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Abstract

The aim of this work is to develop a computer mathematical mode! that could
be used to predict the design parameters of an accelerated cooling unit.
These parameers include length and diameter of cooling tube, size, number
and type of nozzles and amount of water needed. Such units are encorporated
at the end of or before the last rolling mill of re-inforcing bars for the production
of high strength steel re-bars. The production of high strength steel rebars from
ordinary 0.2% C - 0.8% Mn by thermo-mechanical treating has been widely
employed recently. The control of the cooling rates through the water flow
[cross sectional area of tube and amount of water) and cooling time (length of
unit which varies according to the rolling speed) affects the process greatly.
The bars that leave the stand at about 1000°C, are cooled in a long tube with
high pressure water. The outer surface cools to about 200-400°C forming a
martensftic layer, while the inner areas remain hot (1000°C). Then both surface
and core femperatures equalise at a certain temperature which greatly affects
the strength of the cooled rebars. It is of great importance to be able to predict
this temperature and previously mentioned design parameters to be able to
build the cooling unit required to achieve certain strength levels. The results of
the model have been used fo develop a cooling unit at EFAhlya National
Company. The performance of the unit was verified experimentally, where
several experiments were carried out for different bar diamefers, in the range
12-16 mm, and various cooling conditions leading to different bar equalising
temperatures.

Strength values in the range from 430 to 1500 MPa were obtained by changing
cooling conditions. The obtained mechanical properties after cooling were
compared with the predicted equalising temperatures. Also, the microstructures
of the cooled bars were compared with those predicted by the cooling curves
obtained from the mathematical model results. The results obtained from the
model predicted to great proximfty the experimentally obtained results.
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INTRODUCTION

The demand of high strength construction steels of lower
weights is increasing nowadays. High strength can be ob-
tained through alloying additions such as vanadium and man-

| ganese, which will increase the cost per ton, or by the inter-

rupted accelerated cooling process after hot rolling. The lat-
ter process has a large degree of flexibility where several
rebar grades with yield strength of 400 to 725 MPa can be
manufactured using the same steel (e.g. 0.2% C and 0.85%
Mn) composition independent of the rebar size [1-4]. Two
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Riassunto

Lo scopo di questo lavoro & quello di sviluppare un modello matematico
computerizzato atto alla predeterminazione dei parametri di progetto di
un’unitd di raffreddamento accelerato. Detti parametri sonc la lunghezza ed
il diametro del tubo di raffreddamento, la dimensione degli ugelli, nonché il
loro numero e tipo, come pure la quantita di acqua richiesta. Tali unitd vengono
incorporate o davanti o all’estremita dell’ ultimo laminatoio di rafforzamento
utilizzato nella produzione di barre rinforzate in acciaio ad altra resistenza,
le cosidette rebar. Di recente ¢ stato ampiamente adoperato il trattamento
termomeccanicao per la produzione di queste rebar dall’accidio a 0,2% C
-0,8% Mn. Il risultato del procedimento perd viene fortemente condizionato
dal controllo della velocita di raffreddamento, agendo sia sulla portata
dell'acqua (essendo in questo caso i parametri la sezione del tubo e la quantita
di acqua erogatay), sia sul tempo di raffreddamento (lunghezza dell’unita di
raffreddamento, variabile in funzione della velocita di laminazione). Le barre
riscaldate a 1000°C che departono dalla gabbia vanno raffreddate con acqua
erogata ad alta pressione in un lungo tubo. La superficie esterna si raffredda
fino @ 200-400°C, formandosi cosi uno strato martensitico, mentre le zone
interne sono sempre calde (1000°C). Sia la superficie sia il nucleo si portano
poi ad una certa temperatura d'equilibrio la quale sard determinante per la
resistenza delle rebar una volta raffreddate. Da cid nasce I'importanza estrema
della previsione di questa temperatura nonché i valori dei parametri di progetto
summenzionati affinché si possa costruire I'unitd di raffreddamento necessaria
alla realizzazione dei livelli di resistenza voluti. | risultati forniti dal modello
sono stati adoperati nello sviluppo di una unitd di raffreddamento presso la
El-Ahlya National Company. Le prestazioni di questa unitd sono state poi
verificate testando barre del diametro da 12 @ 16 mm in condizioni di
raffreddamento tali da portare a diversi tempi di raggiungimento dell’equilibrio
termico. Cambiando le condizioni di raffreddamento si sono potuti ottenere
valori di resistenza dai 420 ai 1500 MPa. Le proprietd meccaniche post-
raffreddamento sono state poi confrontate con le temperature d’equilibrio
termico previste, come pure le microstrutture delle barre raffreddate con quelle
indicate dalle curve di raffreddamento calcolate dai dati forniti dal modello.
Si & cosi potuto osservare I'approssimazione molto stretta tra i risultati previsti
con |'aiuto del modello e quelli ottenuti sperimentalmente.

