm internal
diameter) (4 to extract the water, 4 to introduce it) Cooling
from 80 degC to 30 deg C took about 3 hours. In this way, the
maximum temperature gradient within the vicinity of the
structure was reduced to less than 4 deg C for any

temperature.

A high depth of water had to be maintained to minimize the
temperature gradients and this made the observation of

distortion very difficult.

The corners were a further problem as they lacked the rigidi-
ty which had been acheived for the narrow strips used in the

first and second experiments.

New corners were made out of pairs of aluminium plates, bent
to form right angles, which fitted together to hold the
bimetallic strips. These proved to be much more rigid than the

previous system and was found to be satisfory.
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EXPERIMENT 4: COMBINED EFFECT OF CENTRAL LOAD AND T VARIATION
The structure assembled for this experiment had the following

characteristics,

CORNERS : INTERNAL ALUMINIUM ANGLES,

External side width (section 1) 35.5mm
External side width (section 2) 35.0mm
Length (height) 170.0mm
Thickness 3.0mm
EXTERNAL ALUMINIUM ANGLES, -

Internal side width (both sections) 36 . 0mm
Length (height) 150.0mm
Thickness 3.0mm

BIMETALLIC STRIPS : 2 x (502mm x 1l6mm x O.5mm)
2 x (214mm x 120mm x 1.0mm) )
Radius of curvature at (20%5) deg C = (2552 15)mm"
(with low expansion side, inside the curve)
OVERLAP AT CORNERS : ov = 35mm, both long and short strips

ASSEMBLED WITH LOW EXPANSION SIDES FACING OUTWARDS

It was assembled in a way similar to that used in the previous
experiments, but with the low expansion sides facing outwards
so that, if not restrained by the corners, all strips would

bend outwards (the curvature being convex outwards).

Once assembled, the short strips force the long strips
inwards (see figure 7). This is because the short strips'are
stronger than the long ones as they are thicker while being

roughly of the same width. Their length is irrelevant.

The structure was placed upon a small square table and
subjected to loads pulling the strips outwards from their
middle span. Simple pulleys made from machined cast aluminium

were used, held at an angle by a standard vice. Balance plates
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and weights wefe attached to embroidery thread which was found
to have the strength and flexibility required. The thread was
simply loopéd around the strips and held with a simple knot.
The weights involved were enough to ensure that the thread

remained at the middle of each strip.

The top edges'of the strips were marked with slight indenten-
tions at mid-span and at 20mm intervals from their joint with
each corner, up to the point nearest to tHe middle of the
span. The corners' top edges were also marked 20mm from the

joints, that is at 16mm from the corner origin (figure 7).

The structure had to be very carefully adjﬁsted so that

opposite strips had the same length.

The distance between each pair of opposite marks was then

measured directly with a ruler.

Balance plates were attached to the free ends of the threads
and loaded with weights so as to increase equally the loads
until the distance between the middle span marks on the long
strips was equal to the original distance between the corner
marks, at lemm from the corner origin, before weights were

added.

The results obtained are presented on table 8 and ploted on

figure 7.

Ly 268mm is half the length of the long beams.

Ly 140mm 1is half the length of the short beams.
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1T(x) is the distance between the two long beam opposite
marks distant x from their respective corner origin

when the structure has no load.
1(x) is the similar distance when the structure is loaded.

sT(y) and s(y)' are the corresponding distances for the

short beams.

The final load on each plate was,

F = (650 * 25) grs

The error is estimated from the fact that,

638 grs

1(268) 272mm for F

1(268) 274mm for F 672 grs

and that a + lmm error bound was assumed for the distance

measurements.

The distance between all the other opposite marks was then
measured with 650 gr loading on both plates. The structure
was quite stable and no ;hange on the measured distaﬁces
could be detected even after perturbing sensiﬁly the table

upon which the structure was laid.

The loads were withdrawn, and the initial measurements were
repeated obtaining the same results as initially. The loads
were then replaced to take the measurements again. No

belween
variation was found. Such an agreement bken two sets of

measurements showed that no further measurements were

necessary to ensure that the experiment could be reproduced.
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FIGURE-? : TOP VIEW OF THE BIMETALLIC S

TRIPS STRUCTURE USED
IN EXPERIMENT 4.
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TABLE 8 : EXPERIMENT 4 RESULTS (lmm appreciation)

Long beam, (.L;= 268mm) »
X 1T (x) 1T(536-x) dT(x) 1(x) 1(536-x) d (x)

