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Analysis of the Surface Quality of Steel Bars with Use of Approximation Models

Analyza povrchové kvality ty¢i za pomoci aproximaénich modeli

Ing. Jan Moravka, Ph.D.

MATERIALOVY A METALURGICKY VYZKUM sr.0, Pohraniéni 693/31, 703 00 Ostrava-Vitkovice, Ceska
republika

The article contains an analysis of the behaviour of the basic indicator of surface quality of bars on the basis of created
physically adequate model describing heat and temperature conditions during casting of billets.

On the basis of simplified physical interpretation an approximating dynamic cybernetic model was created for the
measured surface temperature of cast billets, then from it a mathematical continuous and discrete model was created,
and finally a regression model. Since the indicator of the surface quality of bars shows the character of probability of
occurrence of the phenomenon, a multiple logistic regression model was used.

For verification of appropriateness of the model we selected data from annealing of concrete operational heat of killed
steel containing 0.18 wt. % C, 1.32 wt. % Mn and 0.33 wt. % Si at the outer casting strand No. 8 of the continuous
casting machine No. 2 at the Trinec Iron and Steel Works, a.s., as well as from rolling of square billets of
150 x150 mm to round bars with diameter of 70 mm on the continuous fine section rolling mill.

Key words. surface quality of round bars; continuous casting of billets; physically-adequate model; cybernetic
model; multiple logistic regression model

Clanek se zabyvéa teoretickou a praktickou analyzou zékladniho ukazatele kvality povrchu ocelovych tyci na zékladé
sestaveného fyzikalne adekvatniho modelu, ktery popisuje tepelné-teplotni podminky v pribehu plynulého odlévani
ocelovych sochorzi.

Na zakladé zjednoduSené fyzikalni interpretace byl sestaven aproximacni dynamicky kyberneticky model mérené
teploty povrchu litych sochorz. V dalSim kroku byl odvozen spojity matematicky model ve formé bézné diferencialni
rovnice s konstantnimi koeficienty. Za poufZiti postupu casové diskretizace byl pak tento konkrétni model preveden
na diskrétni matematicky model ve formé béiné diferencialni rovnice s konstantnimi koeficienty, a konecné pak
na regresni model.

Jelikoz ukazatel povrchové kvality tyci vykazuje charakter pravdépodobnosti vyskytu jevu, p/A regresni analyze
naméienych dat byl pouzit vicendsobny logisticky regresni model. Vhodnost modelu pak byla ovérena na souboru dat
vybranych z konkrétni tavby uklidnené oceli s obsahem 0,18 hm. % C, 1,32 hm. % Mn 0,33 hm. % Si, kter& byla odlita
na krajnim proudu ¢. 8. na ZPO ¢. 2 v Trineckych Zelezarnach, a.s., a nasledné a pri valcovani ctvercovych sochorii
150 x150 mm do kruhovych ty¢i priizméru 70 mm na spojité jemné profilové trati.

Logisticky model vysvetlil 87 % deviance ukazatele kvality povrchu tyci, a prekvapive ukazal, Ze vliv zmen rychlosti

odlévani bylo cca. 2,6 kréat vetsi, neZli jeji vliv st/edni hodnoty. Konecné pak na zaklade provedené analyzy byla
zpracovana urcita doporuceni pro postupy odlévani.

Kli¢ova dova: povrchova kvalita kruhovych ty¢i; plynulé odlévani sochorii; fyzikalne adekvatni model; kyberneticky
model; vicenasobny logisticky regresni model

In the heat Tx, realised at the machine for continuous
casting of steel (billet CCM No. 2) at the Trinec Iron
and Steel Works, a.s. (TZ), the necessary technological
parameters were measured and evaluated in al 12 billets
cast on the outer casting strand No. 8 (LP 8) from killed
steel containing 0.18 wt. % C, 1.32 wt.% Mn and
0.33wt. % Si.

Round bars with diameter of 70 mm were rolled from
these hillets on the continuous fine section rolling mill
(KJT rolling mill), while the basic indicator of surface
quality was monitored in them (in this case with regard
to surface defects to the depth of max. 0.3 mm).

