
Digital technologies are 
transforming industry at all 

levels. Steel has the opportunity 
to lead all heavy industries as an 

early adopter of specific digital 
technologies to improve our 

sustainability and competitiveness. 
This column is part of AIST’s 

strategy to become the epicenter 
for steel’s digital transformation, by 

providing a variety of platforms to 
showcase and disseminate Industry 

4.0 knowledge specific for steel 
manufacturing, from big-picture 

concepts to specific processes.
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Automatic Pilot for Strip Processing Lines

Steel grade targets are defined by 
norms or customer specifications: 
mechanical properties, chemical 
analysis, tolerance of dimensions, 
surface aspect and coating proper-
ties; final treatments such as rough-
ness, flatness, oiling or passivation 
are also specified with the order. 
The usual way to reach these tar-
gets during production on a specific 
continuous annealing line or a gal-
vanizing line is to define the metal-
lurgical road map per steel grade. 
These maps are usually identified 
as quality assurance documents and 
contain the chemical composition 
and all the process parameters from 
slab production to annealing time 
and temperature as well as skinpass 
elongation. These parameters are 
defined as validity ranges and/or as 
targets. Cost is considered a main 
parameter and must include:

 • The alloy addition or liquid 
steel elaboration process to 
reach high-purity final com-
position such as low sulfur, 
low phosphorus or low carbon 
through a vacuum treatment.

 • The productivity of the lines 
(mainly tons/hour).

 • The technical yield such as 
the zinc consumption or need 
for head or tail cropping.

 • The quality yield (percentage 
of final product meeting the 
technical requirements).

 • Possibly the logistic or the 
purchasing cost if slabs or 
hot-rolled coils are supplied 
by distant facilities. 

With such an approach, the objec-
tives of process lines are:

 • To validate the proposed 
ranges for each process 

parameter as feasible with 
near 100% success.

 • To pilot the lines in order to 
respect these rules and deliv-
er the right product all along 
the length and for each coil.

Rules are often adapted not only 
to the lines (length of each section, 
maximum speed, heating capacity) 
but also to the product thickness 
(cold rolling reduction ratio, mini-
mum and maximum thickness at 
pickling or cold rolling mill, heating 
and cooling capacity, etc.). As far as 
possible, production planning looks 
for avoiding sharp and long transi-
tion linked to the inertia of the pro-
cess facilities and line length: the 
speed is obviously uniform between 
loopers.

Metallurgical models have been 
developed over the years to simu-
late the product properties by vary-
ing the process parameters to opti-
mize the process route or to check 
the feasibility of a specific format. 
These models concern a large vari-
ety of steel grades from dual-phase 
(DP)1 to interstitial-free (IF)2 and 
microalloyed,3 or more recent steel 
grades such as quenched and parti-
tioned (Q&P)4 or twinning-induced 
plasticity (TWIP).5 However, for 
an on-line operational use of the 
models, a limited quantity of data 
is necessary to operate models for 
the following families: low-carbon 
aluminum-killed, microalloyed 
(high-strength, low-alloy or HSLA), 
structural grades, IF ultralow- 
carbon and DP. For others, further 
developments must be done for an 
on-line operational implementation 
(for example, a detailed cooling and 
reheating pattern).

Regarding other properties, i.e., 
zinc thickness, roughness, f lat-
ness and surface aspects, they are 
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managed thanks to air knives, skinpass and zinc bath 
equipment. The process range for each is defined in 
the metallurgical road maps and the process targets 
tables are based on technical knowledge and perma-
nent feedback of the production quality. Besides these 
tables containing ranges for each process parameters, 
there are some general rules, such as the maximum 
speed for producing a steel grade that can be lower 
than the maximum line speed. These rules were 
developed based on experience. They were usually 
made simple to avoid confusion for on-line personnel 
and non-quality issues. Therefore, they do not con-
sider the full complexity of the incoming coil proper-
ties or the line conditions. As an example, tables are 
often fitted with dimension ranges regardless of the 
continuity and thus with potential productivity losses 
in the “angles” of the steps.

At least for continuous annealing or galvaniz-
ing lines, the automation of individual equipment 
has already been implemented, but the interaction 
between key process steps is often missing due to 
its complexity, and there are scarce links between 
upstream process and line control. Moreover, pre-
defined setpoints for each process step — annealing, 
metallic coating, wiping and skinpass — do not allow 
for the complexity of the product mix to be addressed.

