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Abstract: The high-temperature shaping of steels is accompanied by the formation of surface scales
composed of oxide layers. However, the oxidation kinetics and morphology of these scales remain
poorly understood. This study analyses the formation of oxide layers on AISI 4140 steel at varying
oxidation times (20, 40 and 60 min) at 1000 °C. The analysis revealed the presence of hematite,
magnetite, and transformed wustite in the oxide layers, along with clusters of alloying element
oxides, predominantly chromium and iron oxide (FeCr,O4). There was a direct correlation between
the duration of the oxidation process and the thickness of the scale and the number of defects observed
in the material. The coating layer of alloying element oxides demonstrated insufficient adhesion to
the steel substrate. Similarly, the oxides of alloying elements within this layer exhibited low cohesion
among themselves. The alloying elements are present in all oxide layers, but in greater quantity in
the layer in contact with the steel substrate, where a reduction in their concentrations was observed
over time. This indicates that the alloying elements tend to disperse as the thickness of the alloying
element oxide layer increases over time.

Keywords: hot oxidation; scale; iron oxides; alloying elements; carbon steel

1. Introduction

In steel mills, the manufacturing process for semi-finished carbon steel products
employs high-temperature mechanical shaping techniques, such as the hot rolling process.
During this process, the carbon steel is heated to approximately 1000 °C to enhance its
malleability. This enables the carbon steel to be plastically deformed, thus allowing it to be
shaped into the desired geometry [1,2].

The high-temperature process presents a challenge due to the formation of a layer
of metal oxides, known as scale. Scale is the term used to describe an unwanted layer of
metal oxides that forms on the surface of carbon steel during hot working processes. The
scale is mainly composed of oxides of metals present in the steel composition, primarily
the following iron oxides: wustite (FeO), magnetite (Fe304), and hematite (Fe;O3) [3,4].

Pure iron heated in oxygen at 1 atm and below 575 °C predominantly forms mag-
netite. However, it should be noted that hematite also forms. Wustite is only observed
at temperatures above 575 °C and is found in a region of transformed wustite at room
temperature. It decomposes into magnetite and pure iron. Furthermore, wustite can be
found at temperatures below 575 °C. This phase does not require high cooling rates to
obtain its metastable form [5].
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The phase composition and thickness of the scale formed on the steel surface during
hot forming processes is influenced by several factors, including the following [6,7]:

(i) the process temperature;

(ii) the exposure time at high temperatures;
(iii) the oxidizing environment;

(iv) the steel’s specific alloy composition; and
(v) the cooling rate.

The chemical composition of steel is of paramount importance in determining the
kinetics and morphology of scale formation. Alloying elements and impurities exert a
profound influence on both oxidation kinetics and final scale morphology. This has made it
a significant challenge to gain a comprehensive understanding of this phenomenon, given
that each element exhibits distinct behavior during steel oxidation [8,9].

Steel manufacturers incorporate certain alloying elements, such as chromium, silicon,
and aluminum, into the steel’s composition to prevent oxidation and diminish the thickness
of the scale. The reason for this inclusion is that these elements, which have a greater
affinity for oxygen than Fe, form a protective oxide layer on the steel surface. This process
is clearly demonstrated by the findings of studies [10-12]. The formation of a protective
alloying element oxide layer is dependent on the proportion of these elements incorporated
into the steel composition. Alloying elements are unlikely to form a continuous film across
the entire scale when present in low quantities. Conversely, they accumulate in specific
regions. The wustite layer near the scale/substrate region and within the steel is a case
in point. This accumulation contributes to a phenomenon known as internal oxidation.
It is important to note that even relatively low concentrations of alloying elements can
significantly impact the kinetics of other oxide formation in the scale, even in the absence
of a continuous film [13,14].

Nowadays, the most commonly used methods to study the oxidation processes and
scale structure of steel are electron microscopy, X-ray diffraction and optical microscopy.

However, it should be noted that in recent years, Raman spectroscopy has been
increasingly applied to the study of in situ oxidation processes (oxide formation, coatings)
at high temperatures. A number of articles present the results of successful applications
of Raman spectroscopy, including in-depth study of the structure of oxides and the scale
formation of various alloys, phase transformations in ceramics, spinels, and so on [15-19].
The agreement between Raman and X-ray data has been found in the in situ study of the
structural changes of Ce-Pr-O oxides in hydrogen [16] and in the high pressure study of
Cr,0O3 obtained by oxidation at high temperatures [17].

However, this method offers more possibilities than X-ray diffraction. It was stated
in [18] that in situ Raman imaging of HT reactions also offers the possibility to systematically
investigate the influence of heating and cooling cycles on textural and mineralogical re-
equilibration with only one experiment and by analysing the very same sample. The
authors of [19] have successfully combined a fibre-optic Raman probe with the concept of
high-temperature Raman spectroscopy to perform in situ high-temperature Raman analysis
of the structure of glass and slag samples at temperatures up to 1400 °C. In [20], in situ
Raman spectroscopy was shown to be a powerful tool for studying cation disorder in
spinel-structured minerals. Raman spectroscopy can, therefore, be used to study real-time
changes in chemical composition under high-temperature conditions, providing a more
precise insight into these processes.

The main objective of this paper is to examine the impact of chemical composition
and varying exposure times at 1000 °C on the oxide layers formed on the surface of AISI
4140 carbon steel, analysed at room temperature. This will be achieved by utilizing similar
industry heating and cooling processes in atmospheric conditions.

2. Materials and Methods

The research used AISI (Groupo Goncalves Dias S/ A, Sao Paulo, Brazil) 4140 steel
sheets as the material, sourced from a commercial supplier. Table 1 presents the chemical
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composition of the steel. The specimens were made with a thickness of 17 mm and a
dimension of 7 X 7 mm in length and width, respectively. The specimens were subjected
to a two-step cleaning process, comprising sanding and polishing, prior to the oxidation
tests. This process was necessary to remove surface inconsistencies and discontinuities that
could impede the formation and analysis of the oxide layer.

Table 1. Chemical composition of AISI 4140 low alloy carbon steel (wt%) provided by the manufacturer.

