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Abstract

This article addresses applying a tensile test with a CCD camera to assess scale adhesion on hot-rolled
steel as a function of hot-rolled coil position. The scale adhesion in this study was shown in the value
of the strain initiating the first scale spallation. The result of strain initiating the first scale spallation
was confirmed with an acoustic emission (AE) method. The as-received hot-rolled coil was studied
at the head, middle, and tail positions. A scanning electron microscope (SEM) and X-ray diffraction
(XRD) were used to examine the scale morphology and phase identification respectively. The results
show that the oxide scale comprises hematite and magnetite layers. It was found that the higher strain
initiating the first scale spallation was revealed on the scale formed on the hot-rolled coil at the head
and middle positions. This indicates that the oxide scale was more difficult to remove than at the tail
position of the coil. The scale growth and cooling affects the stresses on the oxide layer and the steel
substrate. A thin oxide layer on tail position of the hot-rolled coil will easily first crack and then
buckle and followed by spallation, while a thick scale on head and middle positions of the hot-rolled

1. Introduction

Hot-rolled steel is the downstream steel industry. The hot-rolled
steel strips is obtained from the slab through the hot-rolling process
to reduce the thickness at a temperature of about 1,100°C to 1,250°C
with a rolling or a large rolling platform, and then cooled by passing
through cooling water. The steel passes into the coiling machine at
a temperature of about 550°C to 710°C. The resulting hot-rolled
steel strips will have a black surface and be in the form of a coil,
called a "hot-rolled coil". The black surface cover on steel is an oxide
scale. Black hot-rolled steel coil will be convenient for storage and
transportation. If a surface quality is required the black scale must be
completely removed by pickling in an acid solution during the de-
scaling process. The hot-rolled steel can be used as a raw material in
the production of various downstream industries such as automotive,
machine, tube, containers, etc. The final thickness of the strip is
determined according to the product specifications. The thickness of
steel is reduced via the hot rolling line at temperature above the
recrystallization temperature. Surface defects such as scale always
form on the hot-rolled steel surface when exposed to a high temperature.
Oxide-iron scale is primarily produced when the hot surface is oxidized
by air [1-13]. Scale on the steel surface is typically removed by using
a water jet during the hot-rolling process and hydrochloric acid after
the process. Significant factors affecting scale formation include
alloying elements [14-18], process temperature [19-21], atmosphere,
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coil was harder than that thin scale.

rolling speed, reduction per pass, etc. Alloying elements in steel
enhance the mechanical properties of the material. Steel is an alloy of
iron, silicon, manganese, carbon, copper, and a small amount of other
elements, giving it high elasticity, strength, durability, and impact
resistance. These alloying elements in steel affect the formation and
adhesion of scale on hot-rolled steel. Such as silicon alloying in steel
will result in a decrease in the oxidation rate and an increase in the
adhesion of scale on the steel substrate, or copper alloys will decrease
the oxidation rate and reduce scale adhesion. Scale adhesion is lowered
and the scale thickness is increased with a higher finishing temperature.
The water vapor atmosphere lessens scale adherence to a steel substrate
during oxidation. One important factor for evaluating scale removal
is scale adhesion. However, relatively no studies have been reported
on the effect of hot-rolled coil position on scale adhesion. This research
is focused on studying adhesion at the steel-scale interface of hot-
rolled steel in the role of hot-rolled coil position. The tensile test and
acoustic emission (AE) have been applied to investigate scale adhesion
on the hot-rolled steel during the tensile load. For the tensile test,
this is used with a CCD camera to visualize the scale spallation on
the hot-rolled steel substrate. For acoustic emission, this is used to
confirm when the first scale spallation occurred. Because the image
of scale spallation from the CCD camera can only be focused on a
small area in the center of the specimen, AE is used to confirm that
the scale is the correct first spallation. The adhesion of scale in this
research is represented by strain initiating the first scale spallation.
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2. Experimental
2.1 Materials