Parole chiave

Rebar ad alta resistenza, raffreddamento accelerato, progettazione di unita
di raffreddamento accelerato, modellazione, trattamento termico.

main accelerated cooling processes have been developed, these
are known as temprimar and tempcore processes. The first
process consists of multiple subsequent quench and temper
cycles after the rebar has left the last rolling stand. The re-
peated actions of quenching and tempering causes the forma-
tion of a thin layer of martensite up to a certain depth below
the surface while the core remains austenitic. The depth of
the martensite layer is mainly governed by the heat transfer
process which determines the distance at which the tempera-
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ture drops to blow the M_temperature. The tempcore proc-
ess involves a single quench and temper cycle after the last
rolling stand, the time of accelerated cooling varies between
2-3 seconds so that the outer surface of the bar is quenched
forming a martensitic layer. The control of cooling condi-
tions is with the aim of producing only a rim of martensite on
the surface not exceeding about 30% of the cross-section.
The core of the bar which still remains hot and of austenitic
microstructure, would heat the surface and cool down to form
a ferritic fine pearlitic structure during the air cooling on the
bed. Again, the depth of the martensitic layer is determined
through the heat transfer process. The cooling rate of the
core is also increased in comparison with conventionally hot-
rolled bars, then the structure of the central region of the bar
is refined. The outer shell of the bar is subsequently tem-
pered by the heat transferred from the core of the bar. The
self tempering temperature which is the final equalising tem-
perature that the bar reaches should be in the range 500-
700°C. The effect of thermo-mechanical treatment on im-
proving strength of low and medium carbon, alloyed and
unalloyed steels have been extensively studied [5-9], this ef-
fect have been greatly attributed to the refinement in grain

 DESCRIPTION OF THE MODEL

The model solved the heat transfer equation on the
explicit finite difference numerical scheme [10]. This method
has been chosen for its well known flexibility and accuracy
in calculating the temperature distribution in regular-shaped
solids under transient heat flow conditions. Due to the axial
symmetry of the circular cross-section of the steel bar, the
cylindrical co-ordinate system is used [11]. Under the as-
sumptions of equal temperature along the perimeter of the
steel bar; 8T/06=0, and the independency of the
thermophysical properties (K,p,c) of the steel on the tem-
perature, the transient heat flow equation takes the following
form:

OT/8t = ou(&*T/0r? + 1/r*6T/or + &°T/0z%) (1)

within the domain of 0 <r <R and 0 <Z <L. At the symme-
try line, where r = 0, equation (1) can be written as the fol-
lowing:

OT/dt = ou20°T/dr2 + 3°T/d7%) (2)

size which contributes to both strengthening and toughening |
of the steel.

Previous work [2] on basic isothermic TTT-diagrams has
concluded that for all steel grades within the carbon range of
0.2% or less to 1% and with an alloy content of 1.7% maxi-
mum, the equalisation of the temperatures between the core
and the quenched surface layer of the rebar has to take place
wifthin 6 to 6.5 seconds. It has also been reported [2] that
uniform and homogeneous extraction of heat from the sur-
face of the bar is characterised by a maximum heat transfer
coefficient of 50000 Wm™? K.