C Mn Si P S Cr Ni Mo Al Cu Fe
038 0.851 0230 0.021 0.024 0866 0.111 0169 0.030 0.298 rest.

The steel specimens were subjected to an oxidation treatment in a muffle furnace (EDG Equipa-
ment brand, model EDG 3P-S 3000, internal dimensions: W =150 x H =100 x D =200 mm and
volume of 3 L, Sao Paulo, Brazil), following the discontinuous thermogravimetry method.
This method consists of studying the oxidation kinetics through discontinuous weighing.
The specimens were exposed to atmospheric air, with a heating rate of 20 °C/min until
the temperature reached 1000 °C. At the peak temperature, the specimens were held at
constant temperature for the following periods: 20, 40, and 60 min. Subsequently, the
specimens were cooled to room temperature.

The samples were weighed and tested in crucibles (CasaLab, Belo Horizonte-MG, Brazil)
to prevent any loss of material. The test results were then plotted against oxidation kinetics.

Besides the mass gain expressed as mg/cm?, it was also expressed as a percentage (%)
according to the following formula:

%GM = ((GM(i +20) — GMI)/GMl) x 100% (1)

where, i =0, 20, 40 min.

The thicknesses of the oxide films formed were measured using Image] software
1.54i (accessed on 3 March 2024) (National institutes of Health, Bethesda, MD, USA). The
36 measurements taken at different points along the entire 7 mm length of the scales were
used to calculate average thickness.

Following the oxidation treatment, the specimens were subjected to examination to
study the formed oxide layers. The X-ray diffraction (XRD) (Shimadzu Corporation, Kyoto,
Japan) analysis was conducted to identify the different phases present. To this end, an
unprecedented analysis was conducted on three areas of the scale for all the conditions
analysed. The initial analysis was conducted on the exterior of the scale, the area in direct
contact with the oxidizing atmosphere. The second analysis was conducted on the interior
of the scale, the area in contact with the metal substrate. The detachment of the scale from
the metal substrate during the cooling process made this possible. The final analysis was
conducted on the residual scale, which remained attached to the substrate. This area is
referred to as the residual layer on the substrate.

To protect the oxide layer and permit the evaluation of cross-section samples, the
specimens were consecutively embedded in graphite-based conductive phenolic resin. The
specimen’s surface was subsequently sanded and polished to facilitate the examination
of the microstructure and morphology of cross-sections of the oxide layer, which was
examined by scanning electron microscopy (SEM) (Shimadzu Corporation, Kyoto, Japan)
and optical microscopy (OM) (Olympus Corporation, Tokyo, Japan). We mapped and
analysed the distribution of chemical elements within the oxide layer using energy disper-
sive spectroscopy (EDS) (JEOL Ltd., Tokyo, Japan), employing both mapping and point
analysis techniques.

3. Results and Discussions
3.1. Mass Gain

Table 2 and Figure 1 show the mass gain after the oxidation test for 4140 steel. As the
oxidation time increases, the mass gain of the samples increases.
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Table 2. Average mass increase in mg/cm? at 1000 °C as a function of exposure time to oxidation in
atmospheric air for 4140 steel.

20 min 40 min 60 min
Mass 16.4416 18.9854 20.5617
Standard Deviation 1.0367 1.1546 0.3031

40 60
Oxidation time (min)

Figure 1. Average mass gain at 1000 °C as a function of exposure time to oxidation, in atmospheric
air, of 4140 steel. Actual result, dashed line; parabola trend line with regression (Rz), solid line. The
orange square is the point that indicates the analyzed test time, as well as the standard deviation.

With regard to Figure 1, it should be noted that the actual curve is formed by the dotted
line. The solid line is the trend line. It can be seen that both are very close to each other.
The regression value “R?” is approximately 1, which makes this regression very accurate.

Table 3 shows the percentage increase in mass gain as a function of oxidation time.
It can be observed that in the first 20 min, at isothermal temperature, the percentage
increase in the mass gain is low, then increases significantly in the period from 20 to 40 min,
and then decreases in the period from 40 to 60 min. Dubiel and Zukrowski (2019) [21],
highlight that the reduction in mass gain over time is directly related to the growth of
oxide layers that have a tendency to form a barrier, hindering the diffusion of elements
and consequently reducing their diffusion rates and increasing the oxidation resistance of
the steel. At 1000 °C, as the oxidation time increases, the thickness of the oxide layers also
tends to increase, reducing the diffusion rate of the elements and causing the mass gain
to stabilize until it becomes practically constant with time. It can be concluded that the
oxidation kinetic curve of 4140 steel follows the parabolic law. The oxidation kinetics are
more intense after 20 min, at isothermal temperature, where the mass gain is greater, then
the kinetics are reduced, thus reducing the mass gain. Similar results were observed in the
research of Sadique et al. (2000) [22].

Table 3. Percentage increase in mass gain at 1000 °C as a function of exposure time to atmospheric
oxidation of 4140 steel.

0-20 min 20-40 min 40-60 min
1.57 15.47 8.30
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Another relevant factor in the variation of the mass gain of 4140 steel is the Cr content
of the steel. Considering the results of the work of Genéve et al. (2008) [9], the Cr content
present in 4140 steel has the tendency to increase its resistance to oxidation by forming a
continuous Cr,Oj3 film close to the metal substrate, which hinders the diffusion of iron to
the more outer regions of the scale and the diffusion of oxygen to the more inner regions.
The reduction in the diffusion rate of these elements tends to reduce the mass gain in the
oxidation process.

3.2. Phase Analysis

Figures 2a, 3a and 4a show the XRD pattern from the external surface of the oxide layer
of the AISI 4140 steel specimen after 20, 40 and 60 min of oxidation at 1000 °C, respectively.
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Figure 2. XRD pattern of the external layer of AISI 4140 steel oxidized for 20 min at an isothermal
temperature of 1000 °C in atmospheric air, with subsequent air cooling: (a) lower magnification;
(b) higher magnification.
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Figure 3. XRD pattern of the external layer of AISI 4140 steel oxidized for 40 min at an isothermal
temperature of 1000 °C in atmospheric air, with subsequent air cooling: (a) lower magnification;
(b) higher magnification.
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Figure 4. XRD pattern of the external layer of AISI 4140 steel oxidized for 60 min at an isothermal
temperature of 1000 °C in atmospheric air, with subsequent air cooling: (a) lower magnification;
(b) higher magnification.

