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Abstract After the hot rolling process the steel 

strip remains covered with an oxide layer (scale) 

which must be removed previous to the cold rolling 

process. The scale removal through the pickling 

process by hydrochloric acid (HCl) depends on both 

the scale structure and the conditions of the pickling 

bath (temperature, acid concentration, and dissolved 

iron concentration). This work is focused on pick-

lability (decapability) studies accomplished in labo-

ratory on hot-rolled steel strip, 1.8 mm thickness. 

The oxide amount was determined by weight differ-

ence of samples with and without acid pickling. The 

scale was characterized by X-ray Diffraction (XRD) 

and Scanning Electron Microscopy (SEM). The pick-

ling or descaling time (td) was determined using dif-

ferent bath conditions. Pickling kinetic studies were 

carried out being the pickled fraction ( ) determined 

as a function of the immersion time. Expressions 

were obtained, allowing descaling time estimation 

under various pickling bath conditions. These ex-

pressions were used to estimate the maximum opera-

tion line speed that assures a complete descaling. 

Keywords Pickling, hydrochloric acid, oxide 

scale, hot-rolled strip, descaling. 

I. INTRODUCTION 

During hot rolling process an oxide layer (scale) is 
formed on the surface of the steel. The aim of this proc-
ess is to reduce steel slab thickness, typically from 230 
mm, to strip products with thickness ranging from 1.2 to 
12 mm. Usually, the steel strip temperature at the end of 
the hot rolling process (Finishing Temperature, FT) var-
ies from 820 to 910°C, with an average of 870°C for 
strip having a thickness of 1.8 mm. Oxide scale formed 
at these temperatures is composed of three well defined 
layers (iron oxides), namely: a thick wüstite (approxi-
mate composition FeO) layer adjacent to the steel, then 
an intermediate magnetite (Fe3O4) layer, and finally a 
thin outermost hematite (Fe2O3) layer (Blazevic, 1987; 
Blazevic, 1996; Chen and Yuen, 2000a; Goode et al.,
1996; Hudson, 1991; Lecourt, 1996; Malik and White, 
1981; Wei, 1990). 

Following the finishing mill, the strip is quickly 
cooled by water spray on the run-out table and coiled at 
a temperature between 500-760°C. In this case, the coil-
ing temperature (CT) is nearly 630°C. Finally, the steel 

coil is cooled to room temperature by natural convec-
tion. While the strip is being cooled, the scale keeps
growing, if there is oxygen supply. The same three layer
structure is maintained until a temperature of 570°C is
reached. However, when temperature drops below
570°C, wüstite becomes unstable and decomposes, lead-
ing to a mixture of iron and magnetite via a eutectoid
reaction:

 4 FeO  Fe + Fe3O4  (1)

Depending on the temperature and the cooling rate,
different oxide scale structure may build up within the
original wüstite layer. At slow cooling rates, wüstite has
enough time to decompose completely, forming a finely
disperse iron phase into magnetite, whereas at very
rapid cooling rates the eutectoid transformation may be
incomplete. Intermediate cooling rates lead to domains
of undecomposed wüstite into the iron-magnetite matrix
(Blazevic, 1987; Blazevic, 1996; Chen and Yuen,
2000a; Goode et al., 1996; Hudson, 1991; Lecourt,
1996; Wei, 1990; Yamaguchi et al., 1994). Besides, the
cooling rates could be quite different depending on the
locations in the coil (Chen and Yuen, 2000b). 

In brief, the scale structure will be influenced by dif-
ferent processing parameters, such as the finishing and
coiling temperatures, the cooling rate, and the condi-
tions under which the coils are stored. Therefore, the
scale structure will not be uniform throughout the coils,
and variations are observed both across the width and
along the length of the strip (Chen and Yuen, 2000a;
Lecourt, 1996). 

