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Abstract: Degradation by the penetration of oxidation into the Cr12 roller steel is evaluated during
thermal fatigue tests in the laboratory in the temperature range of 500-700 °C. A qualitative
assessment is carried out with regard to the thermal load, the microstructure and the test
temperature. The results show that the specific properties of the microstructure with respect to
thermal stress and temperature have a significant influence on the oxidation behavior as well as on
the crack propagation mode and crack growth. The conditions that lead to an increase in the
oxidation rate and thus to premature and sudden local chipping of the roll surface layer are
analyzed and explained.
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1. Introduction

Hot rolling is the most important bulk forming process. The central tools in this mass forming
process are work rolls (steel rollers), which account for up to 15% of the manufacturing costs [1,2].
During operation, rollers are exposed to a deterioration of the surface layer, which affects the surface
quality of the rolled products. High manufacturing costs make any attempts to increase the operating
time of the rolls and improve the surface quality of the rolled products enticing [2—4]. The oxidation
process of rolls has a strong influence on the complex degradation process of the roll surface layer
[4-13]. The degradation of the roller surface is related to the microstructure, the temperature and the
thermal stresses acting on it. The oxidation behavior of the roll surface is an important degradation
mechanism. It is generally very complex, as temperature, time, environmental conditions and
microstructure are intertwined [3,5-34]. The oxidation behavior of roller material at high
temperatures was investigated by oxidation studies [4,15,22,23,28,34-38], tribological tests [3,9-
11,14,16,25,26,33,35,39-57] and thermal fatigue tests [5,6,12,29-31]. The tribological tests were
performed with disc-on-disc tests [3,9-11,16,24-26,32,35,39-50,57] or pin-on-disc tests [14,16,28,51—
55]. The aim was to evaluate: the wear behavior of cast, high-speed steel roller material; lubricants;
the influence of C and Cr contents on wear resistance and surface roughness; and the wear and
friction behavior of high speed steel, ledeburitic steel and cast iron with high Cr content, etc. The
tribological tests were performed at high temperatures and under isothermal conditions.

Hanlon et al. [45] and Molinari et al. [15] observed the oxide penetration into the material at the
carbide/matrix interface. However, their studies do not focus on oxidation penetration in connection
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with microstructure, temperature and thermal stress. In addition, Lao et al. [27] argue that the
condition under isothermal testing in the highly plastic deformed area during sliding wear is not
comparable with the behavior during hot rolling. Since these interrelationships are not sufficiently
explained, it is essential to carry out research in this area in order to improve our knowledge of the
aforementioned interrelated influences and mechanisms.

Numerous oxidation studies have been performed in different atmospheres at high
temperatures [4,15,22,23,28,34,36-38]. Different oxidation rates of the matrix and the carbides were
determined depending on the test temperature, the material, the carbide properties and the
atmosphere (oxidation conditions). Contrary to the general assumption, Kim et al. [34] argue that
carbides oxidize faster than the matrix in a dry atmosphere and that the oxides on the surface of the
oxidized matrix become larger. In addition, different oxidation rates were observed for the different
carbide types in the matrix, which is the basis for the formation of relatively small oxidation tongues.
In the studies [5,6,12,29-31] thermal fatigue tests were used to demonstrate that oxidation accelerates
crack growth and other degradation processes (i.e., chipping and spalling). However, the oxidation
penetration was not investigated. Colas et al. [7] showed an accentuated oxidation penetration in
high Cr roller material, but they did not explain the reasons for this behavior. This can be attributed
to a strong water cooling of the heated material. Garza-Montes-de-Oca et al. [39] showed that an
increased presence of water leads to an increased oxidation rate.