[mm] . [mm] . [mm] . [mm] . [mm] . [mm] . [mm] .
16 273 273 136.5 273 273 136.5
36 266 266  133.0 268 268  134.0
56 260 260 130.0 264 264  132.0
76 254 254 127.0 262 262 131.0
96 250 251 125.0 261 261 130.5
116 246 247  123.0 262 261 131.0
136 242 242 121.0 263 263 131.5
156 237 237 118.5 264 264 132.5
176 234 233 117.0 266 266 133.0
196 232 230 115.5 268 267 134.0
216 229 228 114.0 1270 270 135.0
236 227 226 113.0 272 272 136.0
256 225 224 112.0 272 273 136.0
268 223 223 111.5 273 273 136.5

Short beam, (L2 = 140mm)

y s (x) s (280-x) d (x) s(x) s(280-x) d (x)

[mm] . [mm] . [mm] . [mm]r . [mm] . [mm] . [mm] .
16 536 536 268.0 535 535  267.0

36 543 543 271.5 542 542 271.0

56 '549 550 275.0 547 548 274.0

76 556 556 278.0 553 553 276.5

96 559 560 280.0 558 558 279.0
116 562 562 281.0 559 559 279.5
136 563 563 281.5 560 560 280.0

140 563 563 281.5 ~ 560 560 280.0
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INTERPRETATION OF THE RESULTS

The median lines, or symmetry axis, represent a suitable

reference system to analyse the deformation of the structure..

As in previous analysis, it is assumed that the structure is,
and remains symmetrical. The measurements taken show that
the irregularities observed in the shape of the strips are

smoothed out on the structure.

It can be observed that,

¥ x < 26émm 15(x) = 1T(536mm - x) * 3mm
1(x) = 1(536mm - x) = 3mm
¥ y < 140mm sT(y) = sT(I280mm -y) + 3m§n
S(y) = s(280mm - y) 2 3mm

That is, the structure remains symmetrical up to a i13mm error

bound.

It is assumed that the built of moments from this smoothing
is negligible as the initial irregularities observed on the

bimetallic strips curvature before assembling the structure

were not very significant.

Then, assuming symmetry, a quarter section of the structure

is analysed.
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dg(x) the distance from the short beams axis of symmetry to 13
the long beam mark at a distance x from the corner when

there is no load.

dy(x) the similar distance when the structure is loaded. 14 -

dyT(y) and dy(y) the corresponding distances for the short 15

beam.

these distances related to the axis of symmetry are taken as

half the average values of the measured distances, that is,
X x < 268mm on the long beam,

S I e | 16
dy(x) = ==---—mmmmm o 17

% y € 140mm on the short beam,
| sT (y) + sT (280mm - y)
dyT(y) e ittt : 18
4

s(y) + s(280mm - y) ' ;
dy(y) = ———————————-=—mmvn 19

These calculated values are affected both by the error due to

irregularities along the beams,
ERROR BOUND(irregularities) = 23 mm ‘ 20

and by the error inherent to the measurement technigue
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adopted

ERROR BOUND(ruler) = *]1 mm

These errors affect directly the measured distances, then,
ERROR BOUND(measured distances) = %4 mm

but the double avérage made in relation with the two

symmetriéal axis to obtain
E.B.(analytical distances) = 1/4 E.B.(measured distances)
E.B.(analytical distances)

This is the error bound of d%(kﬁ, d, (x), dyT(y) and dy(y).

ROTATION OF THE CORNER

When there is no load, the slope of the long beam corner

section is given by,

slope(T,L)

slope(T,L)

slope(T,L)

and the slope of the short beam corner section is given by,

slope(T,s)

T - 4t
dx(36mm) dy (16mm)

- 0018

T - a7
dy(36mm) dy(l6mm)

Chapter 3 Section 3.1

the analytical distances makes,

1/4 E.B.(measured distances)
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that is,

271.5mm - 268mm
slope(T,s) = ——————c——ee———n

slope(T,s) = + 0.18

When the structure is loaded, the slope of the long beam
~corner section is given by,

al(36mm) - dl(lé6mm)

slope(TL,L) = ==——=—mmmem—mmmee
20mm
that is,
134mm - 136.5mm
Slope(TL’L) e e R R
20mm
slope(TL,L) = - 0.13

and the slope of the short beam corner section is given by,

T - gT
dg(36mm) - dg(16mm)

slope(TL,S) = —=——e————m———mmm—e
20mm
271lmm - 268mm
slope(TL,s) = ————--me—euen
20mm
slope(TL,L) = + 0.15

Before the mechanical loads were placed, the corner was

effectively rigid and we obtained,

slope(T,L) = - slope(T,s)
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But after the loads were placed it was found that,
slope(TL,L) ¥ - slope(TL,s)

slope(TL,L) = - slope(TL,s) + 0.02

38

39

There is an apparent lack of rigidity at the corner, but it is

necessary to take into account the error bounds on the values

obtained.

Within the corner sections there are no irregularities, and
the main source of error is the limited appreciation of the
ruler used. With a lmm appreciation ruler, the error in the

3

analytical distances is estimated to be of the order of r

+ 0.25mm.