The purpose and content of the paper is to present the
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results of an analysis of influences of heat and
temperature conditions (dependent on the casting speed
and its change) at casting of hillets on the indicator of
the bars surface quality.

For this analysis we created for the billet surface
temperature and for the indicator of the bars surface
quality inter-related  approximation  (simplified)
physical, cybernetic, mathematical and statistical (static
and dynamic) models.

1. Basic data

Before the analysisit is appropriate to describe the basic
data concerning the main objects of analysis (cast billets
and wire rods), i.e. technological process and values
measured at the LP8 of the CCM No. 2, as well as
evolutions of the monitored measured and aggregated
(calculated) variables in the analysed heat related to
individual billets.

1.1 Situation at the LP8

Figure 1 shows location of pyrometers (and of linear
temperature scanner) at the LP8 of the CCM No. 2.
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Fig.1 Location of pyrometers and temperature scanner at the
casting strand No. 8 (CCM No. 2)
Obr.1 Umisténi pyrometri ateplotniho skeneru na LP8 ZPO2

It isevident from Fig. 1 that the pyrometer P1 islocated
in the so-called zone IIA of the secondary cooling
system (SCH), pyrometer P2 is located in the zone I11A,
linear scanner is situated behind the zones IV, and
pyrometer P3 is behind the withdrawa and
straightening units (WSU).

It can aso be seen from this diagram, that the time-
shifted data about the measured billet temperatures from
pyrometers P1 and P2, from linear scanner and
pyrometer P3, allow an approximate description of the
temperature profile of surface of the cooled and the
cooling down continuously cast billet, which can
characterise appropriateness of setting of the basic
technological parameters of the CCM No. 2. This time
offset of temperature data is equal to the distance

relation of the meter from the steel meniscus in the
mould KR and average casting speed.

1.2 Evolution of monitored values

Basic overview of the monitored values is presented in
the form of their evolution (index "billet") diagrams
shown in Figs. 2, 3aand 3b.

Figs. 2a and 2b show evolutions of quantities (more
precisely — of variables): Q - indicators of the surface
quality of rods rolled from the hillets (the higher levels
of Q signify a better quality) and v - the average casting
speed of individual hillets.
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Fig. 2a Evolution of theindicator of quality of steel bars surface Q
Obr. 2a Pribgh ukazatele povrchové kvality tyci Q
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Fig. 2b Evolution of the average casting speed v
Obr. 2b Pribgh pramérné rychlosti liti v

It can be seen from Figs. 2a and 2b that evolution of the
indicator of the bar surface quaity Q has certain
systematic trend, which partialy (till the 8" billet,
inclusive) corresponds to the trend of the average
casting speed v.

In the given heat greater overheating of steel took place
(temperature above liquidus) and it moved in a mono-
tonically decreasing interval from 54 to 37 °C. Operator
reacted to this overall temperature change (variation
range of 17 °C) by changing the casting speed.
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Fig. 3 presents evolutions both of variable changes in
the average casting speed dv, and the variable P3, i.e.
the average surface temperature of the billets measured
by the pyrometer P3.
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Fig. 3a Evolution of change of the casting speed dv at casting of
billets
Obr. 3a Pritbéh zmeny lici rychlosti dv u sochori
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Fig. 3b Evolution of the billets average temperature P3
Obr. 3b Prabeh priameérné teploty P3 u sochori

It can be seen from Figs. 3a and 3b that change of the
casting speed dv was negative from the 2™ to the 4" billet
(casting speed decreased), from the 5™ to the 8" billet it
was positive (casting speed increased), and in case of the
9" to the 12" the hillet the sign was dternating (the
casting speed aternately dightly decreased and
increased).

Furthermore, it is obvious that the evolution of the
temperature P3 corresponds to a certain extent to the
trend of the casting speed.

2. Approximation models

Approximation (simplified) models of (static and
dynamic) behaviour (in time, i.e. in timelines) of both
monitored quantities (surface temperature of billets P3
and indicators of the surface quality of billets Q) were
created in certain inter-related sequence.

