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Abstract
Tons of waste is produced during iron steel’s industrial production, creating environmen-
tal pollution. This work aims to characterize the steel scale formed on the billet surface 
during the last step of steel production in the SIDERPERU steel plant. Scanning Electron 
Microscopy (SEM) shows stacked layers one above the other on steel billets scales surface. 
Energy Dispersive X-ray (EDX) and X-ray Fluorescence (XRF) reveal the high content of 
Fe and O, with Ca, Si, Mn, and Cr as minority elemental compounds. X-ray Diffraction 
(XRD) shows FeO, α-Fe2O3 and  Fe3O4 as crystallographic phases. Magnetometry reveals 
Verwey transition and paramagnetic signals that screen the Morin transition. Mössbauer 
Spectroscopy at room temperature displays magnetic and non-magnetic parts. The non-
magnetic part has the hyperfine parameters corresponding to predominant nonstoichiomet-
ric wustite. Octahedral  (Fe+2/Fe3+) and tetrahedral  Fe+3 hyperfine fields of 46.0 and 49.4 T 
values respectively are associated to nonstoichiometric magnetite and another sextet with 
a hyperfine field of 52.0 T is related to hematite.

Keywords Steel billet scale · Continuous casting · Iron oxides · Mössbauer spectroscopy

1 Introduction

Steel production generates a tremendous amount of waste, which is no longer utilized 
stored in dumps for decades and creates pollution to the environment. Therefore, it is not 
strange that the steel industry contributes to  CO2 emissions [1]. The steel waste generated 
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can be classified as carbon steel and stainless-steel slag depending on the steel products, 
and according to the steelmaking process as Electric Arc Furnace (EAF) slag, Ladle Fur-
nance (LF) slag and continuous casting residue (Mill Scales) [2]. There are attempts to 
recycle EAF and LF slag and utilize them in some sectors, such as for roads, pavements 
and bricks [3]. Mill scales are the metallurgical waste generated by oxidation process on 
the surface of the metal during the hot rolling process in the steelmaking industry [4, 5] . 
Annually, more than 13.5 million tons of mill scale waste are generated around the globe 
[6], which is treated as waste by the steel industry [4], despite of its high content of Fe and 
iron oxides minerals composition [7]. SIDERPERU is one of the main leading steel com-
panies in Perú. Its capacity production exceeds the 500 kton of steel finished and by-prod-
ucts. Every 40 min, this steel plant generates a particular batch of a certain batch liquid 
steel containing iron compounds, calcium and magnesium oxides. In one day of production 
90 tons of slag is produced and no longer reused. So, it is crucial to recycle it or to reuse 
it in other industries to reduce their environmental impact. Kargin et al. has developed and 
reported a cost-efficient method of processing metallurgical rolling mill scales waste to 
produces hematite and maghemite nanopowders [8]. In this context, we aim is to character-
ize the mill scales, known as billet scales, formed during the continuous casting process 
of steelmaking in the SIDERPERU steel plant and report their content of iron-mineral for 
later recycling.

2  Experimental details

In SiderPeru, steel is obtained via ‘secondary production’, i.e. by recycling steel scrap in an 
electric arc furnace (EAF) between 3000 and 5000 °C. The reduction process of the iron-
compounds is performed at 1600–1700 °C in a ladle furnace. The liquid steel is then chem-
ically equilibrated only be composed of iron, carbon and some chemical elements such as 
Mn and Si in minimum concentration. The transformation into billets is made by pouring 
this liquid into moulds with a sectional square. Each face of this mould is cooled down 
with water to solidify the liquid steel. Then the cut is made to specific lengths. Throughout 
reaction with water and air, white spots are formed on the surfaces of the billets which 
grow until the so-called steel billet scales are formed. These steel billet scales were col-
lected and characterized. The morphology of the samples was inspected through a scan-
ning electron microscope (SEM) Philips XL-30, with a resolution of 10 nm at 30 kV, Volt-
age range: 0.5 V to 30 kV and magnification of 300,000× adapted with an EDX-OXFORD 
Xplorer spectrometer for the semiquantitative elemental analysis. An X-ray fluorescence 
XRF-720 Shimadzu spectrometer was also used to detect and register the elemental com-
position, which counts with an advantage algorithm that allows the analysis of a variety of 
types of matrices.