Hot-rolled steel as received from steel industries with 8 mm thick
is used in this study. The chemical composition of hot-rolled low
carbon steel is 0.138 wt% C, 0.441 wt% Mn, 0.044 wt% Al, 0.010 wt%
Cu, 0.006 wt% Si, 0.017 wt% P, and 0.009 wt% S. In Figure 1, the
hot-rolled coil's head, middle, and tail positions are indicated for
observation. The specimen is taken from the hot-rolled coil acquired
from a slab made via the blast-furnace route. A hot rolling process
is used with a finishing temperature of 790°C and a coiling temperature
of 580°C. The oxide scale thickness of the as-received hot-rolled
steel strips at the head position is 34 + 2.63 pm, the middle position
is 17 £2.29 um, and the tail positionis 10 £ 1.15 um. The tensile
strength of the steel at the head position is 429 MPa, at middle position
is 427 MPa, and at tail position is 380 MPa.

2.2 Characterization

In addition to experimental procedures, these instruments allow
for the analysis of experimental data with appropriate instruments.
A scanning electron microscope (SEM) with energy dispersive
spectrometer (EDS), (Quanta 450) is used to observe scale morphology
and analyze the composition. The electron beam strikes over the
steel surface and takes the scattered signal back to form an image.
Energy X-rays up to 20 kV for energy dispersive spectrometer.
Quantitative phase analysis can be obtained by X-ray diffraction
(XRD), (Smart Lab). The X-ray is projected onto the steel surface and
the X-ray diffraction is measured at different angles with an X-ray
source of 1.2 kVA, Cu K-al, wavelength of 1.544 A, tube voltage
of 40 kV and tube current is 30 mA. The measured data indicates
the type of metallic compound.

2.3 Adhesion test

A method to evaluate the scale adhesion on hot-rolled steel uses
a tensile testing machine equipped with a CCD camera and an acoustic
emission. It uses an Instron Model 5566 tensile testing machine with
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Figure 1. Position of the specimen within a hot-rolled coil selected for the study.
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Figure 2. ASTM E8M standard specimen used for tensile testing.
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Figure 3. Tensile testing machine equipped with a set of observations and
acoustic emission.

a 10 kN load. The test is performed at room temperature with a 0.04 !
of strain rate. The evolution of scale failure using a high-magnification
lens in contact witha CCD camera. A resolution of 640 pixels % 480 pixelsis
used for the video processing. The picture is captured under tensile
loading using image framework programming. The tensile specimen
is produced in accordance with the ASTM E8M standard. The specimen
is a subsize specimen with 6 mm width, 100 mm length, and 25 mm
gage length as shown in Figure 2. In order to use the tensile testing
machine, the steel is thinned from 8 mm to 2 mm via horizontal milling
machine. Figure 3 illustrates a tensile machine equipped with a set
of observations and acoustic emission (AE). For acoustic emission,
the data is continuously recorded by using AEWIN for USB AE
node software. R15a small sensor produced by the physical acoustic
corporation was applied to inspect the acoustic emission operation.
This sensor is attached near the center of specimen. High-vacuum
silicon grease is used to coat the sensor-sample interface for the best
acoustic coupling. The USB AE node processing enhances the captured
signals. A peak sensitivity of -63 to 80 dB with an operating frequency
range of 50-400 kHz was used.

3. Results and discussion

3.1 Okxide scale structure

During the hot-rolling process, the steel surface was exposed to
high-temperature oxidation. The initial reaction occurs at the scale-
gas interface via mass transfer of oxygen, forming the oxide scale
between the steel and the gas. Meanwhile, mass transfer of iron from
the steel through the steel-scale interface into the oxide scale. Transport
of iron and/or oxygen through the scale leads to a growing oxide
scale. Metallographic examination of hot-rolled steel cross-sections
exposed in the head, middle, and tail positions. It was shown that
the very thick scale formed at the head position (Figure 4(a)). At the
middle and tail positions (Figures 4(b-c)), the oxide scale thickness
was less than that observed at the head position. Figure 5 shows the
XRD results of the as-received hot-rolled coil at the head position
(Figure 5(a)), middle position (Figure 5(b)), and tail position (Figure 5(c)).
The scale was iron oxide as hematite (Fe2O3) and magnetite (Fe3Oa4),
as detected by the X-ray diffractometer.
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Figure 5. XRD patterns of the hot-rolled coil at head (a), middle (b), and tail (c) positions.