2.1 Physical and cybernetic approximation model of
the billet surface temperature

Physical interpretation of evolution of the billet surface
temperature (physical model) and cybernetic (static-
dynamic) temperature model are based on the idea that
the measured surface temperature of the billet is
influenced by two combined contradictory effects:

e stronger, longer-term effect of re-heating by
thermal capacity of the billet liquid core and heat
flow (directly proportionaly dependent on the
casting speed)

versus

e weaker shorter-term and temporary effect of water
cooling in the secondary cooling system (SCH,
which is proportionally dependent on the casting
speed), as well as the long-term influence of
cooling of the billet surface by flow of ambient air
(probably the weakest effect).

A significant difference between surface and inside of
the CC bloom temperatures is expected athough no
liquid core in the position P3 exists (it is possible at the
most that internal part of the CC bloom is not
completely solidified with the occurence of two-phased
»mushy zone").

A higher degree of therma flow in the cast and
solidified bloom is the consequence of a higher casting
velocity with the impact on a longer so-called
~metalurgical length® (i. e. the extent of liquid part in
the centre of the CC bloom), which manifests itself in
ahigher reheating effect and thus in a higher
temperature P3 (and vice versa).

Thus the reheating effect is caused by considerably
higher temperature in the vicinity of the CC bloom
central part and the corresponding significant thermal
flow.

Figures 4a and 4 b show schematically (physically and
cybernetically) a counter-action (anti-parallel action) of
both effects (where S1 and S2 are static approximation
partial thermal systems of the hillet, Spl and Sp2 are
their cybernetic dynamic equivalents in terms of
dynamic proportiona systems of the 1% order):
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Fig. 4a Physical diagram of billet surface temperature
Obr. 4a Fyzikalni schéma teploty povrchu sochoru
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Fig. 4b Cybernetic diagram of billet surface temperature
Obr. 4b Kybernetické schéma teploty povrchu sochoru

The surface and interior of the billet can be understood
as a multi-dimensional (two-dimensional) thermal
system, the cybernetic description of which is given in
the literature, e.g. [1 - 3].

It is worthwhile to describe in detail both various partial
systems and their anti-parallel involvement.

A. Individual thermal systems

According to the literature [3] it is valid for the
following basic and essential reality that responses of
transient characteristics of the basic therma systems
have aperiodic behaviour. Heat accumulation in the heat
capacity and change of the body temperature by heat
conduction or convection is described by a linear
proportional member, by dynamic system with inertia of
the 1% order (hereafter marked as Sp1). Laplace transfer
function G(s) of the given system Sp1 has the following
form:

G(s)=@= k_, €Y
U(s) T-s+1

Where s — complex variable of the Laplace transfer
function (1/s), Y - image of the system output, U - image
of the system input, k - system transfer coefficient (so
called amplification), T - time constant of the system
inertia (s).

B. Two parallel thermal systems

On the basis of knowledge from literature it is possible
to describe the approximating physical model of the
billet surface temperature with regard to the influence of
SCH and of the accumulated heat (re-heating) with use
of two parallel systems with the following properties:

e they have character of proportional (inertial)
systems of the 1% order (Sp1) with various amplified
(transfer coefficients) and different time constants.
Their Laplace transfers have generally the following
form:

Y(S): k,
U(s) Ts+1’

G,(s)= (2a)
Y() _ k

= ) (2b)
U,(s) Ts+1

Gz (5) =

e both systems will be from the thermal perspective
influenced directly or indirectly particularly by the

casting speed, as the dominant quantity of
continuous casting of steel.

According to the literature [1] in the case of anti-parallel
action of two Spl in one object (with common input
variable) thus composed system can have approximately
the transfer of the real differentiator:

(kl * k2)+ (lez * szl)‘ S
(T,s+1)-(T,s+1)

G(s) = (3a)

(kli k2)+(k1T2 x szl)'s )

(3b)
1+ (T, +T,)-s+T,T,-s?

G(s)=

After introduction of the simplified notation it is
possible to obtain a clearer form of transfer of the given
system:

kp+T,-s
1+a,-s+a,-s’

G(s) = (39

The fact that such thermal systems react proportionally
not only on the input quantity as such, but also on its
change (derivative) is of great importance.