The scale must be removed previous to the cold roll-
ing process, since it may produce operative problems
and qualitative defects in the material. Effective scale
removal is essential for the success, not only of cold
rolling, but also of the subsequent annealing and coating
operations (Lecourt, 1996). In order to get rid of these
oxides, the steel strip is submitted to a critical process
called pickling. The continuos pickling process consists
in the immersion of steel strip in a series of tanks con-
taining a hydrochloric (HCl) or sulphuric acid (H2SO4)
hot aqueous solution. Hydrochloric acid is the most
used acid. The choice between these two acids is com-
plex and will not be considered in detail. However, it
should be mentioned that hydrochloric acid shows a
faster pickling rate than sulphuric acid, shortening the
process time. 



Latin American Applied Research 32:281-288 (2002) 

 282 

 

The different iron oxides and metallic iron react with 
hydrochloric acid leading to ferrous chloride (FeCl2),
water, and hydrogen. The chemical reactions are: 

 FeO + 2 HCl  FeCl2 + H2O (2) 

 Fe3O4 + Fe + 8 HCl  4 FeCl2 + 4 H2O (3) 

 Fe2O3 + Fe + 6 HCl  3 FeCl2 + 3 H2O (4) 

 Fe + 2 HCl  FeCl2 + H2 (5) 

Reaction (5) is undesirable, and is avoided by adding 
an inhibitor. If no inhibitor is used to reduce the attack 
of the acid on the base metal, excessive weight loss may 
occur as well as a roughened surface and a reduction in 
the strip’s average thickness (Hudson, 1991; Lecourt, 
1996). 

The pickling rate depends on two types of parame-
ters: the product and the pickling bath characteristics 
(Lecourt, 1996). The former includes the characteristics 
of the steel, structure and thickness of the scale, which 
depends on the hot-rolled conditions (Chen and Yuen, 
2000a; Chen and Yuen, 2000b; Lecourt, 1996; Wei, 
1990; Yamaguchi et al., 1994). The latter takes into ac-
count, particularly the chemical composition and tem-
perature (Goode et al., 1996; Hudson et al., 1967; Hud-
son, 1982; Hudson, 1991; Kuhn, 1996; Lecourt, 1996; 
Lee et al., 1997; Quantin, 1985; Yamaguchi et al.,
1994). 

The knowledge of the relationship between pickling 
rate, scale structure, and the process variables is of in-
dustrial importance, since it allows to optimize the op-
eration of the process line and to improve its productiv-
ity. In this work, and in an attempt to obtain more in-
sight on the relationship among scale structure, pickling 
process variables and pickling time, several aspects 
were focused on: the characterization of the oxide layer 
on 1.8 mm hot rolled steel strip as a function of the lo-
cation in the coil; the decapability at different positons 
of the coil (accomplished in laboratory); and the attain-

ment of expressions linking descaling time with process
variables, allowing the estimation of the maximum line
speed compatible with a complete descaling. 

II. METHODS 

A. Materials 

The material used in this study was a commercial
hot-rolled steel strip processed with finishing and coil-
ing temperatures of 870 and 630°C, respectively. Steel
chemical composition is given in Table 1. 

Along the length of the strip, the samples were taken
from the head (sample H), middle (sample M), and tail
(sample T) of the coil. Also, the middle portion was
split up in three parts across the width (M-1, M-2, M-3)
as shown in Fig. 1. Each portion was cut in small sam-
ples, sized 3 x 3 cm2 in order to carry out the physico-
chemical characterization of the scale and the pickling
experiments. 

B. Scale characterization 

Scale composition was determined by X-ray diffrac-
tion (XRD). The scale morphology of the surface and of
the cross-section of the samples was observed by scan-
ning electron microscopy (SEM). The scale thickness
was also measured by cross sectional observation. 

XRD spectra were collected using an X’PERT Phil-

ips diffractometer and monochromatic CuK  radiation.
Micrographs were obtained using an XL 30 CP Philips

electronic scanning microscope. Semiquantitative
chemical composition was determined by electron dis-
persive spectroscopy (EDS) with an electron probe
(EDAX) attached to the microscope. 