The aim of this work is to design a cooling unit and develop
a mathematical model based on the finite difference method
to predict the temperature distribution in the rebar across
their diameter and length. Then, accordingly predict and
coorelate the cooling rates in the surface and core layers with
the final expected microstructures using the known continu-
ous cooling curves for similar steels. It is also our target to
present a program that could be used as a design guide to
determine the conditions suitable for each bar diameter and
speed to achieve the required surface, core and equalising
temperatures and accordingly the desired microstructures.

The boundaries of the steel bar, where r = R and Z = 0
or Z = L, are subjected to heat loss by convection and
radiation. The temperatures at these locations are determined
by the heat balance equation which in general have the
form:

k&T/dn-h (T-T)-cE(T*-TH=0 (3)

The radiation term in eq. (3), where the temperatures are in
deg. Kelvin, is considered in the model when the steel bar is
outside the cooling unit. While, the convective heat transfer
coefficient is calculated inside and outside the cooling unit.
The steel bar is discretized into small elements along both the
radius and length of the steel bar. The stability of the numeri-
cal solution depends on the time increment, which is affected
by the mesh size and the thermophysical properties of the bar
material. The smallest time step throughout the domain
is calculated first and kept constant during the complete
solution.
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APPLICATION OF THE MODEL

The major parameters expected to affect both the cooling
and the equalisation temperature of the bars are; bar diam-
eter, bar initial temperature, flow rate of the cooling water,
rolling speed, and the cooling time. Each parameter was tested
individually and the others being fixed. The effect of cooling
time on core, surface, and equalising temperatures is illus-

trated in Fig. 1 for different bar diameters. Bearing in mind
that the industrial cooling unit is required to cool the outer
layers to below 200°C and to provide equalising tempera-
tures in the range from 550 to 700°C, it can be concluded
from the previous figures that water flow rate of 60 m 3 /h
for a cooling time in the range of 2-3 seconds is sufficient for
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Figure 1: Effect of the cooling time on core, surface and equalising temperatures for different bar diameters

bar diameters 12-20 mm at rolling speed of 5 m/s. Whilst,
water flow rate of at least 180 m3 /h is required to achieve
similar results for larger bars (22-32 mm) for the same cool-
ing time and at the same rolling speed.

A cooling time of 2 seconds means a cooling unit 10 m long
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for bar velocity of 5 m/s, and 32 m long if the rolling speed is
16 m/s.

Lower equalising temperatures are obtained either by longer
cooling times (i.e. increasing the length of the cooling unit)
or by increasing the water flow rate.
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Figure 2: Effect of the water flow rate on the equalising temperature

Figure 2 shows the effect of increasing the water flow rate on
the equalising temperature for rolling speeds of 5 and 16 m/
s. The water flow rate should increase as both bar diameter
and rolling speeds increase. The water flow rate mentioned
in this context is the water flow rate entering at each section

per unit time, which is different from the total water flow
consumption by the cooling unit per unit time; as the design
involves several water feed inlets along the cooling tube. The
previous results indicate that increasing the water flow rate
is very effective up to a certain value, for each bar diameter
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Figure 3: Effect of the bar initial temperature on core, surface and equalising temperatures
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and rolling speed, after which increasing the water flow rate,
though, causing a great increase in the heat transfer coeffi-
cient (reaches 100,000 w/m2/.K) and a high water velocity/
bar speed ratio, would not lead to a comparable decrease in

equalising temperatures. Bar initial temperature has a
pronounced effect on reducing the surface, center and equal-
ising temperatures of the quenched rebars. Figure 3 shows
the effect of changing bar initial temperature in the range
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Figure 4: Effect of bar diameter on core, surface and equalising temperatures
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Figure 5:

of 950-1050°C. The calculated equalising temperatures for
different bar diameters are given in Fig. 4. Quite low surface
temperatures are obtained in all cases (below 200°C), the
equalising temperatures are, however, too high for bar diam-
eters above 22 mm. This indicates the necessity of increasing
C and Mn contents or iﬁtroducing Nb or Ti for larger diam-