The X-ray diffraction (XRD) measurements were performed on Rigaku Brand diffrac-
tometers using both, cobalt (Co λKα = 1.79026 Å) and copper (Cu λKα = 1.54056 Å) radia-
tions, in the same geometry conditions. These measures were carried out in order to iden-
tify the crystallographic phases present in the sample and to improve the detection of iron 
oxides detected by copper radiation. The magnetic measurements were carried out using 
a DC-MPMS-SQUID magnetometer (Quantum Design Inc.) in zero-field cooling (ZFC) 
and field cooling (FC) modes. The magnetization as a function of temperature was col-
lected from 5 to 400 K and applying an external magnetic field of 500 Oe and 10 kOe. The 
applied field dependence of the magnetization was also measured in the range ± 10 kOe 
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and at 5300 and 400 K. The Mössbauer measurement was carried out at room temperature 
using a Mössbauer spectrometer in transmission geometry. A radioactive source of 57Co 
(Rh) of 50  mCi of nominal activity was employed with a transducer in constant accel-
eration with data acquisition in 1024 channels platform. For standard calibration α-Fe foil 
piece was used and fitting with Lorentzian profiles using the WinNormos software acquired 
by the laboratory.

3  Results and discussion

Figure 1a) shows a photography taken during the continuous casting of the billets on whose 
surface scales grow. Figure 1b) shows billets scales formed. They consist of dark gray plate 
pieces, with smooth surfaces and very brittle to touch by hands. The SEM Micrography 
with the topography surface and colored map are indicated in Figs. 1c) and d), respectively 
where it is observed that the scales surface is formed by stackings layers and agglomerated 
particles of about 100 μm diameters. EDX and XRF spectra in Fig. 1e) and f) show Fe and 
Ca as common chemical elements. Table 1 lists the elemental composition of the steel bil-
let scales sample. Fe is the main chemical element detected by EDX and XRF techniques. 
O is the secondary chemical element detected by EDX technique, while Si, Mn, Ca and 
Co are the minimal elements registered by the same technique. Mn, Cr and Cu detected by 
XRF also in minimal concentration. The difference in the elemental composition provided 
by both techniques is mainly related to the difference between penetration depth than inho-
mogeneity of the sample. To note, XRF penetrates the sample deeper than EDX, allowing 
the former technique to detect more elements than the second one [9].

Figure 2 shows the obtained result for X-ray Diffraction for steel billet scales. A cobalt 
target was also used in the measurements to avoid the fluorescence effect by copper radia-
tion in iron oxide components resulting in lower diffraction intensity. For steel billet scale 
sample, the resultant diffractograms in cobalt and copper radiation are differentiated by 
their intensity and shape profile, as we can observe for reflections for (111), (200) and 
(220); (220), (311), (400) and (400); (012), (104), (110), (113), (024), (116) and (300) dis-
play in Fig.  2a). The main crystalline phases identified are wüstite (FeO, PDF card No. 
01–073-2145). Magnetite  (Fe3O4, PDF card No. 01–073-2145) is detected as secondary 
phase, whereas hematite (α-Fe2O3. PDF card No. 00–033-0664) appears as minor phase. 
These components come from the oxidation of iron in contact with water and air during 
the cooling process of the steel billets. In other words, the oxidation process occurs due 
to the reaction of Fe with O to form wustite on the surface of the billets. Some propor-
tion of this wustite oxidizes to magnetite and, eventually, as the cooling process reaches 
the room temperature to hematite [10]. Its related parameters are listed in Table 2. These 
results obtained by XRD are similar to the reported by Bagatini et al. in their studies on 
mill scale and Farahat et al. in their work in the reduction of mill scale [11, 12]. Note that 
the mineral phases are in well agree to compositional elements found by EDX and XRF. 
Also, in Fig. 2a) and b) we can see a broad peak labeled by in  the red square that can be 
associated with the presence of some iron silicates or carbonate silicates as shown in the 
EDX and FRX techniques.