C. Determination of the amount of oxide layer on 

hot-rolled steel strip 

The amount of oxide on the hot rolled steel strip was
determined by measuring the coupon weight before and
after pickling. The coupons (3 x 3 cm2) were submitted
to a thermostated and stirred batch reactor containing
the pickling bath. The acid solution was taken from the
pickling line tank, which contains pickling inhibitor.
The pickling conditions were: 7.2 g HCl / 100 ml, 8.5 g
Fe / 100 ml, 80-90°C. The scale amount (Wscale) is ex-
pressed in kg . m-2.

D. Determination of descaling time 

Pickling tests were carried out in order to measure
the pickling or descaling time (td) as a function of the
conditions of the pickling bath such as temperature (T),
acid concentration (CHCl), and dissolved iron concentra-
tion (CFe). Pickling time is defined as the time required
for complete scale removal from the steel surface. 

In a typical test, the hot rolled steel coupon was
manually dipped in a well-stirred thermostated batch
reactor containing the hot acid bath. Bath temperature
was controlled to ± 1°C in the range 80-90°C, acid con-
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Fig. 1: Scheme of the locations of the samples in the 
hot-rolled steel strip.

Table 1. Chemical composition. Commercial hot-rolled steel strip, 1.8 mm thickness. 
Element C Si Mn S P Al

% 0.083 0.017 0.41 0.010 0.011 0.37 
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centration range was 3-11 g HCl / 100 ml, and the fer-
rous ion (Fe2+) concentration was varied from 4 to 12 g 
Fe / 100 ml. In order to achieve these concentrations, 
acid solutions were taken from the pickling line tanks, 
and were modified by adding fume HCl solution and/or 
Fe2+ (as FeCl2.4H2O, reagent grade). 

Before each test, the bath concentration was deter-
mined by titration techniques. A commercial inhibitor 
was used (0.2 % v/v), in order to avoid or diminish the 
action of the acid on the base steel. 

The descaling time was determined by visual inspec-
tion using the trial and error method. The measures had 
an error of ± 1 s. 

E. Pickled fraction ( ) measurements 

In order to determine the pickled fraction the cou-
pons were dipped in the pickling bath during different 
times. When the pickling process ended, the coupon was 
rinsed thoroughly with warm running water, carefully 

dried, and immediately weighed. The loss of weight of
the sample was used to estimate , which is defined as: 

 = (Wo  Wf)/Wscale (6)

where Wo and Wf are the weights of the coupon before
and after the pickling test, respectively. Thus, the evolu-
tion of the pickled fraction was determined as a function
of dipping or residence time, using several HCl and Fe
concentrations, and temperatures. All tests were carried
out twice in order to ensure the consistency of the data. 

III. RESULTS AND DISCUSSION 

A. Physicochemical characterization of the scale 

XRD techniques were used for qualitative determi-
nation of the scale composition. XRD pattern for sam-
ples H (head), M-2 (middle-centre), and T (tail) are
shown in Figure 2. M-1 and M-3 show the same pattern
as M-2. All the samples contained magnetite (Fe3O4)
and iron (Fe) (Fig. 2). It must be emphasized that all the
XRD spectra show no line attributable to retained
wüstite (FeO). This suggests that either the amount of
FeO is very small or FeO was completely decomposed
by the eutectoid reaction, as was shown in Eqn. (1) lead-
ing to Fe and Fe3O4 formation (Blazevic, 1987;
Blazevic, 1996; Chen and Yuen, 2000a; Goode et al.,
1996; Hudson, 1991; Lecourt, 1996; Wei, 1990; Yama-
guchi et al., 1994). 