Still, the possible error on the slope is,
2 x E.B.[dz(2z)]
E.B.[slope] = -—-—-—--mmoom—m

E.B.[slope] = 0.025

Which means that the difference on the slopes obtained would
be negligible given the measurement and calculation errors.
However, if a better ruler is used, one with an 0.5mm appre-
ciation, the error on the calculated distances from the axis

of symmetry can be reduced to + 0.0125mm.

The experiment was repeated and more careful measurements
were made, with an 0.5mm appreciation ruler, for the marks

next to the corner (l6mm, 36mm, 56mm).
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The following results were obtained,

TABLE 9 : EXPERIMENT 4 RESULTS 'i_ (0.5mm appreciation)
Long beam, |
x  1T(x)  1T(536-x) aT(x)  1(x) 1(536-x) d(x)
[mm] . [mm] . [mm] .  [mm] +« [(mm] . [mm] . [mm] .
16 273.0 273.0 136.5 - 273.5 273.5 136.75
36 266.5 266.5 133.25 268.0 268.0 134.0

56 260.0 260.0 130.0 264.0 264.0 132.0

Short beam,
y  sT(x) sT(280-x) dT(x) = s(x) s(280-x) d(x)
[mm] « mm}] . [mm] . [Mmm] . [(mm] . [mm} . [mm] .
16 536.0 536.0 268.0 535.5 535.5 267.75
36 542.5 542.5 271.25 541.0 541.0 270.5

56 549.5 549.5 275.25 547.75 548.75 273.75

Therefore,

1+

slope(T,L) = ~—-=——-—mo—mm e = - (0.16 0.01)

20mm - (dI(36mm) - A% (16mm))

- al(36nm) - aT(16mm) |
slope(T,s) = ====Tmmemooeeed o = _ (0.16 + 0.01)
20mm - (dg(36mm) - dT(16mm))

d,(36mm) - dy (16mm)
Slope(TL,L) = ===—==mmmmm—ee—Seemee——_—_ = - (0.14 + 0.01)

slope(TL,s) = ---—¥-l-— ¥ " ____ = - (0.14 + 0.01)
20mm - (dy(36mm) - dy (16mm))

It appears, then, that there is no significant lack of

rigidity at the corner.
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Chapter 3 Section 3.1
POSITION OF THE CORNER

Let,
pg and p§ be the coordinates of the corner of the structure 46
subjected only to thermal stress in relation to the

flat strips structure.

px and Dy the corresponding coordihates of the corner of the 47
structure subjected both to thermal stress and

mechanical load.
The position of the corner can be calculated by extrapolation,
Long beam, without mechaniqal load, #
af(o) = dal(16mm) + slope(T,L) x 16 mm 48
that is, using equation 42,
dl(0) = 139.0 mm | 49
Therefore,

Pr(0) = Ly - di(o) 50

px(0) 1.0 mm | 51

Short beam, without mechanical load,

dg(O) = d§(16mm) + slope(T,s) x 16 mm 52
that is, using equation 43,

d§(0) = 265.5 mm 53
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Therefore,

Py (0)

PL(0)

L'l -

c

a7
dg(0)

2.5 mm

Long beam, with mechanical load,

d, (0)

dg(16mm) + slope(TL,L).x 16 mm

that is, using equation 44,

4, (0)

Therefore,

Py (0)

Py (0)

Short beam,

dy (0)

]

139.0 mm

Ly

1;0 mm

- 4, (0)

with mechanical load,

dy(16mm) + slope(TL,s) x 16 mm

that is, using equation 43,

d, (0)

Therefore,

Py (0)

pE(0)

265.5 mm

Ly

2.5 mm

T

hapter 3
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. Chaptér 3 Section 3.1

DEFLECTION OF THE STRUCTURE

- Figure 8 shows the deflection of the structure due to the

thermal stress as measured.

At about 50 deg C, the bimetallic strips of the structure
are flat, and it is only in this situation that the distances
measured along the beam égree’precisely with the projected

distances.

Knowing the position of the corner, and of the reference
marks in relation to the medians, it is posible to express
the positién of the reference marks in relation to the x,y
reference system of axis parallel to that defined by the flat.

beam structure but with the displaced corner as origin.

Let,

v(x) be the deflection at a distance x from the corner along 64
the long beam in relation to the corner reference |
system.

v(y) be the deflection ate{distance y from the corner'along 65
the short beam in relation to the corner reference

system.

the superfix T shall denote, as previously, the values which
correspond to the structure subjected to thermal stresses

alone.

The absence of superfix denotes, as previously, the values

which correspond to the structure subjected to both thermal
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Chapter 3 Section 3.

and mechanical loads.

We shall also use now the superfix L , to denote the values
which correspond to the structure subjected to mechanical

-loads alone. These are calculated using the principle of

superposition.