The major phase of AISI 4140 steel is Fe;Oj3, as indicated by its peak intensity. The
corresponding peaks of the crystallographic planes (006), (0012) and (134) were identified
with the following relative intensities (RIs): 100%, 10.88%, 6.80% at 20 min; 100%, 12.69%,
5.40% at 40 min; and 100%, 15.53% and 7.21% at 60 min, respectively.

The expected high intensity peaks for Fe;O3; in powder, such as (104) (IR = 100%)
and (110) (IR = 72.1%), were not observed at the corresponding positions (33.16° and
35.63° 20 using Cu—Ku radiation) according to the reference pattern PDF Card No: 01-
087-1166 [23]. Instead, a peak of high intensity corresponding to (006) of the Fe,O3 plane
(IR = 100%) was observed, together with others of much lower intensity. This indicates a
preferential crystallographic orientation of the hematite phase with regard to the underlying
substrate surface.

Figures 2b, 3b and 4b show enlarged views (Y-axis intensity) of the XRD pattern
obtained from the outer surface of the oxide layer of the AISI 4140 steel sample after 20, 40
and 60 min of oxidation at 1000 °C, respectively.

The XRD analysis definitively revealed the presence of Fe,O3, along with Fe3Oy,
manganese oxide (Mn;QO3), iron silicate (FeSiO3) and possible traces of molybdenum oxide
(MoO3) and chromium-iron oxide compound (FeCr,Oy4). These identifications were made
by comparing the observed peaks with reference data sheets 01-088-0315, 01-071-0635,
01-082-1834, 01-078-4613 and 01-075-3312, respectively [24-28]. The number of peaks
associated with the identified phases remained constant regardless of the oxidation time.
This finding proves that the oxidation time had no effect on the preferential orientation of
the oxide crystallites with respect to the substrate surface.

The phase identification is numbered according to the following legend:
F8304

M003
FeCI‘204
Ml’leg

F8203
FEZSiO4
Fe'5103
F62A12O4
CuO

NiO

NiO,

Mny g7Feq 0304
CL‘le
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XN = o



7 of 25

Metals 2024, 14, 1251

Figures 5-7 show the XRD pattern obtained from the inner surface of the oxide
layer formed on the AISI 4140 steel specimen after 20, 40 and 60 min of oxidation at

1000 °C, respectively.
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2 (19€) /19 (zev) /6 (T€T-) / v (2ev) 1 T (T1€L) —

€ (zv9) 19 (seT) / 6 (20V) / ¥ (95€) / T (2v9) —
8(159) /2 (€eT) /S (vET) —

0T (¢22) 1 € (¥¥) 1 T (v¥¥) 1 1T (202) —

€ (ee9) miogv NH (e€9) Nimﬁiﬁmomv —
6 (11€) /2 (122) 19 (080) / S (6TT/OTOT)

L (1v9) /¢ (ezz) /1 € (029) / T (029) —
21 (902) /9 (zeertoe) 1 L (112-) 1 6 (022)

1T (870)
¥ (1¥8) / £ (T¥v) 1 G (00€)
N:mNV:Amo&\maiiimoe:svv:mc\ﬁmv/

¥ (119) /9 (290/¥00) / £ (090) —
¢ (Tve) 1 L (€20) / 2T (T2€) —
11T (600) / 2 (T21) / § (810)
2 (zer) 19 (est) /L (€ee) /€ (119) /T (T18) — R )

9 (tv2) 12t (e1€) 1 2 (T22) 1 L (eve) —
6(020) /€ (220 1T (z2v) / 2 (1ST) 12 (112) 9 (222) —

2 (200) /v (1€¥) / L (2€€-) 19 (ETT) / G (¥20) ¢ (eea)
8 (1€€) / v (0£Y) —

L (tv2) 19 (2v0) —
1T (0T) —

™~

—

0t (002) / € (00V) / ¥ (0¥2) / T (00%)
Z (ty1) /€T (002) 19 (T¥T) / L (T2y-)
L (eze) 1¥ (1T¥) 1 G (€TT)
¥ (0T¥) / T (900) —

ot (1) / € (222) /1 T (222) / TT (T01) —
€ (118) /¥ (21€) /5 (0TT) / T (11€) / 2 (T%0) / 6 (200) =

v (022) 12 (T0T) 1§ WOT)
€ (0cz) 1 £ (01€) / T (022)

¥ (221) —
v (022) 1 £ (T20) —

S (¢10)
¥ (T12) /9 (T20) ——

800

T T T T T T T
o o o o o o o o
o o o o o o o
N~ © n < ™ N —
(sdo) |

60 70 80 90

CuKa — 20 (degrees)

30 40 50

20

Figure 6. XRD pattern of the internal layer of AISI 4140 steel oxidized for 40 min at an isothermal

temperature of 1000 °C in air, followed by air cooling.