Across the middle of the coil (Samples M-1, M-2,
M-3), no hematite was detected. This could be because
hematite is present in trace amounts not detectable by
XRD, or because of the limited (or even fully depleted)
supply of oxygen inside the coil, after coiling, that
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Fig. 2: X-ray diffraction patterns of the scale on 1.8 mm 
hot-rolled steel strip as a function of the location at the 
coil.
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avoids further oxidation to hematite. This result is con-
sistent with previous works (Chen and Yuen, 2000b). 
They showed that when cooling was carried out in ni-
trogen instead of air, the hematite layer remained ex-
tremely thin. A relatively thicker hematite layer is 
formed when the sample is cooled in air, especially 
when cooled from a very high temperature. 

At the head (sample H) and tail (sample T) of coil 
hematite (Fe2O3) was also detected. The amount of 
hematite is higher at the tail than at the head of the coil 
(Fig. 2). The presence of hematite at the tail could be 
due to the fact that finishing temperature (FT) and coil-
ing temperature (CT) are greater than on other locations, 
as is shown in Fig. 3, and/or the oxygen pathways to the 
surface is attainable (Chen and Yuen, 2000b). Both facts 
would facilitate the oxidation process up to hematite. 
On the other hand, the hematite formation at head of the 
coil (tail of hot rolling process) might be due to the fact 
that this location of the coil is more exposed to air and 
water.

The scale morphology was examined on both cross-
section and top views, using scanning electron micros-
copy. Figure 4 shows cross-section micrographs of the 

samples along the length of the strip. The micrographs
show that the thickness of the oxide scale is relatively
uniform, ranging from 6 to 10 m. 

The lower thickness measured was at the head (6.4
m), whereas the higher was at the coil (10 m). Inter-

mediate values were measured at the middle (6-8 m). 

These values agree with those published in the literature
(Lecourt, 1996). The lower thickness at the head could
be due to the fact that at the outer wraps of the coil, after
hot rolling, the cooling rate is relatively high, avoiding
further scale growth. Higher finishing temperature, at
the head of hot-rolled strip (tail in pickling process),
undergoes a high rate for scale formation. Several au-
thors have studied the scale formation kinetic and they
have found that the major factor in scale growth is tem-
perature, followed by the time (Blazevic, 1987;
Blazevic, 1996; Lanteri, 1996; Wei, 1990). The non-
uniform thickness at the middle of the coil could be at-
tributable to several reasons, namely: different cooling

Sample H

20 m

Sample M-2

20 m

Sample T

10 m

Fig. 4: Typical SEM micrographs of oxide scale in 
cross-section for different locations at the coil.

Fe2O3
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Fe3O4
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Fig. 5: Detailed SEM micrograph of sample T. 
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Fig. 6: SEM micrographs taken from the top view of the
scale.
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rates and lack of oxygen supply because the position of 
the coil, and/or possibly non-homogeneous water cool-
ing across the width of the coil at the run-out table. De-
spite the non-uniform thickness across the middle sec-
tion, the scale structure was similar. 

Figure 5 shows a detailed SEM micrograph in cross-
section of the scale at the tail. The typical three layer 
composition is observed (Blazevic, 1987; Blazevic, 
1996; Chen and Yuen, 2000a; Goode et al., 1996; Hud-
son, 1991; Lecourt, 1996; Wei, 1990). The thin outer-
most layer is hematite (less than 1 m thickness), the 
intermediate layer is magnetite (2-3 m thickness), and 
the thick inner layer (6-7 m) is composed of finely 
dispersed iron (bright white phase) and magnetite (grey 
phase). The latter layer was formed from wüstite, that 
undergoes a eutectoid reaction. The hematite and mag-
netite layers form because wüstite is oxidized to those 
higher iron oxides due to favorable conditions, such as 
high temperature and good supply of oxygen, and lower 
cooling rates. Once magnetite layer is formed, it contin-
ues to oxidize to form hematite (Lee et al., 1997). 

Figure 6 shows the SEM micrographs taken from the 
top view of the M-2 and T samples. 