¥ x < Ll,

vI(x) = - 1T(x)/2 + L,
vix) = - 1(x)/2 + Ly
vi(x) = v(x) - vT(x)
Xy < Lop» o

vIi(y) = - sTiy)/2 + 1,
viy) = - s(y)/2 + 1)
vE(y) = vy) - vTy

The calculated deflections corresponding to the results of

experiment 4 are presented on table 10 (next page) .

These deflections are plotted assuming the distance along the
beam to be approximately equal to the projected distances
along the axis whose origin is the displaced corner and which

is paralel to the flat strips position (figure 8 and 9).
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Chapter 3 Sectioh 3.1

vTABLE 10: EXPERIMENT 4 .RESULTS: DEFLECTIONS

long beam, (L;=268mm, Lj=140mm, dy(0)=139.5mm, dy(0)=138.5mn)

X vIi(x) vT(536-x) wv(x) v(536-x) vDI(x) vI(536-x)
[mm] . [mm] . [mm] . [mm] . [mm] . [mm] . [mm] .
16 3.5 2.5 3.25  2.25 - 0.25 - 0.25
36 6.75  5.75 6.0 - 5.0 - 0.75 = 0.75
56 10.0 9.0 8.0 7.0 -2.0 - 2.0
76 13.0 12.0 9.0 8.0 - 4.0 - 4.0
96 15.0 14.0 9.5 8.5 - 5.5 - 5.5
116 17.0 16.0 9.0 8.0 - 8.0 - 8.0
136 19.0 18.0 8.5 7.5 - 10.5 - 10.5
156 21.5 = 20.5 " 8.0 7.0 - 13.5 - 13.5
176 '23.0 22.0 7.0 6.0 - 16.0 - 16.0
196 24.5 23.5 6.0 5.0 - 18.5 - 18.5
216 26.0 25.0 5.0 4.0 - 21.0 - 21.0
236 27.0 26.0 4.0 3.0 - 23.0 - 23.0
256  28.0 27.0 4.0 3.0 - 24.0 - 24.0
268 28.5 27.5 3.5 2.5 - 25.0 - 25.0

Short beam,(L =140mm, L =268mm, dy(0)=265.0mm, dy(0)=265,5mm)

y vI(y) vT(280-y)  v(y) wv(280-y) vE(y) vE(280-y)
fmm] « [mm]l] . [mwm] . [mm] . [mm}] . [mm] . [mm] .

16 0.00 - 2.50 0.25 - 2.25 0.25 0.25
36 - 3.25 - 5.75 - 2.50 - 5.50  0.75  0.75
56 - 6.75 - 9.25 - 5.75 - 8,25 1.0 1.0
76 - 9.5 - 12.0 - 8.5 - 11.0 1.0 1.0
96 - 12.0 - 14.5 - 11.0 - 13.5 1.0 1.0
116 - 13.0 - 15.5 - 11.5 - 14.0 1.5 1.5
136 - 13.5 - 16.0 - 12.0 - 14.5 1.5 1.5
140 - 13.5 - 16.5 - 12.0 - 14.5 1.5 2.0



DEFLECTION OF THE BEAM DUE TO THERMAL STRESS

EXPERIMENT 4
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"FIGURE 9 : DEFLECTION OF THE BEAM DUE TO BOTH THERMAL STRESS
AND LOADS AT THE LONG BEAMS MIDDLE SPAN

EXPERIMENT 4

F= 650425 grs
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Chapter 3 Section'3.
PREDICTED AND EXPERIMENTAL RESULTS

Table 11 and figure 10 compare the measured results with those

predicted'by model 2.

Model 2 was designed to predict first the force heceséary to
have a nil deflection at the long beams middle span and then
to calculate the deflection of the whole structure under this
load. The deviation of nearly lmm in the calculated deflec-
tion at middle spaﬁ can be reduced by an iteration to adjust
the value of the necessary load in relation with the calcu-

lated deflection at middle span.

* .
On the other hand, given the difficulty in measuring the

distance between two opposite corner origins, the distance
between two opposite 16émm marks on the long beams was taken
as the basis of the experimental "nil deflection at middle

span" criteria,

1(268) = 1(16) = 273 mm
instead of,
1(268) = 1(0) = 278 mm

value which was not measured, but extrapolated.

Model 2, then, was predicting fairly well and the agreement
could be improved but the attention was focussed in making
the model more related to the uniformly distributed loéd
found in continuous casting. On the experimental side as

weil, the path was paved to look for a better analogy.