Metals 2024, 14, 1251

8 of 25

o
o
p
)
=
700 pd
] = ~
§ =
S o B8
= S @
© N =
= = >
600 - S S s
z < © <
= = g g
= e 8 - <
- ~
pan = = = =
500— « 8 ~ ~ q i
~ I — ) 1<} N
s = S 8 8§ = ol o
< ) ¥ o L ~ == o
S s s = S T o 3
400 Zo < s 2 2 & es >Ny
—_ 2 o< N YT 8.°T I N e
) 8 ] < 5 SL b - ~ = .~
o 8 Y¥|85 ~ & £ e 2 o = 93 2¢
) S e S 2tz 3 ege 3 %2 g
300 T 2o o g © ~ I ¢ ~ do © <3 25
S — =~ T N —~ ~ - ¢ < T =& < Z
< ~ N <L N =+~ v S|l v = IaTe =
— S8 =I|| § - S T L o 3 I N =
[T = = ™ - - 2~ N T~ gl o ™
= o N« S ; =S o I Z © T Am — 22
TS| < = 9 g X8 “dl~ 8§ Yol I [
oS3l -~ T T e =ZJ = ~ by NI ¥ SR
200 < T S T —~ ©w~ © T =2 VBH‘% = I«
- N 2 - = = 0= —~= -~ —~
X Z o 3 I IZ Q © =
< ~| & 3 o T ©=g S T onomwo N2 = + 05
sl ~l Y ow - 22 d 3 S 2ol g pg
N = - & = - 0~< = 1w NS —-g® I ©
et ™ - 0 S w NN -~ ~ = NN TN = F D —
© ND —~ = -y = = —~ S SIS g0l T [
1004 3 S \eoflg/~8 8 ||2 aak-ods2 2 =<
1 s = \,’_"\‘9 == = ) C2OT2%Qw T <« -5
= =2/ = = QP = =
= = =g =, & TRYETTe g q T
At §/ oy Q%0 = 453 § R
oS - ~ TrTET= ae o S5
0 LTk |
|||||||||||||||||||I|||||||||||||||||||||||||||||I|||||||||||||||||||

CuKo — 20 (degrees)

Figure 7. XRD pattern of the internal layer of AISI 4140 steel oxidized for 60 min at an isothermal
temperature of 1000 °C in air, followed by air cooling.

The internal oxide layer contains all the oxides of the alloying elements present in the
AISI 4140 steel composition. However, the following five phases were identified as the
following dominant phases: Fe3O4, FeCr,O4, Fe; O3, fayalite (Fe;SiO4) (PDEF card no.: 01
-070-1861 [29]) and FeSiOs.

The internal oxide layer is primarily composed of Fe3Oj. This is evident from the high
intensity of the peaks associated with its characteristic crystallographic planes, in particular
those corresponding to the (311), (400), (511) and (440) planes. Furthermore, Fe,O3 was
identified by the presence of strong peaks associated with the (214), (104) and (110) planes.

The higher intensity peaks observed in the XRD pattern for the internal oxide layer un-
questionably correspond to those expected for powdered Fe;0, according to the reference
data sheet (PDF Card No: 01-088-0315). These peaks correspond to the crystallographic
planes (311) (IR = 100%) and (400) (IR = 20.7%) observed at positions 35.52° and 43.17° 20
(Cu-Ku), respectively. These peaks (IR = 100%) observed in the XRD pattern obtained for
AISI 4140 steel, match perfectly with the reference sheet data. However, the presence of
other phases is also observed and will undoubtedly influence the overall peak intensities
based on their relative abundance. This proves that Fe304 does not have a preferential
crystallographic orientation with respect to the substrate surface, while other phases do.

The high intensity peaks of Fe;O3 can be attributed to the thin oxide layer of AISI
4140 steel, which allows XRD radiation to penetrate deeper into the scale. The presence
of Fe;SiO4 and FeSiOj is confirmed by several low-intensity peaks and/or broad peaks,
together with other oxides. Furthermore, FeCryOy is consistently observed in the same
plane together with Fe3O,.

The inner layer, as seen in Figures 5-7, shows peaks of lower absolute intensity than the
outer layer in Figures 2—4. This clearly indicates that a greater number of crystallographic
planes are involved in the diffraction pattern. This means that the crystallites within
this layer are randomly oriented in space, i.e., they have lost their preferred orientation.
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Figures 8-10 show the XRD pattern obtained from the residual oxide layer on the AISI

4140 steel substrate after 20, 40 and 60 min oxidation at 1000 °C.

Furthermore, it was evident that the overall peak intensity diminished as the number of
1300

peaks increased with prolonged oxidation.
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Figure 8. Diffractogram with identified phases of the residual layer on the substrate of AISI 4140 steel

oxidized for 20 min at an isothermal temperature of 1000 °C in atmospheric air, with subsequent

air cooling.
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Figure 10. Diffractogram with identified phases of the residual layer on the substrate of AISI 4140
steel oxidized for 60 min at an isothermal temperature of 1000 °C in atmospheric air, with subsequent
air cooling.

Figures 8-10 clearly show that oxides are formed from all the alloying elements present
in AISI 4140 steel. However, there are three main phases. The predominant phases are
Fe304, FE‘CI'204 and Fe203.

The residual oxide layer on the substrate is predominantly Fe3Oy, as evidenced by the
high intensity of its characteristic crystallographic peaks, particularly those corresponding
to the (311), (400), (220), (511) and (440) planes. The presence of Fe,O3 was confirmed by
strong peaks associated with the (214) and (104) planes.

As with the inner layer, the most prominent peak for Fe3O; is the (311) plane (IR = 100%).
This indicates a random crystallographic orientation with respect to the substrate surface,
in contrast to the other phases which show a preferential orientation with respect to the
substrate surface.

In addition to the previously identified phases, the presence of Fe;SiOy4, FeSiO3, MoO3
and Mn, O3 is also indicated by several low-intensity and/or broad peaks, together with
contributions from other minor oxides.

It is important to note that the residual oxide layer on the substrate in Figures 8-10
has broader peaks compared to those of the outer and inner layers. This clearly indicates a
higher concentration of phases within the residual oxide layer on the substrate, with their
diffraction peaks clustered closely together due to similar angular positions. Furthermore,
the increased number of peaks observed in the residual oxide layer on the substrate
unequivocally indicates that a greater number of crystallographic planes from the existing
phases contribute to the overall diffraction pattern.

It is evident that, as with the inner layer, the residual oxide layer on the substrate
exhibits peaks of lower absolute intensity in Figures 8-10.