The morphology of these samples is quite different. 
Sample M-2 shows a huge amount of bright white nu-
clei (Fig. 6). These nuclei are also observed in samples 
H, M-1 and M-3, whereas only on sample T were absent 
(Fig. 6). EDS analysis reveals that the nuclei grown to-
wards the surface are iron particles. This result is con-
sistent with previous works, which showed the mecha-
nism in which iron particles are formed during scale 
formation (Chen and Yuen, 2000a, b). Due to the fact 
that coiling temperature is high, and the oxygen supply 

is not enough or is completely consumed inside the coil,
further oxidation would take place during cooling at
expense of the high oxides (hematite and magnetite).
This would lead to further growth of the wüstite layer.
When the high oxides are entirely depleted, the entire
scale would be occupied by a single wüstite layer. As
was described above, during cooling the wüstite layer
decomposes leading to a mixture of magnetite and me-
tallic iron. Iron particles observed on the scale surface
were part of the wüstite decomposition products. 

The amount of scale as a function of the position at
the coil is shown in the Fig. 7. It is observed that the
scale amount is quite uniform for all the locations at the
coil, with the exception of the tail, where the amount is
clearly greater (0.0550 kg . m-2). Also, on sample M-1
the amount is slightly greater (0.0447 kg . m-2) than on
M-2 (0.0410 kg . m-2) and M-3 (0.0424 kg . m-2).

Scale thickness can be estimated from the scale
amount and the magnetite density (5.18 g . cm-3), as-
suming that is the unique oxide that composes the oxide
layer. The estimated and measured thicknesses show
good agreement, and they are given in Table 2. 

The higher scale amount at the tail (sample T) can
be explained taking into account that the temperatures
(FT and CT) are not uniform along the coil length (Fig.
3 and Table 2). It is observed that the FT as well as the
CT are greater at the tail than in the rest of the coil. Ac-
cording to several authors (Chen and Yuen, 2000b; Le-
court, 1996), the FT has an important effect on the
amount of oxide formed, while the CT has little influ-
ence. Instead, CT affects mainly the internal structure of
the scale. Unpublished results obtained on 2.0 mm hot-
rolled steel strip (FT ~ 870°C, CT ~ 720°C) also con-
firm these facts. We found that even though the CT is
higher (by 90°C), the scale amount was slightly greater
(0.0456 kg . m-2).

B.  Descaling time as a function of pickling bath con-

ditions

Several pickling tests were done in a laboratory set-
up in order to measure the descaling time (td), by em-
ploying different conditions of hydrochloric acid con-
centration (CHCl = 3-11 g / 100 ml), ferrous ion concen-
tration (CFe = 4-12 g / 100 ml), and temperature (T = 80-
90°C). The hot-rolled steel coupons were taken from the
middle of the coil (M-2 sample). A semi-empirical ex-
pression that relates the descaling time with CHCl and T
has been developed by Hudson (1982, 1991). The loga-
rithm of descaling time is a linear function of the loga-
rithm of hydrochloric acid concentration and the recip-
rocal of absolute temperature (in Fahrenheit degrees) of
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Fig. 7: Amount of the scale on 1.8 mm hot rolled steel 
strip as a function of the location at the coil. 

Table 2. Scale thickness as function of the location at the coil. 
Sample FT ( °C ) CT ( °C ) Thickness(1) ( m ) Thickness(2) ( m ) 

H 872 650  6.4  8.0 
M-1 870 630  8.6  8.6 
M-2 870 630  7.4  7.9 
M-3 870 630  6.2  8.2 

T 890 660 10.0 10.6 
(1) Measured from SEM micrograph. (2) Estimated from scale amount.
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the solution: 

log log
( 459)d HCl

F

D
t A B C

T
  (7) 

where A, B and D are the adjustable parameters. Usu-
ally, A and B are negative and D is positive. 