DESIGN OF THE COOLING UNIT

A schematic layout of the cooling process is shown in Fig. 6,
where the cooling unit consists of three cooling sections each
4.3 m length. The number and length of the cooling sections
depend upon the bar velocity, equalising temperature and the
cooling time, so that the time of the overall cooling process
should take place in 2-3 seconds. Each cooling section con-
sists of back stripper, main cooling nozzle, cooling tube and

Cooling conditions that yeld equalising temperatures in the range 500-690 °C

eter bars. For bar diameters below 22 mm the equalising tem-
peratures are between 700 and 350°C and are expected to
produce high strength rebars. Water flow rates, rolling speeds
and lengths of cooling units required to obtain equalising tem-
peratures in the range from 500 to 690°C are given in Fig. 5.

a front stripper. The function of the back stripper is to cut the
water spray coming back from the cooling nozzle, whereas
the front stripper deflects the water spray after leaving the
cooling tube. Each cooling section is contained in a sheet
metal box with a special cover to prevent water from splash-
ing around and directs the water to the collecting drain. The
water out of the cooling section is directed to a cooling tower
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Figure 6: Schematic layout of the developed cooling circuit

using a low pressure pump to cool the water and send it back
to the ground tank to be circulated again. The three headers,
feeding the cooling water to the cooling sections, are inter-
connected to the main header of the pump station through

balancing valves. The strippers and the nozzles are intercon-
nected to the main headers with balancing valves and piping
systems to control both flow direction and quantity of the
cooling water. Figure 7 shows the left side cooling section

\

Main Header
Tube Support Buluncmg valve
ﬂ Cooling Tube &) m
=
/ \\
Back St/ripper Nt}zzle Front Stripper

Figure 7: Layout of one cooling section complete with the necessary componentes
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TABLE 1 - Experimental results of tests

| Equivalent| No. | Equivalent| Carbon | o _urs

‘ 'Fklkux' m3/hr ~ Units sec CE

Water  of time, equivalent | MPa ~ Mpa . 8%

(1) Experiment No. 1 on Bar Size 13 mm (Smpper Fully Open)

Ho’r Rolled : 0.19 307 422

11 ,730 173 0727 | 389 2 AB]
. :g'_éo,,_ : 173 02 398 466
0 26 2 02 355, | 448

D WWN N

e E:,No 2 on Bar Slze 16 mm (Strlppers Fu”y Open .

; e O 34 643‘ 73

o e 0
087

173
0

-

TABLE 2 - Mechanical properties of cooled bars by various cooling conditions and determined
equalising temperatures

Experimentally determined Temperature *1.350-400
* 2.450-500

N.B.: The equalising temperatures were determined experimentally for some specimens by tempering at different temperatures and air cooling fill hardness

dropped.
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and shows the back stripper, main nozzle, cooling tube, tube
supports and the front stripper, while, Fig. 8 shows the con-
struction of the developed cooling nozzle and strippers used
with the cooling sections.

EXPERIMENTAL WORK

A semi-industrial accelerated cooling unit was designed, fab-
ricated and installed after the last stand of bar rolling mill.
The cooling unit consisted of three similar cooling sections
each of about 4-m long. Each section contained one cooling
nozzle followed by a cooling tube of about 3.5 m length. To
cut off the water jets moving in the rolling direction and op-
posite to the rolling direction one water stripper was mounted
before the cooling nozzle and another one was mounted after
the cooling tube. The three cooling nozzles and the six water
strippers were fed by three pumps having total water flow of
180 m3/hr and head of 13 atm. Valves were used to distribute
the water between the cooling nozzles and the water strip-

RESULTS AND DISCUSSION

Table 1 shows the results of the experiments conducted on
accelerated cooling of steel rebars, from which the great ef-
fect of changing cooling conditions and carbon equivalent on
the mechanical properties is obvious. Figure 9 shows the re-
lation between the ultimate tensile strength of the cooled bars
(13 and 16 mm @) and the equalising temperature determined
by the model the cooling conditions that produced such tem-
peratures are given in Table 2.