3.2 Adhesion of scale to hot-rolled steel

This research uses the tensile test and acoustic emission to
investigate scale adhesion. The tensile test was used with a CCD
camera to observe the scale adhesion on the hot-rolled steel, which
was presented in scale spallation. However, this work uses acoustic
emission to confirm when the first scale spallation occurred. From
the stress—strain curve, it was seen that the tensile strength of the
steel at the head position was 407 + 10.26 MPa, at middle position
was 431 £ 11.14 MPa, and at tail position was 326 = 17.93 MPa.
The adhesion of the oxide scale was described as increasing the
scale thickness, compressive stress may also increase in the scale
and result in localized spallation. Meanwhile, tensile stress will
develop on the hot-rolled steel substrate. Under tensile stress, cracks
appear when the elastic fracture strain was reached. Under compressive
stress, the fracture damage at the interface leads to scale spallation.
Evans [22,23] has reported that the stress was directly proportional
to the thickness. The Fe2O3 and Fe3Os on steel, in which the oxide
layer was stressed in compression on cooling while the steel can be in
tension. Evidence of the effect of stress on crack initiation has also been

found [24]. The higher crack density observed under creep-fatigue
loadings with a compressive load was directly related to the mechanical
behavior of the oxide scale. The strain at the first scale spallation
and the spallation ratio can be analyzed after tensile test. Figure 6
shows strain initiating the first spallation and spallation ratio of the
specimen with different positions in the hot-rolled coil. Strain
initiating the first spallation defined as the first strain that scale
spalled out from the surface of the steel during the tensile load. The
spallation ratio was calculated by dividing the area where the scale
spalled out by the total area of the image taken. Their value was
received from video processing compared with data from a tensile
test. It was found that the strain initiating the first spallation of the
specimen at the head and middle positions was 4.15 + 0.17 % and
4.15 £ 0.35 % respectively. This result was higher than the strain at
the tail position, which was 2.07 + 0.74 %. This indicates that the oxide
scale formed on steel at the head and middle positions was strongly
adhered to the steel. This might be due to the higher scale thickness
producing higher compressive stress, causing the higher strain to
initiate the first spallation during tension load.
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Figure 6. Strain initiating the first spallation and spallation ratio of the hot-rolled steel at head, middle and tail positions.
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Data obtained from tensile testing with a CCD camera might be
inaccurate due to the image capturing only the center of the specimen.
This means that if the first scale spallation was out of focus, it will
not be able to observe the first spallation of the scale. Therefore, the
acoustic emission method can be used to support the result. Figure 7-9
shows acoustic emission (AE) occurrence as a function of the amplitude
and time on the hot-rolled steel as a function of hot-rolled coil position.
The acoustic emission exposes the sources of scale spallation during
the tensile load. Acoustic emission will occur on the specimen on
a periodic basis. AE activity under direct tension was significantly
influenced by the hot-rolled coil position. At the head position,
the concentrated AE signals initiated the higher waveform of
56.7 £ 5.13 dB with a time of 14.7 £ 0.52 s, corresponding to the strain
initiating the first scale spallation at 4.15 £ 0.17 %. For the middle
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position, the concentrated AE signals initiated the higher waveform
0f' 56.0 £ 1.00 dB with a time of 14.7 + 1.04 s, corresponding to the
strain initiating the first scale spallation at 4.15 £ 0.35 %. For the
tail position, the concentrated AE signals initiated the higher waveform
of 71.3 £ 1.53 dB with a time of 7.8 £ 2.75 s, corresponding to the
strain initiating the first scale spallation at 2.07 £ 0.74 %. It should be
observed that the AE signals actually rarely wave under the elastic
deformation region while waveforms were obviously seen under the
plastic deformation region.