3.3. Superficial Analysis of Oxides

Figures 11 and 12 show scanning electron microscopy (SEM) images of the surface
oxide layer at 500x and 2000 x magnification, respectively. It is evident that the Fe;Os
layer is not flat and that the height of its crystallites increases with oxidation time, resulting
in larger crystallite tips. Our analysis of the AISI 4140 steel surfaces oxidised at different
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exposure times revealed complete coverage by the oxide layer. This clearly demonstrates
that the rate of oxidation at 1000 °C is high. Furthermore, the layers were free of any
longitudinal cracks on their surfaces.

o s [t - it
X PSP oohie N

15.0 k¥ 40  x500

Figure 11. SEM micrograph of the surface oxide layer of AISI 4140 steel oxidized at an isothermal
temperature of 1000 °C in atmospheric air for the following times: (a) 20 min; (b) 40 min; (c) 60 min.
Magnification: 500x.

The non-planar morphology of the Fe;O3 layer is a direct result of the generation
and release of stresses within the oxide film, which ultimately leads to flaking. As
Song et al. [30] have stated, oxide film stresses can be categorised into two main types:
growth stresses and thermal stresses. Growth stresses are directly related to the Pilling—
Bedworth ratio (PBR), which is the ratio of the volume of oxide formed during oxidation to
the volume of metal consumed to produce the oxide [31]. Thermal stresses occur during the
cooling process of the air until the analysis temperature is reached. The combined effect of
stress generation and release inevitably results in the detachment of the oxide film from the
substrate, which subsequently leads to the formation of cracks and fissures on the surface.
This phenomenon is clearly visible in the rougher surface morphology of the outermost
Fe,O3 layer. Moon and Lee [32] also made similar observations.

The qualitative analysis clearly shows that the surface crystallites become progres-
sively more refined as the oxidation time increases. This is clearly demonstrated by the
formation of new, smaller-diameter crystallites with deeper contours and greater thickness.
The refinement of the crystallites is also a result of the presence of Mo in the steel. The
presence of Mo in the steel results in the formation of MoOj3, a highly volatile oxide. This
oxide causes the refinement of oxide crystallites in a manner similar to that observed with
the oxides of C, CO and CO,, which also generates pores and cracks in the scale. As
oxidation time increases, there is a clear tendency towards greater formation of MoOs,
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which intensifies the refining of the crystallites. Crystalline refinement results in enhanced
elemental diffusivity throughout the oxide layers, with grain boundaries serving as prefer-
ential diffusion paths. This intensifies oxidation. Zhang et al. [33] also documented this
phenomenon of grain/crystallite refinement due to Mo.

Figure 12. SEM micrograph of the surface oxide layer of AISI 4140 steel oxidized at an isothermal
temperature of 1000 °C in atmospheric air for the following times: (a) 20 min; (b) 40 min; (c) 60 min.
Magnification: 2000x.

3.4. Cross-Sectional Analysis of Oxides

A cross-sectional analysis definitively revealed the presence of a layered structure in
all scales. This structure was consistently composed of Fe;O3, Fe304, FeO and a region
adjacent to the metallic substrate that was rich in alloy element oxides.

Figure 13a shows the optical microscopy (OM) image of the AISI 4140 steel that has
undergone oxidation over 20 min at 1000 °C, magnified at 200x. At the top, there is a
distinct Fe;O3 layer, followed by a thicker Fe3O4 region. The transformed FeO region
lies below this, exhibiting a clear contrast in contrast between the Fe30, and FeO layers.
Contact with the metallic substrate reveals the presence of a region enriched with various
alloy element oxides, as previously demonstrated by XRD analysis. The low concentration
of alloying elements in 4140 steel definitively impedes the formation of a continuous
single-element oxide film, thereby favouring the development of complex oxides with FeO.

Figure 13b presents the optical microscopy (OM) image of the AISI 4140 steel oxidised
for 20 min at 1000 °C, with a particular focus on the scale/substrate interface. The region
of the alloy element oxides is composed primarily of chromium oxide and FeO (FeCr,Oy).
This composition is to be expected, given that chromium is the most abundant alloying
element in 4140 steel. This region adheres excellently to the metallic substrate, with no
observable detachment. Furthermore, the surface is visually uniform. A region within the
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metallic substrate that has undergone internal oxidation is clearly visible beneath the layer
of alloy element oxides. This is clearly demonstrated by the presence of areas with varying
colour tones.

' Transformed FeO
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Alloyelement oxides

nternal oxidation

K P—
[Zopm |__10pm I

Figure 13. OM of the scale of AISI 4140 steel oxidized for 20 min at an isothermal temperature of
1000 °C in ambient air: (a) 200 x magnification; (b) 500 x magnification.

Figure 14a shows the scanning electron microscopy (SEM) image of the AISI 4140 steel
oxidised for 20 min at 1000 °C. This is the same region observed in the optical microscopy
(OM) Figure 13a. The iron oxide regions are dense, yet they contain cracks. It is evident
that the holes are artefacts caused by material removal during the grinding process for
sample preparation. In particular, there are clear detachments between the Fe;O3 and Fe3O4
layers, as well as between the alloy element oxide region and the transformed FeO layer.
These detachments are the result of several factors. Firstly, these cracks are the result of
growth stresses, which are primarily related to the PBR, as Xu and Gao [34] have discussed.
Secondly, these cracks are caused by thermal stresses generated during air cooling. This is
in line with the findings of Chaur and Shih [35], who demonstrated that stress generation
and release can cause the oxide film to separate from the substrate, leading to surface cracks
and fissures. Furthermore, the relationship between the density and crystallinity of the
scale phases, as observed by Matlakhov and Robertson et al. [36,37], is a key factor. This is
because it leads to detachment between different phases.

Transformed FeO

4
; #£: Alloy element oxides

Transforrﬁed FeO

A
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. "AHOy»eierﬁén-t okided Internal oxidation
0 Internal oxidation
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Figure 14. SEM images of the scale of AISI 4140 steel oxidized for 20 min at an isothermal temperature
of 1000 °C in atmospheric air: (a) 800x magnification; (b) 4000 x magnification.
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Figure 14b shows a higher-magnification scanning electron microscopy (SEM) image
of the AISI 4140 steel oxidised for 20 min at 1000 °C. This provides a clear view of the
scale/substrate interface. It is evident that the internal oxidation of the substrate has
resulted in the formation of porosity in this region due to metal consumption. Furthermore,
the FeO layer that underwent transformation exhibits poor adhesion to the layer comprising
alloy element oxides.