The approach of the SmartLine, developed by Fives, 
is to inverse the above logics by calculating the opti-
mized process parameters according to each incoming 
full hard coil and to each product target property for 
each order. The SmartLine also considers and checks 
the consistency between each equipment in order to 
define the optimum in each case. Also in the case of non- 
uniform incoming coils, the SmartLine is able to cal-
culate potential compensation (furnace temperature, 
line speed, skinpass elongation) to make it more uni-
form along the delivered final product.

The following section describes briefly each model 
and provides some of the results obtained.

Concept 

The objective of the SmartLine software is to pilot the 
production of a galvanizing or continuous annealing 
line of high-quality products through the integration 
of the various processes including pickling, cold roll-
ing, annealing, metallic coating and finishing target 
with skinpass for each coil. The continuous annealing 
cycle (time, temperatures) is then tailored per line 
(length, power, etc.) and per coil and not defined 
in tables per quality and dimension. This is possible 
through the full digital integration of the industrial 
processes from order to qualification and delivery 
in an Industry 4.0 global approach. This approach 
leads to a homogenization of the product proper-
ties, an optimization of the production process with 

an increase of the productivity and a lower energy 
consumption.

Data Acquisition — In order to calculate on-line the 
process parameters and to send results to level 1 
programmable logic controllers (PLCs), a specific 
communication device has been developed and imple-
mented. This device ensures the communication in 
real time between level 1 PLCs and level 2 models.

The model is operating as level 2. Target (material 
properties) and upstream (incoming coil) input infor-
mation is supplied by level 3 regarding all the product 
details and by level 1 or level 2 regarding all the line 
parameters. The smart line sends calculated instruc-
tion to level 2 and level 1 of the line in real time to 
control the effective process parameters (line speed, 
furnace temperatures and power per zone, wiping 
and skinpass conditions).

On-Line Measurements With Tensil-Pro — A mathematical 
model (Tensil-Pro) developed by Marcegaglia,6,7 is 
applied to the cold rolling mill and to the skinpass 
process, aiming to evaluate the tensile properties 
of the incoming and final strip (yield strength and 
tensile strength), the strain hardening properties (ds/
de), grain size and the recrystallized fraction. More 
recently, the possibility was developed to evaluate, by 
means of an additional constitutive equation, the aus-
tenite fraction formed during the annealing process 
just before the fast cooling.7 Basically, the model eval-
uates the tensile properties using an approximated 
solution of Orowan equation and additional constitu-
tive equations characterized by parameters related 
to physical properties of the steel under processing. 
The model parameters are determined for each steel 
grade by means of correlation analysis with the labo-
ratory microstructure and tensile test results.

The developed methodology can be applied to car-
bon steel grades and other metallic alloys by adjusting 
the model parameters.

The on-line evaluation of flow stress is used to eval-
uate the ferrite grain size da reversing the generalized 
Hall-Petch equation:

d
K

α
σ σ

=
−( )

2

0

2

(Eq. 1)

where da includes the friction stress, solid solution 
hardening and precipitation hardening, evaluated on 
the basis of steel chemical composition, hot rolling 
process, laboratory tensile tests and metallographic 
grain size measurements.

The calculated ferrite grain size da of the incoming 
material along the coil length is used as a main input 
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parameter of the predictive models used to define 
further the optimized annealing cycles.

Predictive Metallurgical Modeling — Most of the data are 
first used before production as soon as the order is 
allocated to a specific full hard coil with all its techni-
cal properties.

The metallurgical predictive models take into 
account in great detail the whole history of the prod-
uct and define and anticipate the annealing, cooling 
and skinpassing process conditions to achieve the tar-
geted final mechanical properties. The zinc thickness 
is managed thanks to a wiping model that calculates 
presets and makes permanent adjustments using pro-
portional–integral–derivative (PID) regulation loop. 
The other properties (surface aspect, roughness, flat-
ness, oiling) are managed through process rules often 
available as instruction tables.

Models are based on incoming properties along the 
coil length mainly to calculate the incoming grain 
size. The models consider:

 • Recovery during heating.
 • Recrystallization during heating and soak-

ing,8,9 based on Arrhenius law.
 • Precipitation of carbides, nitrides and sulfides, 

if any, during heating and soaking.
 • Interaction between precipitate and recrystal-

lization to calculate the grain growth.10

 • Phases at soaking temperature based on ther-
modynamics: austenite and ferrite with ratio 
depending on temperature, carbon content 
and composition using calculated Ae1, Ac1, 
Ac3, etc.