PAGE 3:44

1

72

73



Chapter 3 Section 3.1

- TABLE 11 : PREDICTED AND EXPERIMENTAL RESULTS

Long beam, ' MODEL 2 = 674grs EXP.4 F=(650 25)grs

X PREDICTED DEFLECTION  MEASURED DEFLECTION

- [mm] {mm ] (mm]
0 0 | 0

16 2.4 - 2.25
36 5.5 5.0

56 7.5 7.0

76 8.5 ' 8.0

96 | 8.7 8.5
116 8.2 | 8.0
136 7.2 7.5
156 5.9 7.0
176 4.3 6.0
196 | 2.7 5.0
216 1.3 4.0
236 0.1 ' _ 3.0
256 - 0.6 3.0
268 - 0.7 2.5

Short beam,

0 0 0
16 ' - 2.4 - 2.25
36 | - 5.5 - 5.0
56 - 8.2 - 8.25
76 - 10.4 - 11.0
96 - 12.1 - 13.5
116 - 13.1 - 14.0
136 - 13.4 - 14.5
156 - 13.5 - 14.5
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FIGURE 10 : PREDICTED AND EXPERIMENTAL RESULTS

MODEL 2, EXPERIMENT 4
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3.2 BIMETALLIC STRUCTURE ANALOGUE
INTRODUCTION

The apparatus developed as a result of the experimental work

is described by means of a sequence of commented photographs.

The system of’pulleYs used ﬁovamplify the deflection
represents a major improvement of.the previous methods used to
measure the deflection which relied on the use of a ruler. It
also allowed a direct visualization of the evolution of the

deflection.

The experiments carried out with this apparatus verified once
again that the deflection of the bimetallic strips analogue
can be predicted quite accurately with the mathematical model

developed for this purpose.

Having completed this analogue, a basic intuitive knowledge of
;tructural behaviour had been acheived together with a
knowledge of the basic élements of structural analysis. The
task of modelling the behaviour of the solidifying shell in
the early stages of the continuous casting process taking into

account plasticity could not wait any longer.

The physical analogue was instrumental in‘designing the model
described in the next chapter as a basic reference tovwhich
it was necessary to come back many times to check the
coherence of the model. The very basic characteristics of the

structure considered are clearly illustrated by the analogue.
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Chapter 3 Section 3.2

DESCRIPTION OF THE APPARATUS

1

i

FIGURE 11: GENERAL VIEW OF THE APPARATUS OUT OF THE WATER TANK
The bimetallic strips can be seen resting on top of the

bottom plate. Embroidery threads attached to the bimetallic
strips and to the corner at regular intervals transmit the
deflection to a set of pulleys which can be seen at the top.
The pulleys amplify ten times the deflection which cah then

be read on the.charts. The perplex plate seen on top of the
structure is at water level when the apparatus is placed in
the water tank, it minimizes heat flow while allowing a good

vision of the bimetallic strips structure.
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Chapter 3 Section 3.2

FIGURE 12 : TOP VIEW OF THE BIMETALLIC STRIPS STRUCTURE

The embroidery threads are attached to the bimetallic strips
at half height and at 36mm intervals. One thread is attached
to each side of the corner at 18mm (36mm/2) from the corner
origin. The joint between the corner side and the adjacent
bimetallic strip is then at 18mm from the nearest threads.
The number of threads attached to each beam is even so that
when a quarter'symmetrical section is considered the last
threads are also at 18mm from the‘symmetry axis. This impoves

the analogy with a uniformly distributed load.
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Chapter 3 Section 3.2

FIGURE 13 : GENERAL VIEW OF THE APPARATUS iN THE WATER TANK
When the apparatus is placed in the water tank, the structure
is immersed in the water up to the level shown by the perplex
plate in figure 1 and enough space is left for the heating
element of the immersion heater to fit under the bottom plate
(figure 4). The deflections shown are the actual results
obtained after all the markers had been placed in their zero
position with the water bath at about 50 deg C, when the

bimetallic strips are flat, and water was subsequently cooled

to 20 deg C.
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Chapter 3 Section 3.2

FIGURE 15 : DETAILED VIEW OF THE PULLEY SET UP

‘Each pulley is double, with a small pulley 15mm diameter
attached to a 150mm diameter pulley. The thread turns twice
around the pulleys to ensure a good grip. Two equal weights
along the transmitting thread at each side of the small

pulley keep the thread tight.
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Chapter 3 Sectidn 3.2

FIGURE 16 : DISPOSITION OF THERMOMETERS

Up to five thefmometers with 110 deg C scale were used to
control the temperature gradients. In this picture the middle
one is placed just under the bimetallic strip while the other
two are at the level of the top edge of thebstrips. The
thermometers were fitted through purpose drill holes on the
perplex insulating plate. Temperature gradients were not a
problem while heating, but cooling had to be done very slowly
to keep the temperature difference from top to bottom of the

bimetallic stips below some 5 deg C and even 10 deg C.
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Chapter 3 Section 3.2