Figure 15a provides an optical microscopy image of the AISI 4140 steel oxidised for
40 min at 1000 °C. The scale formed at 20 min in Figure 14 is compared with that formed at
40 min, and as oxidation progresses, the number of existing defects increases. Furthermore,
the magnetite layer is clearly detaching in certain regions. Furthermore, it is clear that the
transformed FeO layer is more detached from the layer of alloy element oxides. Figure 15b
shows the scale/substrate region at higher magnification. It is clear that the layer of alloy
element oxides begins to detach from the metallic substrate.

Transformed FeQO

Alloy element oxides

Figure 15. OM images of scale of AISI 4140 steel oxidized for 40 min at an isothermal temperature of
1000 °C in atmospheric air: (a) 200 x magnification; (b) 500 x magnification.

Figure 16a shows a detailed SEM microstructure examination of AISI 4140 steel. It is
clear that the iron oxide layer has undergone significant alteration following an oxidation
process at 1000 °C for 40 min. The previously observed dense regions are now brittle
and fractured. Furthermore, Figure 16b presents a higher magnification image of the
scale/substrate interface, which clearly shows the detachment of the oxidised alloy element
layer from the underlying metallic substrate. Furthermore, the region of internal oxidation
and the remaining alloy element oxides are highly porous.

P
&nsfgrmed‘b‘ 0)

Alloy element oxides

Allgy-elemenity Cides Internal oxidation
Internal oxidation
7 2 I

9/212023 |dwell| HV det | spot 100 pm T S —
5:21:35 PM | 30 ps [25.00 kV|14.2 mm| 800x [ETD| 5.0 LME-IM 150KV 40  x4000 15 SE  LAMAV

Figure 16. SEM images of the scale of AISI 4140 steel oxidized for 40 min at an isothermal temperature
of 1000 °C in atmospheric air: (a) 800x magnification, (b) 4000 x magnification.
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Figure 17a presents the optical microscopy (OM) image of the AISI 4140 steel that has
been oxidised for 60 min at 1000 °C. It is evident that the number of defects within the scale
increases with the duration of the oxidation process. Figure 17b shows a higher magnifica-
tion view of the scale/substrate interface, which clearly demonstrates a more pronounced
detachment of the alloy element oxide layer from the underlying metallic substrate.
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Figure 17. OM images of the scale of AISI 4140 steel oxidized for 60 min at an isothermal temperature
of 1000 °C in atmospheric air: (a) 200x magnification, (b) 500 x magnification.

As previously discussed, the region shown in Figure 17 is composed of Fe30, and
transformed FeO, which is highly dense at the 20 min oxidation time. However, the 40
and 60 min oxidation times show a fractured and cracked morphology with a thicker
defect layer, resulting in greater separation between the dense layers. The growing scale
experiences compressive stress, given that the scale growth follows a parabolic kinetic. This
explains the non-compact scale observed at 40 and 60 min. As the number of defects and
cracks within the layer increases, FeCr;O4 inevitably ruptures. As the process continues,
the oxidation of Fe increases due to Cr depletion at the substrate surface. As shown by
Sadique et al. [22], this results in a significant increase in the oxidation rate after rupture,
leading to the formation of more Fe;O3, Fe304 and FeO.

Figure 18a presents the SEM image of AISI 4140 steel oxidised for 60 min at 1000 °C
in the same region previously observed in the optical microscope (OM) image displayed
in Figure 17. The Fe,O3 layer is completely separated from the underlying Fe;Oy4 layer.
Furthermore, the scale is clearly cracked throughout, with a highly porous transformed FeO
layer. Furthermore, it is evident that the layer of alloy element oxides becomes increasingly
detached from the metallic substrate as oxidation time increases. Figure 18b shows the
scale/substrate interface at a higher magnification. It is evident that the alloy element oxide
layer is detached from the metallic substrate, and that there is also detachment within the
alloy element oxide layer itself, in addition to the presence of a region of high porosity.

Figure 19 displays the SEM image of the AISI 4140 steel oxidised for 60 min at 1000 °C.
This image clearly shows the interface between the transformed FeO layer and the layer of
alloy element oxides. It is evident that the detachment between these layers is incomplete
and that the surfaces of both layers are uneven, which hinders their complete adhesion. In
some areas, the layers remain connected, while in others, there is a clear separation.
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Figure 18. SEM images of the scale of AISI 4140 steel oxidized for 60 min at an isothermal temperature
of 1000 °C in atmospheric air: (a) 800 x magnification, (b) 4000 x magnification.
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Figure 19. SEM image of the scale formed on AISI 4140 steel oxidized for 60 min at 1000 °C in
atmospheric air (300 x magnification).

From Table 4 and Figure 20, it can be seen that the scale thickness increases with
increasing oxidation time.

Table 4. Scale thickness in um of 4140 steel at 1000 °C as a function of time exposed to oxidation in
atmospheric air.

20 min 40 min 60 min

Mass 133.8068 146.4348 197.3375
Standard Deviation 6.4364 14.1468 20.1042
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Figure 20. Scale thickness in um of 4140 steel at 1000 °C as a function of time exposed to oxidation in
atmospheric air.

Through the images shown in Figure 21a—c of the cross-sectional micrographs of the
4140 steel at oxidation times of 20, 40 and 60 min, respectively, it is possible to confirm what
was presented in Table 4 and Figure 20. The scale increases in thickness with the increase in
oxidation time.

Figure 21. Comparison of scale thickness at 1000 °C, in atmospheric air, as a function of exposure
time to oxidation, of 4140 steel at the following times: (a) 20 min; (b) 40 min; (c) 60 min. Magnification
200x.

The images of the cross-sectional micrographs of the 4140 steel at oxidation times of
20, 40 and 60 min are shown in Figure 21a—c, respectively, confirm the data presented in
Table 4 and Figure 20. The scale increases in thickness as the oxidation time increases.

3.5. Chemical Analysis

Table 5 presents the results of EDS mapping, which reveal the distribution of elements
across the cross-section of the AISI 4140 steel oxidised for 20, 40, and 60 min at 1000 °C.