Although, Hudson (1991) indicated that the influ-
ence of Fe content in solution (as FeCl2) is negligible 
unless it is higher than the limit of 34 g / 100 ml, other 
authors support that the detrimental effects of ferrous 
ions do not appear below 8 g / 100 ml (Lecourt, 1996). 
Therefore, the laboratory pickling results were fitted 
using an expression like Eqn. (7), but including a term 
that takes into account the ferrous ion concentration 
effect:

log log log
d HCl Fe

D
t A B C S C

T
 (8) 

where td is the pickling or descaling time, in s; A, B, D, 
and S are constant (parameters to be adjusted); CHCl is 
the HCl concentration, in g / 100 ml; CFe is the concen-
tration of Fe2+, in g / 100 ml; and T is the bath tempera-
ture, in K. The fitting results with 34 experimental data 
lead to the following parameters: 

 A = 6.183  0.644 D = 2967  234 
 B = 0.776  0.038 S = 0.148  0.039 

As shown in Fig. 8, the experimental descaling times 
were well fitted with those parameters. 

Parameters in Eqn. (8) show that the descaling time 
has an exponential dependence with the temperature. 
The B parameter could be interpreted as the reaction 
order with respect to the HCl concentration. Due to the 
value of B is close to one, it can be said that the descal-
ing time is inversely proportional to the HCl concentra-
tion. On the other hand, the concentration of Fe2+ has a 
very slight positive influence on the descaling time. 

C. Descaling kinetics 

Kinetic studies were performed by weighing M-2 
samples before and after the laboratory pickling tests. 
Experimental results were represented as curves of pick-
led fraction ( ) as a function of time. The pickling tests 
were carried out varying the temperature and the HCl 

concentration, one at the time. The ferrous ion concen-
tration was not taken into account because its influence
on td is almost insignificant. 

Figure 9 displays, as an example, the curve obtained
for a particular bath condition. The curves show a S
trend (sigmoidal plot). The same behavior was observed
for all bath conditions. Similar curves were reported by
several authors (Frenier and Growcock, 1984; Goode et
al., 1996; Yamaguchi et al., 1994). 

The experimental data were fitted employing the
Johnson-Mehl-Avrami (JMA) type equation: 

11 exp nk t (9)

where  is the pickled fraction, k1 is the rate constant, t
is the time, and n is the exponent of the time (Frenier
and Growcock, 1984; Goode et al., 1996; Yamaguchi et
al., 1994). 

In order to simplify the analysis k1 is split up into
two factors, one of them depending on the solution tem-
perature and the other on HCl concentration. As in this
case the ferrous ion concentration has little effect on
descaling time, it was not taken into account. The k1

could be written as: 

1 ( , ) ( ). '( )HCl HClk f C T k T k C  (10)

The temperature dependence of k is Arrhenius type
which is typical of activated processes: 

1( ) .exp aE
k T C

RT
  (11)

On the other hand, the functionality between k´ and
HCl concentration can be expressed using a power rate
law equation: 

2'( ) . m

HCl HCl
k C C C  (12)

where C1 and C2 are constants, Ea is the apparent activa-
tion energy, R is the universal constant of gases, T is the
absolute temperature, CHCl is the HCl concentration, and
m is the reaction order. C1 and C2 constants can be
grouped into one constant (A), named pre-exponential
factor. Thus, Eqn. (10) becomes: 

1 .exp . ma

HCl

E
k A C

RT
 (13)
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Experimental data fitting was performed by multiple 
regression using Eqn. (9) and Eqn. (13), and leads to a 
unique function that links the pickled fraction with the 
bath conditions (CHCl and T). The obtained parameters 
were:

A = 7563 Ea = 9.33 kcal . mol-1

n = 1.267 m = 0.86 

The apparent activation energy (Ea=9.33 kcal mol 1)
obtained is similar to those reported in bibliography 
(Goode et al., 1996). The reaction order m is close to 
those obtained in section III.B, and also agrees with the 
published values (Yamaguchi et al., 1994). 