 • Phase formed during cooling depending on 
initial phase(s) and cooling speed (cementite/
pearlite, martensite, etc.) and eventual interac-
tions between them, kinetics/line speed cor-
rection being applied through Johnson Mehl 
Avrami Kolmogorov (JMAK)8,10 model or 
Hultgren11 model for pearlite.

 • Phase composition depending on chemical 
analysis and phase ratio.

 • Solid solution hardening.
 • Hardening during skinpass and tension lev-

eler elongation using a Mecking-Kocks (MK) 
description for hardening12,13 and using 
Grumbach law for grades with yield point 
elongation.16

Recrystallization modeling is based on JMAK:8,10

F N M X X T G t dtext rex c mn rex

t n

= ( ) ( )( )



∫1 3

0

/ , ,...,

(Eq. 2)

where 

n = the Avrami coefficient and 
Fext = the extended recrystallized volume fraction. 

The recrystallized volume fraction is then:

X = 1 – exp(–Xext)

(Eq. 3)

It therefore depends on:

 • The net driving force for recrystallization, G(t).
 • The mobility of grain boundaries, M(t).
 • The volume density of nuclei available for 

recrystallization in the material, Nrex.14

The first two are time dependent and depend criti-
cally on the time evolution of the simultaneous recov-
ery and precipitation processes.

The grain growth is approximated using a Hillert 
model:

d d
Q

RT
tg r

∂ ∂=
−

* exp *

(Eq. 4)

where 

δ = a constant, 
dg = the grain size after grain growth and 
dr =the grain size after recrystallization.

To calculate the equilibrium austenite fraction, 
classical Andrews formula for Ae1, Ac1, Ac3, Ar3 and 
Ar1 is used as well as a level rule for ferrite and austen-
ite fractions. It was checked that the ratio reached at 
equilibrium is very similar by few % to calculation by 
Thermocalc or JMAT-pro software. As all steel grades 
are low alloyed up to medium carbon (0.15%) or to 
DP grades, the accuracy is sufficient to calculate the 
final properties.

The austenite fraction is used to calculate the final 
ferrite grain size supposing epitaxial growth (no slow 
cooling section) in case of intercritical annealing tem-
perature (two phases during soaking), or to calculate 
the final martensite fraction and carbon content for 
DP grades with fast cooling.

Mechanical properties are calculated by using an 
iso-work approach considering the various phases 
such as ferrite, martensite or pearlite15 and using a 

— eventually modified — MK description for harden-
ing12,13 combined to a classical forest model (Taylor 
model):

http://www.aist.org


39
FEB 2022 I  IRON & STEEL TECHNOLOGY I  AIST.ORG

σ = σ + αµ ρ0 bM

(Eq. 5)

where 

s0 = a fixed contribution, 
M = the Taylor parameter (≈3), 
a = the interaction parameter between dislocations, 
b = Burgers vector and 
ρ = the dislocation density.

For HSLA and low-carbon aluminum-killed grades, 
the yield stress after skinpass is corrected by an 
empirical equation from Grumbach16 considering 
a parabolic type of relation between the final yield 
stress and the skinpass deformation to eliminate the 
yield point elongation. For IF and DP, the increase 
of yield stress is calculated using the curve ds (con-
straints) versus de (stress) from which Rp0.2 and hard-
ening coefficients can be deduced after the skinpass 
elongation. Using such an approach and considering 
rupture occur when Considere criterion is reached 
helps to deduce uniform elongation and ultimate ten-
sile strength (UTS).

At last a machine-learning approach was applied 
to consider the potential weakness of a pure physical 
model to better fit to the industrial results. As it can 
be seen in Fig. 1, the final accuracy is good for yield 
strength (YS) and UTS of DP grades. While the physi-
cal modeling is valid for all lines, the machine learn-
ing is valid in a specific context and needs regular 
maintenance.

Zinc Bath Model — Regarding the zinc bath, a model 
is implemented to manage both the bath level and 
the aluminum content with the objective of keeping 
these values as stable as possible within a range. The 
future production is considered in order to anticipate 
both zinc and aluminum consumption based on the 
surface per unit time (width and forecast line speed), 
with zinc thickness of the next orders corresponding 
to about 1 hour of production.