Table 5. EDS elemental maps of the cross-section of 4140 steel oxidized at 1000 °C.

Alloy Element

20 min 40 min

SE
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Alloy Element

Cr

Fe
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Table 5. Cont.

Alloy Element

20 min 60 min

Al

Significant quantities of silicon are present near the substrate. This can be attributed
to the formation of FeSiO3 and Fe;SiO4, which have already been discussed and confirmed
by the XRD results. Furthermore, it is likely that some silicon originated from SiC con-
tamination during the grinding process, as evidenced by its concentration in scale defects
and voids.

The elevated aluminium concentration can be attributed to the potential contamination
of alumina from the polishing process. Similarly, aluminium is concentrated in scale defects.

Oxygen is found in higher concentrations in the outer region of the scale, with a
subsequent decrease towards the substrate. This is in line with the higher oxygen content
in Fe;O3 compared to Fe3Oy4. The metallic substrate is predominantly composed of iron.

The alloying elements Cr, Mo and Mn are essential for the oxidation process, with
the highest concentrations occurring in the vicinity of the substrate. These elements, in
conjunction with Si, formed a clearly delineated layer comprising the mixed oxides of the
aforementioned elements. This layer is the reason why 4140 steel resists oxidation. It is
clear that chromium is the primary factor driving the formation of this thick, alloy-rich
layer. As the alloying element with the highest percentage in the 4140 steel’s chemical
composition, chromium is the key factor in determining the kinetic and mechanism of
oxide film formation on the substrate. Furthermore, the film contains oxides of other
alloying elements.

It is clear from the clustering of these elements that the formed oxides are insufficient
to create a complete and dense protective film. These observations are in line with those of
Xu et al. (2013) [38], who correctly noted that low-quantity alloying element oxides tend to
form complex oxides with FeO in the same region.

It is evident that manganese dioxide (MnO;) accumulates at the interface between iron
(II, I1I) oxide (Fe;O3) and iron (III) oxide (Fe3O4), while a minor quantity of molybdenum
trioxide (MoQO3) is present in the outermost layer of Fe;O3.

The Ni, present in a low percentage, forms an irregular oxide layer in the vicinity of
the substrate at shorter oxidation times. As the oxidation time increases, NiO is observed
to penetrate the substrate through transgranular corrosion of austenite, as reported by
Zhang et al. [39].

It is evident that over time, there is a reduction in the concentration of alloying
elements in the vicinity of the substrate. As the thickness of the alloy oxide layer increases
over time, these elements disperse.

Figure 22 illustrates the EDS analysis of the AISI 4140 steel that had been oxidised
for 20 min at eight different locations on the concentration profile (CP). Table 6 shows the
corresponding chemical composition results.
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Figure 22. Cross-Section and EDS Analysis of AISI 4140 Steel Oxidized (20 min, 1000 °C, Air).

Table 6. Elemental Composition (wt%) of AISI 4140 Steel Oxidized for 20 min at 1000 °C in Air
(EDS Analysis).

Point Position (@) Fe Si Mn Al Mo Ni Cr Cu
1 45.26 53.88 0.09 0.37 0.28 - 0.07 0.05 -
2 43.37 55.51 0.12 0.72 0.21 - 0.06 0.01 -
3 36.15 62.65 0.09 1.00 0.05 - 0.04 0.04 -
4 36.19 62.34 0.14 1.01 0.07 0.06 0.04 0.10 0.05
5 42.18 56.05 0.10 0.99 0.12 - 0.08 0.45 0.04
6 42.25 36.50 4.04 1.00 0.17 0.92 0.06 14.68 0.37
8 37.75 32.73 6.49 1.45 - 0.25 0.63 17.71 2.98
7 2.04 91.67 0.26 1.38 0.04 - 0.55 2.23 1.82

The EDS analysis clearly indicates a reduction in oxygen content and an increase
in Fe content as the analysis is conducted from the outer region, which is dominated by
Fe; O3, towards the substrate point 4 and beyond. This region undoubtedly contains Fe3zOj.
Therefore, the presence of various iron oxides, as also confirmed by the XRD analysis, can
be confirmed.

It can be observed that, up to point 4, the region is mainly concentrated with a Fe;O3
layer, followed by Fe3O4. As points approach the substrate, the oxygen content decreases
and the Fe content increases.

At points 5 and 6, the oxygen content increases once more while the Fe content
decreases. These points correspond to the transformed FeO and the region of alloying
element oxides, respectively.

This finding is consistent with the higher concentration of alloying element oxides
observed in this region. Silicon is present throughout the scale in low percentages. However,
it is clear that points 6 and 8 show a significant increase in Si. This is undoubtedly due to
the formation of Fe;SiOy, a phase that has been confirmed by X-ray diffraction analysis. All
the alloying elements are present in this region, with chromium being the most abundant.
The formation of alloying element oxides undoubtedly occurs below the original interface,
which proves that oxygen diffusion is a pivotal factor in these reactions.
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Point 7 definitively marks the region of internal oxidation. It is clear that all elements,
except for molybdenum, are involved in this process. The most prevalent elements involved
are chromium, copper, and manganese, with an increase in manganese content observed as
points approach the substrate.

These findings are in accordance with those previously reported by Hao et al. [40].
Similarly, the formation of a cluster of alloying elements near the substrate was observed,
as confirmed by XRD, which definitively displayed the presence of complex oxides. The
authors do not explicitly state this, but their results clearly show a decrease in oxygen and
an increase in iron content as the metallic substrate gets closer. Furthermore, they observed
a clear increase in oxygen content in the region containing these complex oxide clusters.

Figure 23 presents the EDS analysis of the AISI 4140 steel oxidised for 40 min at
1000 °C, conducted at eight positions on the cross-section. Table 7 provides the results of
the chemical composition analysis.

Figure 23. Cross-sectional and EDS analysis at different positions of AISI 4140 steel oxidized (40 min,
1000 °C, air).

Table 7. Elemental Composition (wt%) of AISI 4140 Steel Oxidized for 40 min at 1000 °C in Air
(EDS Analysis).