The strong dependence of the strength on the equalising tem-
perature is obvious and clearly explained by the fact that
slower and insufficient cooling rates would lead to higher
equalising temperatures and accordingly lower strength. Most

4i‘l

"l/////// ,,,_

/4//\\\

(a) Cooling nozzle

Figure 8: Layout of the developed nozzle and stripper

pers. The diameter of the cooling tube was 38 mm. The cool-
ing nozzle and the two strippers of each section were fixed
firmly in a steel container in which the used water was col-
lected and pumped back by low pressure pump to a water
tank. In order to create different conditions of cooling several
experiments were conducted using different number of cool-
ing sections and acting pumps; e.g. one, two or three pumps
could be used to supply water to one, two or three cooling
sections alternatively. The strength, hardness and microstruc-
ture of the cooled bars were determined experimentally and
compared with the equalising temperature and cooling rate
determined by the model.
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—=— bar 13 mm

— bar 16 mm

400

200 |

L L L L L L L L L

0
300 350 400 450500 550 600 650700 750 800
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Figure 9: Relation between predicted equalising
temperature and obtained strenght
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a- Expexted microstructure
a- 16 mm bar using 3 pumps, 2 units

Actual microstructure

Hardness HV

M F+P F+P

270 220 100

b- Expexted microstructure
b- 16 mm bar using 3 pumps, 3 units

Actual microstructure

Hardness HV

M+B+P B+P F+P

215 195 190

c- Expexted microstructure
¢- 12 mm bar using 3 pumps, 3 units

Actual microstructure

Hardness HV

M M+B F+B

219 187 176

equalising temperature for the condition using 2 units is such
that the core contains pearlite against finer pearifte for the
condition using 3 units.

Figure 13 shows comparison between the expected micro-
structure of the cooled bars determined by the model for cer-
tain conditions of cooling versus the microstructure and hard-
ness of these bars, determined experimentally.

From Table 2, it is obvious that the general trend is that in-
creasing number of acting pumps for a fixed cooling time
leads to a slight increase in strength when the time is insuffi-
cient and a great increase in strength when cooling time
reaches 2.5 seconds. Also, it is obvious that increasing time
only does not cause a great increase in strength if water is not
sufficient, as the bar cooled by 1 pump and 1 unit has the
same strength of 420 Mpa to that cooled by 1 pump and 3
units.

The obtained hardness and microstructures as stated in
Fig.13.a and 13.b compare well to the predicted microstruc-
tures from Fig. 12. The yield/ultimate tensile strength for
both conditions is 738/848 and 734/868 Mpa and the ductil-

22

Figure 13: Microstructure of cooled bars from surface (left] to center (right)

ity is 5.8 and 8.8% for carbon equivalents 0.38 and 0.39
respectively. Again, the predicted microstructures compare
well with those values and can explain the relatively small
ductility obtained for the condition 13.a as the surface con-
tains more martensite.

From fig.13.c it is obvious how the microstructure and hard-
ness varied from surface to core for a 12 mm bar cooled by 3
units and 3 pumps, the significant change in hardness is clear
and attributed to the different microstructures from surface
to core, namely M on the surface followed by M + B and
finally F + B in core.

Several authors [4-9] have discussed the benefit of increas-
ing strength, at a good toughness level, of re-bars by acceler-
ated cooling. The ability of obtaining different microstruc-
tures from tempered martensite on the surface to ferrite and
pearlite in the core, as well as the grain refinement is the key
factor for the optimisation of strength and toughness. The
chemical composition, finishing temperature and cooling rates
are the major three parameters that affect the properties of
the rebars produced by accelerated cooling.
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equivalents than the well-fitting ones. It is also worth notic-
ing how different cooling conditions such as 1 unit with three
pumps produced a similar strength level of 640 MPa to that
obtained by 2 units and one pump, while the calculated equal-
ising temperature is almost similar.