The lack of results that explain the degradation processes due to oxidation penetration can be
attributed to the laboratory test conditions used. In real industrial settings, temperatures during
heating reach or even exceed 700 °C. This is followed by intensive water cooling, generating a large
amount of steam. Conditions found in the laboratory often do not reproduce the severe conditions
found in industry. Our thermal fatigue testing setup [5,6], has the advantage of an extremely precise
temperature control with computer controlled heating and cooling, resulting in a constant
temperature field of all cycles from the first to the last. This enabled the repeatability of thermal
fatigue tests, wherein quantitative analysis of degradation by thermal cycles showed that oxidation
penetration can have a significant influence on the degradation progress of the roller material surface.
Therefore, it is important to analyze the behavior of the oxidation penetration in detail with regard
to thermal stresses, microstructure and test temperature.

In this paper missing knowledge about oxidation penetration in relation to microstructural
properties, test temperature and thermal stresses that influence the subsequent spalling of the roller
material are presented, analyzed and discussed. The qualitative analysis of the oxidation behavior and
the relationship with the microstructure, the test temperature and the numerically determined thermal
stresses was carried out with the aim of better understanding the relationships between oxidation,
microstructure and thermal stress states.

2. Materials and Methods

The material used in this study was a centrifugally cast roller shell of a high Cr steel with
chemical composition given in Table 1. Thermal fatigue tests were conducted using the Gleeble 1500D
(Dynamic Systems Inc., Poestenkill, NY, USA) thermomechanical simulator at three maximum test
temperatures (500, 600 and 700 °C) and a finite number of thermal cycles (200, 500, 1000 and 2500
cycles) for each test temperature. Conductive heating and water cooling by the borehole sample were
carried out cyclically according to a temperature program that replicates the conditions obtained on
the roll surface during hot rolling. A detailed description of the test rig is given in [5], while detailed
qualitative and quantitative properties of thermal fatigue resistance for the same material are given
in [6].

Table 1. Chemical composition of high Cr roller steel in wt % used in study.

C Si Mn Cr Mo Ni A% Co S P
1.651 0.662 0.731 11.282 1.171 1.941 0.262 0.017 0.009 0.017
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After the thermal fatigue test, the working lengths of each specimen were first cut in the axial
direction through the center and one half also in the radial direction for microscopy. The
characterization of cracks was focused within the working length of the specimen. Optical microscopy
(Zeiss AXIO Imager.Alm, Carl Zeiss Microscopy GmbH, Jena, Germany) and scanning electron
microscopy (JEOL 5610, JEOL Ltd., Tokyo, Japan and FEI Nova NanoSEM, FEI Europe B.V., Eindhoven,
Netherlands) were used to observe the microstructure and the damage developed after a finite number
of thermal cycles. The surfaces for microstructural evaluation were ground, polished and etched with
3 vol. % Nital solution. The SEM microscopy was combined with the attached energy dispersive X-ray
spectroscopy (EDX) for elemental mapping of the microstructure.

3. Results

3.1. Stress Distribution during Thermal Fatigue Cycle

The elastic stress distribution during the thermal fatigue cycle was determined by a finite
element model created in the Abaqus 2018 (Dassault Systemes Simulia Corp., Johnston, RI, USA)
software. The purposes of the finite element analysis were to determine the stress distributions in the
samples under thermal load and to find out which stress component was the strongest and could
possibly contribute to crack initiation. The finite element mesh is shown in Figure 1a, and it is a
borehole sample with an outer diameter of 8 mm and a wall thickness of 2 mm at the measurement
cross gauge section. The diameter of the inner bore is 4 mm.

Steady state coupled displacement-temperature analysis was carried out. This type of analysis
allows one to solve the displacement field as a result of the applied temperature. In the model, the
temperature was applied as a boundary condition to the outer and inner surfaces of the sample. The
inner and outer surfaces were subjected to a temperature boundary condition of 20 °C and a test
temperature (500, 600 and 700 °C). The movement of the probe was not restricted in any direction. In
the model the quadratically coupled temperature-displacement element type C3D20T was used. The
material constants used were as follows: modulus of elasticity 200 GPa, Poisson's ratio 0.3, coefficient
of thermal expansion 11 x 106 K-, coefficient of thermal conductivity 26 Wm™"K-!, specific heat
460 Jm'K-! and density 7800 kgm3.