Table 1 presents the summary of data in a comprehensible and
informative manner from the tensile test and acoustic emission method.
This test was performed on a scale formed on the hot-rolled coil at
different positions.
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Figure 7. Incidence of acoustic emission on hot-rolled steel at the head position as amplitude (dB) with time (second).
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Figure 9. Incidence of acoustic emission on hot-rolled steel at the tail position as amplitude (dB) with time (second).

Table 1. Information from the tensile test with a CCD camera and acoustic emission method.

Scheme Position of hot-rolled steel coil

Head Middle Tail
Scale thickness (um) 34+2.63 17+£2.29 10+ 1.15
Type of scale in investigation Fe;O5 and Fe;04
Strain initiating the first spallation (%) 4.15+0.17 4.15+0.35 2.07+0.74
Time at strain initiating the first spallation (second) 14.7 £0.52 14.7 £1.04 7.8+£2.75
Amplitude of AE (dB) 56.7+5.13 56.0 +1.00 71.3+1.53
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In this research, the role of the hot-rolled coil position in the
adhesion of the oxide scale to hot-rolled steel was examined. The
study found that most steels in the tail position showed lower scale
adhesion and thickness. The result suggest that scale can be removed
more easily than other coil position. This was a matter of discussion,
compressively stressed oxide layers during oxide growth and cool-
down were susceptible to spallation. A poorly adherent, thin layer
will first buckle and subsequently spall when tensile cracks develop
in regions of tensile stress and lead to spallation. Stresses develop
in both an oxide and a steel substrate during temperature changes,
corresponding to a difference in the thermal expansion coefficients
between oxide and steel. Usually, more stress was developed in the
steel than the oxide, so that the oxide was under compressive stress
and the metal was under tensile stress during cooling. The average
stress level was defined by the Tien-Davidson equation [25]. For
thick oxide relative to the metal substrate, the average stress in the
oxide layer (1) and the metal average stress (2) was given by

_ EoxAT(m=0ox)

= 1
T o o
EpAT(0m-00x)
Om = Eouh 2
(1_'9)(1+qu))

Here, AT = (T,x — T), h as half the specimen thickness, ¢ the
oxide thickness, E the appropriate Young's modulus, ¥ the Poisson
ratio. For thin oxide relative to the metal substrate, the equation can be

given by
Oox =" (1-9) (3)
Om = ERQ AT (am—ox) )

(1-9)(1+Eoxh)

Under the oxide layer of this research, it has been seen that
compressive stress within the oxide can readily produce through-
scale cracking and lead to spallation. A thin oxide layer will easily
first crack and then buckle and lead to spallation, while a thick scale
was harder than that thin scale. For this reason, it was a matter of
discussion as to why the scale adhesion was decreasing for the hot-
rolled coil at the tail position due to low scale thickness. At the head
and middle positions, it can be seen that the scale adhesion was
increased due to the high scale thickness.

Finally, the study of the scale adhesion of hot-rolled coil must
continue to be studied in order to better understand. This research
focuses on the effect of position in the hot-rolled coil for assessing
scale adhesion as shown in strain initiating the first scale spallation.
This information can be useful for the hot-rolled steel industry.

4. Conclusions

The tensile test and acoustic emission method were developed
to assess the scale adhesion on hot-rolled steel as a function of hot-
rolled coil position. The adhesion of the scale was represented by
the strain initiating the first scale spallation. The scale on as-received

hot-rolled steel consists of hematite and magnetite. A higher strain
initiating the first scale spallation was observed in the head and
middle positions. This indicates higher-scale adhesion to hot-rolled
coils at their positions. This may imply that scale was harder to
descale at the head and middle positions than at the tail position.
This was due to the stresses produced in the oxide and the steel as
a result of scale growth and cooling.
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