Figure 3(a) shows the magnetization as a function of temperature curves of billet scales 
measured under applied magnetic fields of 500  Oe and 10  kOe. The M(T) curves show 
a reduction of irreversibility in ZFC and FC over the entire range of temperature as the 
external field increases from 500 Oe to 10 kOe. This reduction is due to the alignment of 
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Fig. 1  a A photography taken during continuous casting of steel billets where scales are formed, b a pho-
tography of the scales, c and d SEM micrograph of scales surface, e EDX and f XRF spectra

Table 1  Elemental composition for steel billet scale sample

EDX

Element Fe O Mn Co Cu Si Ca

Wt% 72.8(1) 25.2(3) 0.78(1) 0.43(2) 0.39(1) 0.25(2) 0.12(1)
XRF
Element Fe – Mn – Cu – Ca
Mass % 97.92(1) – 1.014(1) – 0.454(1) – 0.373(2)
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ferromagnetic domains to the external field resulting in magnetization gain. Verwey tran-
sition [13] is registered at T ~ 120 K when the applied magnetic field is 500 Oe confirm-
ing the presence of magnetite detected by XRD. Note that also hematite and wustite were 
detected by XRD. However, the Morin transition from hematite at 250–260 K [14] and the 
antiferromagnetic-to-paramagnetic transition of wustite at 200–210 K are not revealed in 
the M(T) curves. These transitions must be screened by the ferrimagnetic signal of magnet-
ite and signals from other magnetic elements. In this way, under higher applied magnetic 
fields, such as 10 kOe (blue curve in the figure), most of the domains in the sample align 
ferromagnetically in the whole range of temperature.

Figure 3(b) displays the external field dependence of the magnetization M(H) at 5, 150, 
300 and 400  K. M(H) reveals narrow hysteretic behaviors of soft ferromagnetic materi-
als. From the M–H plots it can be observed that the steel billet scales almost saturated 
above 9 kOe for all temperatures demonstrating the ferromagnetic alignment. The Mr./Ms. 
rates values and coercive field tend to decrease with increasing the temperature due to the 
competition between the thermal and magnetic energy of magnetic domains, as mentioned 
above. Note that the ratio of Mr./Ms. is by far less than 1, so the bill scale tends to behave 
more paramagnetic than ferromagnetic.

Figure 4 shows the Mossbauer spectrum taken at room temperature for the scales sam-
ple. The hyperfine parameters are listed in Table  3. The spectra are composed of non-
magnetic and magnetic parts. Three Zeeman sextets and two paramagnetic doublets were 
used to fit the spectra. Two doublets in the fitted spectra correspond to nonstoichiometric 
wustite  (Fe1-xO). One doublet is present with δFe = 0.9 mm/s and ΔEQ = 0.73 mm/s due to 
the electronic exchange between  Fe2+ and  Fe3+ in the octahedral site. Another doublet with 
δFe =  0.38 mm/s and ΔEQ = 0.60 mm/s is attributed to the electronic exchange between 

a b

Fig. 2  XRD of steel billet scales collected from SIDERPERU steel plant a intensity vs interplanar distance 
and b intensity vs 2θ
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Table 2  Mineralogical phases, relative percentage abundance, cell parameters, Miller indexes, peak posi-
tions and crystallite sizes obtained from the XRD analysis of steel billet scale samples

Phase % Cell parameters Miller Index
(hkl)

2θ (°) Crystal-
lite size 
(nm)

Wustite 38.8 a = b = c = 4.288(1) Å;
α = β = γ = 90.0
Space: Fm-3 m

111 42.3 56
200 49.2 32
220 72.2 23
311 87.5 22

Magnetite 36.1 a = b = c = 8.395(3) Å.;
α = β = γ = 90.0
Space: Fd-3 m

111 21.1 56
220 34.9 43
311 41.2 43
222 43.1 28
400 50.4 40
422 62.8 27
333 67.2 28
440 74.0 28
620 84.7 27
533 88.6 24

Hematite 25.0 a = b = 5.033(3) Å.
c = 13.753(4) Å.
α = β = 90.0
γ = 120.0
Space: R − 3 c