In this case, the billet surface temperature will react
both to the actua value of the casting speed, as well as
toits change.

2.2 Mathematical and statistical approximation
model of the billet surface temperature

In the analysed situation we assume one common output
variable Y(s), which is the billet surface temperature,
and one input variable U(s), which is the casting speed
(Figs. 4aand 4b).

A. Image of output

These two input variables additively (in paralel, or
more precisely in anti-parallel manner) synergically
influence the output variable, so it is possible to
formulate the following equation using the Laplace
images of variables:

Y(s) =(G,(s) £G,(s))-U(s) = (4a)
k, +T,s)-U(s)
Y= (T,s+12)-(T,s+1)
Yis)= (k, +T,s)-U(s) N
1+ (T, +T,)-s+T,T,-s?
Ys) _ ke, +T,8)}UGs) (4b)

1+a,-s+a,-s”

B. Original of output — continuous

We obtain from the mentioned L-image of the output
variable its original (in time domain) using the inverse,
reverse L-transformation, which has the character of an
ordinary linear differential equation of the 2™ order
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with constant coefficients. It is therefore a mathematical
continuous model of the given system:

yO =-a,-y'®)—a, -y () +ku®) +T,u’ (1) )

C. Original of output — discrete

Assuming discrete data, we get a discrete form of the
equation of output in the form of ordinary linear
differential equation of the 2™ order with constant
coefficients. It is therefore a mathematical discrete
model of the given system:

yi =d,yis —dayi, + fiu + FAu; (6)

D. Dynamic regression equation

From the above general differentia equation it is
dready possible to formulate for the temperature
guantities a concrete multidimensional linear (in
parameters and variables) dynamic regression equation
with an error member:

|yi =dy +d,Yi, —dgYi, + fv + AV +£ | @)

Where the response y is the billet surface temperature
(P1, P2, P3), dO is the absolute member and ¢ is the
error (residual) member of the regression equation,
which should theoretically be of statistical nature

N(0,0).

2.3 Mathematical and statistical approximation
model of the bar surface quality indicator

On the basis of the modified Laplace transfer of the
combined member it is also possible to obtain basic
mathematical-statistical model of bar surface quality
indicator.

Due to the fact that the bar surface quality indicator
shows the character of probability of occurrence of the
phenomenon, a multiple logistic regression model was
derived from the basic model, and it was used at
regression analysis of relevant data.

A. Basic mathematical-statistical model

From the above analysis and from the Laplace transfer
of the combined member (Equation 3c), it is possible to
obtain a mathematical-statistical model, which has the
following simplifying terms of use and properties: the
values of variables of the casting speed (v) and of its
change (dv), and the bar surface quality indicator (Q),
are related to entire billets on one casting strand in the
given heat, thereby performing certain suppression of
the model dynamics, that's why this model is considered
as static one;

G(s) =k, +T,-s=>Y(s)= (kp +T, -s)'U(s) =
(8a)
(8b)

y(©) =ku®)+T,u"(t)=

y(t) = fu; + fAu, =

(89

The model therefore uses only average casting speed
and its change, it does not use inertia output, i.e. inertia
of the bar surface quality indicator, but only its value
related to the entire billet.

Q =dy+ v, + fLAV, + €.

B. Logistic multiple static regression equation

Bar surface quality indicator Q can be converted to an
indicator rQ, which has the character of probability
of occurrence of the phenomenon, so it achieves the
values from the interval (0;1).

Multiple logistic regression models appear to be suitable
for identification of models with the response of the
mentioned type [4].
General logistic (logit) regression model is defined for
the response of Y-type probability of occurrence of the
phenomenon X, i.e. P(X), i.e. for k quantitative factors
in the form:

L =
1+exp[—(,b’0 + B X1+ B, X, +"'+ﬂkxk)]
Vot 9)

i

Y =P(X)=

while the model may be after simple algebraic editing
transcribed into the from, where the left side contains
the so caled logit transformation of probability

(response)

In[L]: In( P(X) ):>
1-Y 1-P(X)

, k (10)
In(ﬁj:ﬂo + B X+ X, + ot f X = Zﬂixi

_ o
As shown, the transformed model with logit

transformation has the character of multiple static linear
(inits parameters) regression model.