The zinc bath mathematical model is a predictive 
model, providing a recommendation for the sequence 
of ingot feeding to be foreseen based on measured 
bath conditions and future production planning. The 
aim is to keep the zinc level and the free Al% in the 
Zn bath as stable as possible.

The first objective of this model is to compute the 
future evolution of free Al in the Zn bath considering 
its weight being kept constant over a defined time 
period and based on several inputs:

 • Production schedule inputs (coil thickness, 
width and weight, target Zn coating weight and 
line speed).

 • Bath conditions at time t0 (Zn bath total weight, 
initial bath composition, available ingot weight 
and composition, average skimming ratio and 
composition).

 • Targets (target bath composition).

The model provides the user with a recommended 
ingot feeding sequence as an output (ingot composi-
tion, quantity and immersion time).

An initial free Al and free Fe content (wt.%) in the 
Zn bath is provided by laboratory or on-line measure-
ment. Then the following elements are calculated step 
by step (given step duration Dt) based on the principle 

Predicted yield strength (YS) (Re) and ultimate tensile strength (UTS) (Rm) for dual-phase (DP) grades versus measured 
values. Except some outliers linked to process issues on coil extremity, 95% is predicted with acceptable accuracy.

Figure 1

(a) (b)
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of global and aluminum mass balance calculation: (1) 
initial free Al weight in the Zn bath (measured), (2) 
variations of free Al and zinc weight consumption dur-
ing Dt due to metallic coating consumption, skimming 
consumption (including dross) and Zn (Al) ingots 
addition; total weight of Zn bath being kept constant 
all the time, (3) final free Al and total weight in the 
bath after Dt. These final values are then reinjected as 
initial ones for the next calculation step.

After each calculation step Dt, the following checks 
are performed: (1) ingot consumption: if the current 
ingot is completely consumed, the model requires to 
add an Al-poor ingot (jumbo), (2) free aluminum 
content: if inferior to the Al free target, then the 
model requires to add an Al-rich (Zn-Al5%) ingot, 
eventually completing jumbo addition to keep free 
Al constant within given limits. The two additions are 
partly independent to keep the bath level and alumi-
num as stable as possible within defined limits.

Reset of calculation can be performed after new 
bath composition measurement (from laboratory on 
samples or on-line gauge): a new initial free Al and 
free Fe value is taken into consideration and the 
model can be run based on the next coming produc-
tion schedule. Thw time of sampling is recorded and 
any event occurring between the sampling and the 
laboratory results is considered for further potential 
correction.

The variables used during calculation step i are 
Altotal(ti)[kg] as the total variation of free Al weight in 
the Zn bath over ti – ti–1:

Altotal(ti) = Alingot(ti) – Alcoating(ti) – Alintermetallic(ti) 
– Alskimming(ti)

(Eq. 6)

where

Alingot(ti)[kg] is the variation of free Al weight in the 
Zn bath over Dt due to Zn ingot addition,

Alcoating(ti)[kg] is the variation of free Al weight in the 
Zn bath over Dt due to metallic coating  
consumption,

Alintermetallic(ti)[kg] is the variation of free Al weight in 
the Zn bath over Dt due to intermetallic  
consumption and

Alskimming(ti)[kg] is the variation of free Al weight in 
the Zn bath over Dt due to skimming  
consumption. 

At the end the calculation step i, Alfree(ti+1)[kg] is the 
weight of free Al in the Zn bath at ti+1:

Alfree(ti+1)= Alfree(ti) + Altotal(ti+1)

(Eq. 7)

And using the zinc bath weight and time ti+1 the 
%Alfree is calculated.

The intermetallic layer of Al2Fe5 contains 54.7 wt.% 
Al and the solid zinc is supposed to contain 0.2%Al. 
Uncertainty coefficients will be introduced in the 
model to take into account: (1) inaccuracy of interme-
tallic layer thickness and (2) inaccuracy of Zn coating 
thickness.

Effect Zn bath model inputs and outputs.