FIGURE 17 : SHORT BEAM PULLEYS SET UP

Six pulleys were used to amplify the deflection of the short
beam. Another six pulleys were set up for the opposite short .
beam (shown here) so as to be able to apply a symmetrical
load. The plates to carry the loads are seen here. The actual
loadfs can be seen in figure 5. The steel bar which holdé the
pulleys is fixed,'and so is the corresponding bottom steel

bar, to ensure that all threads go up and down vertically.
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"Chapter 3 Séctiqn‘3.2

FIGURE 19 : V-SHAPE GROOVE

These pulleys were first used, bﬁt it was realised that the
thread have to go twice round the pulleys to ensure a good
grip and so a u-shape groove is necessary. The bigger
pulleys could be machined to expand the v-shape grooves into

the u-shape, but the small pulleys had to be discarded and

remade.
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DERIVATION OF THE EQUATIONS FOR THE MATHEMATICAL MODELING
OF THE DEFORMATION OF A CONTINUOUSLY CAST STRUCTURE

4.1 PRELIMINARY STATEMENT OF THE MODEL

Figure 1 represents the cross-section, perpendicular to the
direction of casting at a metallurgical height metH , of a

~continuously cast structure.

t, is the thickness of the solidifying layer.

g, is the liquid metal pressure.

a, is the length of corner considered rigid.
2x1y4, is the length of the cross-section.

2x12, is the width of the cross-section.

As the whole structure is subjected to a rapid extraction of
heat within the mouldbregion, the heat transfer in the
direction of casting is neglegible compared with the heat
transfer directed towards the exterior of the structure (that
is, within theAplane perpendicular to the direction of
casting). The stresses which develop during the process
‘reflect this as they reflect the fact that the downwards
movement of the structure diminishes the vertical component of
the metal pressure so that only the horizontal component of

the liquid metal pressure upon the solid layer is important.

The cross-section can be considered as a unit length structure

on its own. It is in the deformation of this structure that we
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Fig. 1 : REPRESENTATION OF THE CROSS SECTION OF A CONTINUOUSLY
CAST STRUCTURE, PERPENDICULAR TO THE DIRECTION OF
CASTING AT A GIVEN METALLURGICAL HEIGHT metH.
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structural analysis, it is a box formed by four beams joined
together at the corners. Heat is extracted in two directions
in the vicinity of the corners, making the solid layer thicker
there and the corners can be considered as rigid joints; they
are significantly more rigid than the beams. Any variation in
the thickness of the solid layer outside the corner région is
ﬁeglected, so that t 1is considered to be constant at a given

metarlurgical height.

Based on the approach developed by K.V. Krishnamurthy (1969)
for the study of solidification of metals with two dimensional

heat flow, it is possible to associate a specific length to

the corner region and it is this length that is considered

rigid.

Krishnamurthy's model is based on the idea that the
solidification précess is only affected by the two dimensional
heat flow within a finite region close to the edge. This model
is illﬁstrated in figure 2, which represents a section through
part of a billet or slab. The edge affected region is a sduare
prism whose side a grows as solidification proceeds, although
one edge of thé pfism remains anchored to the edge of the

structure.

Outside of the corner region, the iso-thermal surfaces, and
the solidification front in particular, are planes parallel to
the sides of the billet. Here, the solidification process is

uni-directional and the existing integral profile solution
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distribution and in

their

the

isothermal surfaces are curved,
particulér the length of the corner can be found using

Krishnamurthy's model.
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mechanical conditions are symmetrical, the analysis can be
restricted to a quarter-section; the slope of the deflection
is nil at the mid points of the beams span and these represent

planes of symmetry.

We shall therefore concentrate our attention on this
particular structure, comprising two beams, half the size of
those considered originally, and rigidly joined at the corner.
The corner region is represented as a small rigid length a in
each beam, these lengths being rigidly boun@ together at right

angles.

As shown in figure 8, five nodes, or critical points, must be
considered : A
*1*, at the end of the long beam.
*2*, at the boundary between the rigid and non rigid
sections of the long beam.
*3%*, at the edge of the corner.
*4*, at the boundary between the rigid and non rigid

sections of the short beam.

*5%  at the end of thé short beam.

The structure has only one degree of freedom at each one of
nodes *1* and *5* , it is only free to move in the direction

perpendicular to the beam at each one of these nodes.
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node *1%*,

fg, is the axial force per unit length applied to the beam at
node *5%,

mj, is the moment per unit length applied to the beam at node
*1*,

mg, is the moment per unit length applied to the beam at node
*5* L]

g , is the metalostatic pressure.

~is the solidification temperature.

is the temperature of the cooling wall.