Figure 10 shows the inter-relation between the determined
equalising temperature and the surface hardness of the cooled
bars for bar sizes 13 and 16 mm @. Again, it is clear that
lower equalising temperatures are related to higher surface
hardness. Higher carbon equivalents cause an abrupt increase
in hardness for the same predicted equalising temperature.
Figures 11 and 12 show the predicted cooling curves for some
of the tested cooling conditions, on which isothermic TTT
cooling curves are incorporated. Thus one can predict that,
for example, the 13-mm diameter bar when cooled with the 3
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Figure 10: Relation between predicted equalising temperature and

obtained surface hardness
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Figure 11: Cooling curves predicted by the model from which the micro-

structure of 13 mm bars could be predicted
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up to about 1.4 mm and the remainder will be bainite and
ferrite. Similarly one can predict that for the 16 mm diameter
bar cooled by 3 units and 3 pumps, a surface layer of
martensite up to about 1 mm below the surface is expected
while the remainder is ferrite and pearlite.

The analysis of these results indicates the great effect of cool-
ing parameters on controlling the obtained microstructure of
cooled bars and accordingly on their mechanical properties.
The encorprorated TTT curves are for steel of composition
0.2%C - 0.85% Mn, using the equation %C + Mn/5.9 + Mn/
17 [2]. The carbon equivalent is 0.35, obviously different
compositions and carbon equivalents would mean different
microstructures obtained for various cooling conditions. Also,
the hardness and strength obtained depend greatly on the car-
bon equivalent of the re-bar steel.

DTOHFlg. 11, 1L COUld DC plodictied tal HIC ITHCTOSUIucCiure ol
the 13 mm bar cooled by 3 units and 2 pumps isM + B + F
+ P on the surface versus F + P in the core. The hardness of
13 mm bars cooled using such condition and of carbon equiva-
lent 0.25 was almost the same from surface to core and
approssimatly equal to 140 + SHV. On the other hand, the
hardness of the 13 mm bar cooled by 3 units and 3 pumps
and of carbon equivalent 0.34 changed abruptly from 205
HYV on the surface to 150 HV in the core indicating the re-
spective change in microstructure, which is predicted by the
model to be M on the surface and F + B in the core. Compar-
ing cooling conditions in fig. 12 it is noted that though the
cooling time is less with 2 units and 3 pumps than three units
and three pumps a full martensitic surface layer on the sur-
face of the former is expected against a mixed microstruc-
ture of M + B + P on the surface of the latter. However, the
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CONCLUSIONS

1. A mathematical model is developed to predict the design
parameters of the accelerated cooling units used for the
production of high strength steel rebars.

2. The design parameters provided by the model were used
in installing an accelerated cooling unit at El-Ahlya Na-
tional Company, which produced high strength rebars of
strength values that reached 500-1500 MPa from ordi-
nary steel 37.

3. Design curves are obtained for each group of bar sizes,
from which water flow rate and cooling unit length could
be determined at various rolling speeds.

4. Cooling curves are obtained by a thermal mathematical
model, that could be used to predict microstructure of in-
line accelerated cooled bars.

5. The hardness and microstructure predicted by the cooling
curves show good agreement with those observed
metallographically.

6. The control of cooling conditions to obtain the required
equalising temperatures is of great importance if precise
control of mechanical properties is required.
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NOMENCLATURE

T wZAa Q'O""—]m'—]%owﬂ S MmO

Specific heat (J/kg.°C)

Emissivity of the steel bar
Convective heat transfer coefficient (w/m2. °C)
Thermal conductivity (w/m. °C)
Length of the steel bar (m)
Direction of heat flow

Radius of the steel bar (m)
Cylindrical co-ordinates

Ambient temperature of the air (°C)
Temperature at any point (°C)
Time (s)

Density (kg/m?)

Thermal diffusivity (=x/pc)

Stefan Blotzmann constant.
Martensite

Bainite

Pearlite

Ferrite
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