Point Position (@) Fe Si Mn Al Mo Ni Cr Cu
1 47.40 51.42 0.37 0.64 - - 0.08 0.02 0.05
2 40.57 57.83 0.14 1.39 - - 0.04 - 0.02
3 37.98 60.73 0.04 1.12 - - 0.02 0.08 0.03
4 36.76 61.75 0.10 1.13 - - 0.04 0.05 0.05
5 37.58 59.59 0.13 0.81 0.11 0.05 0.09 0.69 0.94
6 45.63 36.08 3.62 0.97 - 0.62 0.04 12.95 0.09
7 37.71 37.87 5.06 1.64 0.50 0.51 0.52 12.96 3.23
8 0.90 91.74 0.15 1.09 0.11 0.04 2.38 1.60 1.99

The 40 min and 20 min oxidation outcomes are distinctly different, as shown in point 8,
which represents the region of internal oxidation. Table 7 clearly shows all elements are
involved in the internal oxidation process, with Ni, Cu, Cr, and Mn being the most prevalent.
The point analysis results align with the map analysis trend. As the oxidation time increases,
there is a clear trend towards a greater prevalence of Ni in the internal oxidation process.
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Figure 24 presents the EDS analysis of the AISI 4140 steel oxidised for 60 min at 1000 °C.
The analysis was conducted at eight positions on the cross-section. Table 8 outlines the
chemical composition analysis results.
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Figure 24. Cross-sectional and EDS analysis at different positions of AISI 4140 steel oxidized (60 min,
1000 °C, air).

Table 8. Elemental Composition (wt%) of AISI 4140 Steel Oxidized for 60 min at 1000 °C in Air
(EDS Analysis).

Point Position (@) Fe Si Mn Al Mo Ni Cr Cu
1 43.60 55.77 0.08 0.44 0.06 - 0.08 0.03 0.01
2 51.99 47.35 0.09 0.44 0.07 - 0.06 - -
3 36.32 62.20 0.08 1.17 0.07 0.02 0.03 0.05 0.05
4 36.81 61.72 0.13 1.13 - 0.01 0.07 0.10 0.04
5 42.46 55.69 0.22 0.78 0.19 0.02 0.03 0.38 0.24
6 37.49 45.01 2.70 0.94 0.38 0.38 0.01 12.98 0.10
7 38.91 53.16 2.10 0.94 0.24 - 0.12 4.48 0.04
8 0.19 96.45 0.36 143 0.07 0.04 0.05 1.18 0.22

As can be seen, the results are in line with those previously discussed in relation to the
sample oxidized for 20 and 40 min. As with the previous observations, the selected points
irrefutably demonstrate that the concentration of oxygen tends to diminish as it approaches
the substrate. However, an increase in oxygen content is clearly visible when point analysis
is conducted in the vicinity of the layer comprising alloying element oxides.

Regarding point 8, representing the internal oxidation region, it is evident that all
elements engage in this process, with Mn, Cr, 5i, and Cu playing a predominant role.
The selected point did not identify a high Ni content, confirming that its concentration
is non-uniform. The map analysis clearly shows that as the oxidation time increases, Ni
becomes increasingly involved in internal oxidation.

Furthermore, the percentage of alloying elements is clearly lower at points 6 and 7
than at the other instances within this same region. This confirms the map analysis results,
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which showed that the dispersion of alloying elements increases with the thickness of the
layer of alloying element oxides over time.

In future investigations, it will be important to study in situ these complex processes
of oxidation at high temperatures using the Raman spectroscopy method.

4. Conclusions

This study presents the findings derived from the analysis of three oxide layers formed
on the surface of AISI 4140 steel subjected to 1000 °C for 20, 40 and 60 min. This is the
first time such a cross-section has been analysed, and the results are clear. The following
conclusions can be drawn:

e  The oxide layers exhibited a composition of Fe,O3, Fe304, and FeO, with the formation
of the layer being attributed to a cluster of alloying element oxides, with a greater
influence exerted by Fe and FeCr;Oy.

e  The outermost layer is primarily composed of Fe,O3, exhibiting a strong preferential
crystallographic orientation relative to the steel substrate surface.

e The inner layer is dominated by Fe3O4, exhibiting no preferential crystallographic
orientation relative to the steel substrate surface.

Woiistite is present in the form of complex oxides with alloying element oxides.

The substrate layer also features Fe3O, as the main phase, which is likely to have
formed from FeO during cooling. This phase lacks preferential crystallographic
orientation relative to the steel substrate surface.

o  The participation of alloying element oxides in the scale layers is approximately
proportional to the concentrations of these elements in the alloy.

o  The AISI 4140 steel, at all oxidation times, exhibited complete coverage of the surface
by oxide layers, with no evidence of longitudinal cracking.

e  The crystallites of Fe;O3 in the outer layer demonstrate a tendency for increased height
as the oxidation time is prolonged.

e  The promotion of crystallite refinement on the scale surface by Mo occurs in a manner
which is intensified with increasing oxidation time.

e  The scale thickness and the incidence of defects also increased with the extension of
the oxidation time.

e  The layer of alloying element oxides exhibited poor adhesion to the steel substrate,
and the alloying element oxides present in this layer had poor adhesion to each other.
This weak adhesion was further intensified at 60 min, which in turn promoted the
formation of a thicker oxide scale.

e  The most abundant alloying element in carbon steel, chromium, plays a pivotal role in
determining the kinetics and mechanism of oxide formation at the substrate interface.
Nevertheless, the presence of the FeCr,O4 phase is likely to contribute to the observed
poor adhesion of this layer.

e The alloying elements present in low quantities (Ni, Mo, Mn, Si, Cr) were unable
to form their own continuous oxide films. Conversely, these elements are dispersed
throughout all scale layers, with higher concentrations observed in the inner layer in
proximity to the steel substrate.

e  As the oxidation time increased up to 60 min, the oxide layer in contact with the steel
substrate exhibited a corresponding increase in thickness. During this process, the
oxides of alloying elements such as nickel, molybdenum, chromium, manganese, and
silicon displayed a tendency to disperse within the layer.
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