The x,y reference system which coincides with the cooling wall
when there is no distortion and has its origin at the edge of
the corner is chosen as the basic reference system. However,
distances which characterise the state of the structure aﬁ a
particular cross-section (such as the position of the neutral
axis, the position of the elastoplastic boundary within the
beam and the radius of curvature) are measured frém the
cooling wall along the line defined by the cross-section in
ﬁhe X,y plane (the perpendicular to the cooling wall at x or
y). Because much of the analysis which follows is independent
of the specific beam being cénsidered, a generic distance from
the edge of the corner, u, is adopted, although the specific
values of the variables dependent upon this distance will also

depend on the specific beam being considered.
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l.- Deflections are assumed to remain small.

2.- The thickness of the beams is assumed to be small
compared to their length.

3.~ Cross—éections remalin plane and perpendicular to the

cooling wall during the bending process.

This allows, among other things, to approximate any distance
along the cooling wall by its projection along the

corresponding axis of the x,y reference system.

1y, is the length of the long beam.

1,, is the length of the shorf beam.

w(u), is the deflection at u. that is, the distance from
the point (u,0) if u=x, or (0,u) if u=y, of the
x,y reference system to the cooling wall (along the
perpendicular to the u axis).

n(u), is the position of the neutral axis at u, measured
from the poiht corresponding to u on the cooling wall.

p(u), is the position of the elastoplastic boundary at u,
-measured from the point corresponding to u on the

cooling wall.,

It is assumed that there is only one plastic region and one
elastic region, and therefore only one elastoplastic boundary,

within any particular cross-section.

r(u), is the beam's radius of curvature at u, measured from

the point corresponding to u on the cooling wall.
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the point corresponding to u on the cooling wall.
T(v), is the temperature at a distance v from the cooling
wall.
Y(v), is the absolute magnitude of the yield stress at a

distance v from the cooling wall.

Both the temperature and the absolute magnitude of the yield
stress are constant in respect to u as the iso-thermal lines
are assumed parralel to the cooling wall, within the non-rigid

sections of the beams.

s{u,v), is the stress at a distance v from the cooling wall,

within the cross-section at u.

To complete this preliminary statement of the model, two
further basic assumptions are introduced : both the
temperature and the yield stress are assumed to be linearly
distributed across the section. These assumptions simplify
considerably the model and are considered to be justified
given the present kno@ledge on the behaviour of metals at high
temperatures. The fundamental approach of the model would not
have to be changed in order to account for the non linearity
of the temperature and stress distribution across the section,
but such a sophistication of the model would increase the
complexity of fhe mathematical techniques required to infer
the deflection of the structure and the distribution of
stresses within it from the basic equations describing its

behaviour.
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by a linear model is considered the most appropiate.

LINEAR TEMPERATURE DISTRIBUTION.
The temperature is assumed to vary linearly across the

thickness of the beams (and constant along them),(Fig.4)

= )'A
LINEAR YIELD STRESS DISTRIBUTION.

The absolute magnitude of the yield stress of the metal is
also assumed to vary linearly across the beam, with
temperature{from a value Yo at the cooling wall to avalue

nil at the solidification front,(Fig.5)
Yv) = + £ (¢t - v)

The Yield stress is assumed to have the same magnitude in

compression and in tension.

The fundamental pafameters of the model, and the basic
assumptions in which it relies, have now been introduced. We
are now going to identify the basic equations which describe
the behaviour of the structure. In the next section, we are
going to look at the structure from an overall perspective,
foccusing our attention on its overall equilibrium and
infering the equations which describe it. Then, in sections
4.3, 4.4 énd 4.5, we shall consider-what happens within a

particular cross section of the beams.
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The equilibrium of the structure is considered first from an
overall perspective as represented in figure 6. We shall not
consider yet the temperature distribution and the stress
distribution across the section of the beam. A consequence of
the assumption of a linear temperature distribution is that
the thermal gradient across the thickness of the beam will not
by itself produce a moment of forces. In other words, the
stresses caused by the non linearity of the

temperature distribution are being neglected.

The temperature does affect the overall momeht and force-
equilibrium of the structure by determining the unstressed
length of the beam filaments in relation to their distance
from the cooling wall, and therefore determining the actual
magnitude of the stress as a function of the distance to the
cooling wall. But the overall moment and force equilibrium
equations can be stated without any explicit reference to the

temperature and stress distribution.

‘Lather, in section 4.3 ("The stress distribution across the
thickness of the beams"), in section 4.4 ("Plastic and elastic
stresses') and in section 4.5 ("The cross-section force and
moment equilibrium equations"), we éhall congider explicitely

what happens within the thickness of the beams.

Let us now, therefore, focuss our attention in the overall

equilibridm of the structure.
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structure.

It is assumed that,
I wix) | << b 4 for any x in the interval (0,12)

I w(Y) | < vy for any y in the interval (0,1;)

Deflexions are considered positive towards the liquid core (in

agreement with the x,y reference system adopted).