The final form of the model of occurrence of surface
defects of bars with respect to the casting speed and its
change in the form of multiple logistic regression model
(crated by transformation of the model according to the
equation (10)) isthen asfollows:

u=by+b,-v+b,-dv+e, (11a)

oo gpy e 1

- = (11b)
1+exp(u) 1+e" 1+e™

where u - auxiliary input variable of the speed character
(m-min™), parameters bi - regression coefficients of the
model, index i in the range (0;k) for k quantitative
factors, v - casting speed (m-min?), dv - differential
change, difference of the casting speed =~ Av [m-min™],
y -response € (0;1) (-(, response rQ - probability
indicator of the bar surface quality € (0;1) (-).
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3. Application of approximation statistical
models

The above derived approximation statistical models
(static and dynamic) were applied to the relevant data
from the analysed heat Tx, mainly from the perspective
of the monitored quantities — billet surface P3 (behind
the withdrawal and straightening unit = WSU) and the
bar surface quality indicator Q.

For clarity we present also the results of monitoring
other thermal-temperature quantities of the given
casting strand at the CCM No. 2.

The results of the multiple dynamic regression analysis
of and multiple static logistic regression are summarised
in Table 1 and in Figs. 5a, 5b and 6.

Tab.1 Overview of regression analysis results for variables of the
heat Tx
Tab. 1 Prehled vysledkt regresni analyzy velicin tavby Tx

RZ
Response |y(-1)| v | dv (%) Comments
There was no evidence of
= M 845 inertia P3
P2 " 453 \Ilnfl uence only of the speed
dP23 = P2 — P3, it reacts to
dp23 - | %62 the change of dv
DeltaT (PCH) = Tinp —
dr * 934 Tout (cooling water)
Influence of inertiaand dv
Tout (PCH)| + + | 96.6 |(heat removal fromthe
mould KR)
rQ + | 405 |Wesak influence of dv only
Significant influence of
i O +]* 87.4 v and dv

Legend:

Column, variable y(-1) ... by 1 step (by 1 billet) delayed
values of the responsey, v... average casting speed, dv ...
change (1% backward difference) of the average casting
speed, R? [%] ... so called regression rebate (a measure
of explanation of the dependence by the model, 100x
multiple of the determination coefficient of the
regression model), signs + and - indicate the direction of
influence of quantitative factors v and dv, sign - means
dtatistical insignificance (at the significance level
a=0.05) of the given quantitative factor (delayed
response y(-1) v, dv), sign () indicates (principal) non-
use of the given quantitative factor, PCH ... so caled
primary cooling system in the mould KR.

The first 6 models from the above 7 regressions models
are of the LDRM type, i.e. multiple linear dynamic
regression model, the last one is of the type LgSRM,
which is multiple non-linear logistic static regression
model.

It is therefore obvious that for regression of the indicator
rQ two models were used and compared: LDRM and
LgSRM, while the logistic static modd showed more than
twice more informative capability than the classical
dynamic regression model.

Heat Tx, LP8, 12 billets
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975 +
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965
960

P3 (°C)

955 +
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940 T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12
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Fig. 5a Time prediction diagram P3 for hillets
Obr. 5a Casovy predikéni graf P3 u sochori

Heat Tx, LP8, 12 billets

Q@M

1 2 3 4 5 6 7 8 9
billet

10 11 12

Fig. 5b Time prediction graph Q for billets
Obr. 5b Casovy predikéni graf Q u sochort

Plot of Fitted Model
with 95.0% confidence limits

08

(1)

02F

0 bFesme—
2 21 22 23 24 25 26 27 28 29 3
v (M.min-1)

Fig.6 Prediction rQ versusv for dv=0m-min®
Obr. 6 PredikcerQ versusv pro dv =0 m-min*