D. Estimation of the maximum process speeds from 

laboratory pickling tests 

From laboratory scale pickling test, maximun line 
speeds (vm) consistent with complete descaling under 
various tank conditions can be estimated. Assuming that 
the pickled fraction in a given tank j is directly propor-
tional to the residence time ( Rj) of the steel strip in this 
tank, the value of vm could be estimated with the follow-

ing equation (Hudson, 1991): 

1

/
N

m j dj

j

v L t  (14)

where Lj is the immersed strip length in tank j, and the
tdj can be estimated from Eqn. (8), knowing the condi-
tions of each tank. 

The value of vm was also estimated in an iterative
way by employing the pickled fraction expression
(Eqns. (9) and (13)). To accomplish the calculation with
this expression, it is necessary to take into account, that
the JMA expression is asymptotic to 1. Due to this fea-
ture, the pickling time needed to achieve a unitary pick-
led fraction would be infinite. To solve this problem, it
was considered that the strip was fully pickled for the 
values calculated from the sigmoidal expression intro-
ducing td values experimentally measured by visual in-
spection. The  values vary from 0.973 to 0.992. Be-
tween these values, the most conservative is the upper
limit, which implies less risk of underpickling. 

Figure 10 shows an example of maximum line speed
calculation, for the different tank conditions shown in
Table 3. Hot-rolled steel strip used was 1.8 mm thick-
ness.

Calculations, carried out using the linear approxima-
tion (Eqn. (14)), predict that using four tanks with the
solution conditions showed in Table 3, would allow the
process line to work at a maximum speed of 240 m .
min-1. On the other hand, the maximum line speed esti-
mated by using the sigmoidal curves (Fig. 10.b) was
202 m . min-1. These values agree with those used in
pickling lines, for 1.8 mm hot-rolled steel strip. 

IV. CONCLUSIONS 

The main conclusions of this study regarding the
picklability of 1.8 mm hot-rolled steel strip in hydro-
chloric acid can be summarized as follows: 

The amount and structure of the scale depends on
the location at the coil, because of the variations in fin-
ishing and coiling temperatures, oxygen supply from
air, and cooling rates. 

The scale amount was nearly to 0.043 kg . m-2

(thickness: 8 m) along the length of the coil, but at the
tail the scale amount was higher: 0.055 kg . m-2 (thick-
ness: 10 m), because the finishing temperature was
higher than on the other locations. Across the width, the
amount varies slightly due to non-uniform cooling at the
run-out table and/or different cooling rates. 

Scale is mainly formed by magnetite and metallic
iron, that were produced by a complete wüstite decom-
position. At the head and tail of the coil, hematite was
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Fig. 10: Pickled fraction evolution along a four tank 
pickling line using: (a) linear relationship, Eqn. (14), 
and (b) sigmoidal JMA type equation, Eqns. (9) and 
(13).

Table 3. Bath conditions and descaling time in each tank. 

Tank Lj ( m ) CHCl ( g / 100 ml ) CFe ( g / 100 ml ) T ( °C ) td ( s ) 

1 20.5 3.7 6.1 89 28.6 
2 20.5 6.0 4.5 90 19.5 
3 20.5 8.0 5.1 87 17.9 
4 20.5 9.0 4.4 95 18.6 
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formed because the high temperature and oxygen acces-
sibility. 

Descaling or pickling time depends on hydrochloric 
acid and ferrous ion concentrations, and solution tem-
perature. Temperature is the most important variable, 
followed by hydrochloric acid concentration. The fer-
rous ion concentration has little relevance on descaling 
time. 

A functional relationship of descaling time with hy-
drochloric acid and ferrous ion concentrations, and tem-
perature was found. It was also found that the evolution 
of pickled fraction with residence time followed a sig-
moidal curve kinetics. Both equations were used to es-
timate the maximum line speed for a complete pickling. 
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