012 28.0 52
104 38.6 49
110 41.5 40
113 47.8 43
024 58.1 39
116 63.7 35
300 75.9 32
208 84.7 27
1010 85.9 59
119 86.2 23
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Fig. 3  Magnetic responses of steel billet scales collected from SIDERPERU a M(T) at 500 and 10 KOe and 
b M(H), Mr./Ms. rate and coercive fields as insets
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tetrahedral  Fe3+ and octahedral  Fe2+ sites. This result is consistent with the literature [15, 
16]. The relative absorption area (RAA) given by the two doublets of wustite accounts for 
45% which is in higher proportion. Such results agree with the XRD results suggesting 
wustite as the main crystallographic phase. Two Zeeman sextets with hyperfine magnetic 
field  Bhf = 46.0 and 49.4 T are typical for magnetite in octahedral  (Fe2+/Fe3+) and tetrahe-
dral  (Fe3+) sites [17, 18], see Table 3. The ratio between the RAA octahedral and tetrahe-
dral sites accounts to 1.63 which is smaller than 1.8 for pure magnetite. This means that 
the magnetite present in steel billets scales is nonstoichiometric maybe due to the partial 
substitutions at Fe Sites for the elements registered by EDX and XRF techniques above. 
Magnetite RAA accounts for 33.6%, thus it is in the intermediate fraction. According to 
the previous XRD results, the hyperfine magnetic field  Bhf = 52 T is related to weakly fer-
romagnetic hematite [19, 20] according to XRD results above.

The relative absorption area obtained from the fitting process of the Mössbauer spectra 
provides an estimation of the relative abundance of the iron oxide components in the sam-
ple. Thus, according to Table 3, wustite in their oxidation states of  Fe2+ and  Fe3+ accounts 
for an RAA ~ 45.0%. The tetrahedral  (Fe3+) and octahedral  (Fe2+/Fe3+) sites of magnetite 
give a total RAA of 33.6% and hematite an RAA of 21.4%. These values tell us that most 

Fig. 4  Mössbauer spectrum of 
billet scales sample from SIDER-
PERU steel plant taken at RT
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Table 3  Hyperfine parameters values for steel billet scales at room temperature were obtained from Möss-
bauer spectra fitting. δFe: Isomer shift relative to α-Fe at room temperature, ΔEQ: quadrupole splitting, 2ε: 
quadrupole splitting,  Bhf = hyperfine magnetic field, W: line width and RAA: relative absorption area

*non-stoichiometric wustite

Subspectra δFe (mm/s) ΔEQ/2ε(mm/s) Bhf (T) W (mm/s) RAA (%)

*Wustite(Fe2+) 0.9(2) 0.73(1) – 0.57(1) 38.9
*Wustite  (Fe3+) 0.38(3) 0.60(2) – 0.42(2) 6.1
Magnetite  (Fe2+/Fe3+) 0.65(2) 0.03(2) 46.0(2) 0.5(2) 20.8
Magnetite
(Fe3+)

0.30(2) 49.4(3) 0.32 12.8

Hematite 0.36(2) −0.17(4) 52.0(2) 0.31(4) 21.4
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abundant iron oxide in the sample is wustite, followed by magnetite and hematite. These 
results agree well agreement with the obtained values by XRD above (see Table 2).

4  Conclusions

Steel billet scales generated during the continuous casting process in SIDERPERU plant 
were characterized. They have plates in the micrometer scale, that are dark gray in color 
and very brittle. EDX and XRF found that Fe and O are the main chemical elemental com-
position. Ca, Si, Mn, Co, Cr were recorded, but in minimal concentration. Wustite (FeO), 
magnetite  (Fe3O4) and hematite (α-Fe2O3) were found by XRD technique as the main crys-
tallographic phases. Verwey transition signal was detected in the temperature dependent 
magnetization (M–T) curves at an applied magnetic field of 500 Oe. Above the Verwey 
temperature the diamagnetic signal of the non-magnetic components screens the Morin 
transition related to hematite. At 10 kOe a ferromagnetic signal was detected due to the 
increase of the magnetization values and loss of the ZFC and FC irreversibility. Mössbauer 
spectroscopy confirms the presence of iron oxides such as wustite, magnetite and hematite. 
According to the presented results, wustite is the predominant component, magnetite is the 
intermediate and hematite is the minor one. Mössbauer spectroscopy also has revealed that 
the wustite and magnetite are non-stoichiometric.
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