Figure 2
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Then the following intermediate calculations are 
done:

Wcoating(ti) = w(ti) × v(ti) × Dt × a3 ∙ Z(ti) × 10–3

(Eq. 8)

Wintermetallic(ti) = 2 × w(ti) × v(ti) × Dt × a2 ∙ tFe2Al5
 × 10–9 

× ρFe2Al5

(Eq. 9)

Alcoating(ti) = %Alfree(ti) × Wcoating(Dt)

(Eq. 10)

Alintermetallic(ti) = a1 ∙ %AlFe2Al5
 × Wintermetallic(Dt)

(Eq. 11)

where

Wcoating(ti)[kg] = the total weight of coating product 
extracted from the bath during the time period 
Dt,

a1, a2 and a3 = constants to be statistically fitted on a 
past production database.

Skimming ratio is calculated from the skimming 
weight and the skimming composition. The skim-
ming composition was accurately measured over a 
period time used for the learning database to fit the 
corresponding coefficients to obtain right value of 
Alskimming(ti):

W t
Skimming

Skimming
W tskimming i coating i( ) =

⋅
− ⋅

× ( )α
α
4

51
%

%

(Eq. 12)

Alskimming(ti) = a6 ∙ %Alskimming × Wskimming(ti)

(Eq. 13)

Then for computation the real content of Al of 
ingots is used according to their type.

Wiping Model — The first objective of the wiping model 
is to check that the speed proposed by the metallurgi-
cal and furnace models is feasible to reach the target 
zinc thickness. The second objective is to calculate 
a preset for distance, pressure and height of the air 
knives according to the target zinc thickness and line 
speed as proposed elsewhere.17 The third objective 
is to control the pressure and distance using a PID 

regulation loop. The wiping model makes a diagno-
sis regarding the tilting or the cross-bow of the strip 
between the air knives.

The model relates the wiping pressure P to:

 • v: strip speed.
 • d: strip-nozzle distance.
 • a1 the air knives/perpendicular to strip angle 

(0 for horizontal).
 • h: height of the air knife relative to the zinc 

bath.
 • r: the zinc coating (target).

P
v d h

r

a b c

f=
× × ( )( ) ×cos α1

(Eq. 14)

The parameters a, b, c, f and g are fitted on a data-
base by considering only data of steady-state produc-
tion. Whenever air knives are not exactly parallel to 
the strip, the difference of distance between strip and 
air knives is calculated using measured thickness on 
edges on both faces and the equation:

d
Pr

v hi j
i j
f

a c,
,=








(Eq. 15)

And making the average of both differences (abso-
lute values), |(d1,1 – d2,1)| and |(d1,2 – d2,2)|, the angle is 
deduced by:

∆d
d d d d

=
− + −1 1 2 1 1 2 2 2

2
, , , ,

(Eq. 16)

And the angle (for information as di,j will be used 
for correction):

α ∆
 2 =







arcsin
d

strip width

(Eq. 17)

“d” and width must be with same dimensions in mm. 
To define the sign of the angle, a clear convention 
must be defined. Then using the opposite sign of the 
two differences, one can define the sign of the angle.

If convention of Fig. 3 is used: angle a2 is negative 
for (d1,1 < d2,1) and (d1,2 > d2,2). Correction must be 
positive as a clockwise convention: + a2 to be applied.
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Results 

Zinc Bath — Fig. 4 reports the evo-
lution of the free Al% content 
comparing the laboratory and 
mathematical model calculations. 
The laboratory analysis is carried 
out by means of optical emission 
spectrometer on lollipop samples. 
As it can be noted, the agree-
ment between lab and model 
is quite good and the free Al% 
value is well controlled within the 
tolerances.

Wiping Model — Fig. 5 shows the 
time evolution of zinc coating 
amount (g/m2) in a long sequence with different 
transitions in terms of coating target. As noted, the 
implementation of the automatic air knife control 
reduced significantly the under/over zinc coating 
typically related to strip format transitions. The actual 
coating control performance is below the 2% of nomi-
nal target in steady-state conditions.

Conclusion 

SmartLine uses metallurgical models for calculating 
process parameters. It combines models on metallur-
gic behavior and anticipation of the optimum process-
es, taking into account all parameters and require-
ments while also pre-empting and adjusting what is 
required to achieve the best possible performance. It 
not only automates the process, but also the complex 
interactions between each stage, enabling clients to 
achieve the best possible performance. The formula 
is based on the highest level of knowledge about met-
allurgical behavior and physical equations, combined 
with process analytics and designed by experts with 
actual steel production experience and know-how to 
achieve the best quality and productivity.
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