Several essential facts are apparent from the above
results of the regression analysis:

e hoth basic responses P3 and Q were influenced by
the casting speed and its change with the same
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positive sign and with approximately the same
aggregate information capability around 86 % (when
using the multiple linear dynamic and non-linear
static logistic regression model)

e the ratio of regression coefficients of the change of
the casting speed and the actual casting speed was in
case of P3 approx. 1.2, and in case of Q up to 2.6,

e however, the ratio of the influence of the change of
the casting speed and the actua casting speed
(determined on the basis of the ratios of t-statistics
for P3 and y’-statistics for Q) was in case of P3
approx. 0.65 (influence of dv is therefore smaller),
and in case of Q of approx. 1.9 (influence of change
of the casting speed dv is nearly twice bigger than
influence of the actual casting speed v).

Conclusions

Approximation physicaly adequate modelling, and
ensuing from it cybernetic, mathematical and mathe-
matical-statistical modelling of the influence of thermal
and temperature conditions during casting of sguare
billets (150 mm x 150 mm cast a the CCM No. 2 in TZ
from particular grade of killed steel containing 0.18 wt. %
C, 1.32 wt. % Mn and 0.33 wt. % S in the selected heat
at the outer casting strand No. 8 to 12 hillets) on the
surface quality of bars with diameter 70 mm (rolled from
the hillets at the continuous fine section rolling mill KJT)
showed the following:

e a dignificant influence of the casting speed and
especiadly its change on the billet surface
temperature measured behind the withdrawa and
straightening unit with impact on the bar surface
quality indicator,

e based on the results of this analyss
recommendations were formulated for control of the
heat, which was implemented in practice in the
sense of limiting the maximum changes of the
casting speed and gradual — continuous increase or
decrease of the actual casting speed on the basis of
the speed set by the operator (desired speed).
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Trvala tvorba hodnot v ocelaiskych oborech

Stahlreport

12/2015

Podnikani v ocelarském odvétvi proziva proménu z tuhych tetézct tvorby hodnot k dynamickym sitim tvorby
hodnot. Takto shrnul Hans Jurgen Kerkhoff, prezident Hospodaiského sdruzeni Ocel (WV Stahl) a predseda
ocelarského institutu VDEh souc¢asny vyvoj na relevantnich trzich. Takto uchopil i on pred obchodnim ocelérskym
dnem v Bréméch aktualni trend digitalizace, ktery umoziuje takovouto zménu k fragmentovanym systémam.
Kerkhoff souc¢asn¢ poukézal na skutecnost, Ze tradicéni korelace mezi globani poptéavkou po oceli a celosvétovym
hospodarskym ristem jiZ v posledni dobé prestéva platit. Pro oceléiské trhy v EU sice zasobovani trhu vykazuje
lehce stoupajici tendenci (2015 odhad plus 1,5 % a na 2016 piedpovéd’ plus 2 %), zatim ae nebylo dosazeno ani
jednou pokrizové Urovné z roku 2011.

Evropsky ocelaisky priamysl v nesnazich

Stahl und Eisen 12/2015

Mezindrodni obchod se proméniuje: globalni rast oslabuje, konkurencni tlak — také v oceldrském primyslu — se
zvySuje a protekcionisticka opatieni jsou na dennim poradku. Tento vyvoj stavi némecké ocelarské podniky pied
velké vyzvy. Jak bude mozné udrzZet oteviené trhy a soucasné vytvaret férové soutézni podminky? Jaké strategie
ptijmou Evropska komise, Svétova obchodni organizace, evropsky ocel&isky pramysl a kovozpracujici pramys?
Zagatkem tydne, pod vedenim Andrease J. Gosse, predsedy predstavenstva Thyssenkrupp Steel Europe, se sedli
ministiéi pramyslu z Evropské Unie, aby si vytvorili piehled o soucasné situaci a konkurenceschopnosti evropského
ocelarského primyslu. Impulsem pro setkani byla mimo jiné situace v britskych ocelarnéach, kde nékolik ocelaren
ohlasilo masivni propousténi. Obsahly ¢lanek a diskuze probiraji mozné odpovédi natyto duleZité otazky.
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