Anticlockwise moments are considered positive.

Resolving the equilibrium of forces vertically,

£1. =-4gq 1

and horizontally,
f5 =-a 1
Where, £y and fg are the force per unit length applied upon

the beam at nodes *1* and *5%* respectively.

The equilibrium of moments at any node leads’ to,

my +mg - 3 q (1;%2-1,%)=0

The moments w(lj) f£5 and w(l,) f, are neglected, as the

deflections are assumed to remain small.
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Fig. 6 : OVERALL EQUILIBRIUM OF THE STRUCTURE
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*c*, and length li'

m Me
Fc; Ftt‘ ; ; cﬂf B F&
.....‘...........E

¥a* 9§b * *c ¥

Fig. 7

This beam is representative of both the long and the short

beam. m, , £, and f£ft, are the moment, the axial force and
the transverse force that the other beam applies upon the one
considered at the corner (node *a* in this representation).

m, and f, are the moment and the axial force applied upon the

beam considered at node *c*

Resolving the vertical equilibrium of forces,
ft;, = - qg 1;
the horizontal equilibrium of forces,

And the moment equilibrium around any node,
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————— U S—
Fig. 8
we have,
m, + m(u) - % q u? + ql; u=20 9
That is,
m(u) = - m, + % q u? - qlju 10
We also have,
m, = ms . 11
m, is the moment at the corner in this generic representation

which is valid for both beams.

For the short beam, we have,

m(x) = - mg +'£ q x2 - q 1, x ‘ - 12

and for the long beam,

m(y) = - m3 + i qy?-a 1, v 13
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x,y reference system choosen (Fig.6); but we are now conside-
ring the long beam "from behind the page". This point of view
is quite convenient because it allows a generic consideration
of the beams, where only some parameter magnitudes change. In
- equations 11 and 12, only the magnitude of the length changes.
The magnitude and the sign of the other parameters, including
m3 are the same for both beams. It is essential to remember,
however, that this generic representation has a direct
correspondance with the x,y reference system choosen, only in

the case of the short beam.

We can write, using equations 10 and 11,

2

m(u) = - m3 + % qu®-qgqlju

The axiél force at u is, using equation 7,
f(u) = - £, = £,

That is, from equations 3 and 4,

f(u) = - q 1;

ii

where 1j; is the length of the other beam.

The pressure g can be calculated given the metallurgical
height and the density of the liquid metal,

q = metH x (density of the liquid metal) x g
where g is the aceleration of gravity.

We shall now consider what happens within the thickness of the

beams.
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Figure 9 on page 4-23 represents the stress distribution at
a generic cross-section wu. Figures 10a to 10i on page 4-24
illustrate the range of variation of the cross-section

stress distribution which is aliowed within the model.

These figures give a fair approximation of the picture
provided by the model on the behaviour of the stresses within

the cross-section. As a simple geometrical representation of

‘the basic relations involved, they opened the way for the

conclusive assembling of the model.

The distance from the cooling wall is plotted, on the vertical
axis of the triangle, against stress. The sides of the

triangle correspond to the yield stress of the metal given by
equation 4.1.2. The oblique straight line which intersects the
triangle corresponds to the stress distribution in the elastic
portion of the cross-section. The elastic stress distribution
is linear as a direct consequence of our linearization

assumptions, in particular of the way the strain is considered

within the model (see 4.4).

At the elastoplastic boundary p, the Yield stress curve and

the elastic stress curve intersect. The stress at this point

can be negative, i.e. compressive, as in figure 9. But it can

also be positive, i.e. tensile, as in figures 10a to 10g.

It is assumed that only one elastoplastic boundary occurs, and

this is equivalent to the requirement that the absolute value
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at most equal to, Y, ,

[} So I < ¥4 or | so;l = Y, 1

The situation where sg = -Y, is illustrated in figure 10a,
and that where s, = +Y, 1is illustrated in figure 101. These
are the two limiting situatiohs being considered within the
model, any further bending of the beam shall be considered to
cause total plasticity at the cross-section. It is an approxi-
mation, "on the safe side", similar to those made in the

design of structures to limit the risk of plastic deformation.

The stress at the elastoplastic boundary Y(p), is also bounded,

I Y(p) | < ¥, 2

The neutral axis n, is not bounded. It can be located within
the beam, as in figures 10a to 10c and 10g to 10i. But there

is no reason to assume this must be so.

The position of the neutral axis m, the position of the
elastoplastic boundary p, the stress at the cooling wall Sor
the stress at the elastoplastic boundary Y¥Y(p), the curvature
¢, and the moment m; all depend upon the distance of the
cross-section from the edge of the corner and upon the beam
being considered. But for the cross-section analysis which
follows it is not necessary to make ‘this dependence expiicit

as this analysis concerns relations between these variables
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