The stress values along the wall thickness were extracted using a cylindrical coordinate system,
where the x-axis corresponds to the radial direction, the y-axis to the axial and the z-axis to the
tangential (cf. Figure 1a). The sample wall was divided into 20 elements with a uniform thickness of
100 um. By selecting the fully integrated element type C3D20T, the center plane of each element is
also available for stress extraction. It enabled the extraction of stress values at element nodes located
at 50 um. The results obtained for stress are summarized in Figure 1b.
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Figure 1. (a) Meshed finite element model of the sample, and (b) stress distribution through the
sample wall at 700 °C (solid line), 600 °C (dashed line) and 500 °C (dashed dotted line).

Radial stresses reached a maximum value of 170 MPa at a temperature of 700 °C at the depth of
700 pm. Another important finding is that longitudinal stresses on the inner surface of the specimen
are positive and generate stress forces, which primarily contributes to crack initiation. The maximum
axial stress has a value of 1180 MPa on the inner surface. At the depth of 900 pm the axial stresses
change their orientation and become compressive. The results obtained show that there are favorable
conditions for the initiation of surface or near-surface cracks. High axial stresses contribute to the
initiation of transverse cracks and radial stresses to the initiation of longitudinal cracks. In the earlier
work of the same authors [6] it was shown that transverse cracks are apparently more severe.

3.2. Initial Microstructure

The analysis of the initial microstructure of the same material was described in detail in reference
[6]. To summarize the published results, quantitative metallography of roller material with high Cr
content yielded 15.46 vol. % MrCs and 1.41 vol. % M2C carbides and a measured hardness of 601 + 10
HV1o. Based on these results, Figure 2a,b shows a backscatter secondary electron (BSE) micrograph
and the elemental distribution of Mo. Building upon XRD analysis presented in the previous study
[6], EDX chemical mapping analysis helped to identify Mo-based carbides identified as M2C (cf.
Figure 2b). Distribution of Mo shows an areas enriched with Mo in carbides.

The approximate chemical compositions of the carbides present in the roller material, as
determined by EDX, are shown in Table 2. Reduced Cr content was observed in a narrow band
approximately 4 um wide adjacent to the carbide/matrix boundary for the primary carbide shown in
Figure 3a and the line distribution of the elements in Figure 3b. Compared to an approximate Cr
content of 7-9 wt. % elsewhere in the matrix, the Cr content within this band was measured at only
4-5 wt. % (see Table 2). Similar results were obtained for the eutectic carbide matrix (see Figure 3c,d).
It is also worth noting that the detected content of Mo in primary carbides (3-8 wt. %) is increased
compared to the content in eutectic carbides (2.1-2.9 wt. %). On the other hand, the Cr content in
primary carbides is slightly lower (42-50 wt. %) compared to the content in eutectic carbides (44-52
wt. %). The values obtained for the V content in eutectic and primary carbides were in the range of
1.5-1.9% by weight, while the V content in the matrix was about 0.1% by weight (see Table 2).
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Figure 2. Initial Cr12 roller steel microstructure: (a) backscatter secondary electron (BSE) micrograph;

(b) elemental distribution of Mo.

Table 2. Approximate range of elemental content for primary and eutectic carbides, matrix and

carbide/matrix band in wt. %.

Microstructural Feature Cr Mo \%
Primary M-Cs 42-50 3-8 1.5-1.9
Eutectic M7Cs 44-52 2.1-29 1.5-1.9

Mo2C 4-7 50-56 0.4-0.7
Matrix 7-9  0.45-0.75 0.1-0.12

Carbide/matrix band 4-5 0.45-0.7 -
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Figure 3. BSE micrograph and elemental line distributions of Cr, Mo, V, Ni and Fe in matrix and
carbides: (a) primary carbides, (b) line distribution of elements across primary carbides, (c) eutectic
carbides and (d) line distribution of elements across eutectic carbides.
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3.3. Oxidation Behaviour and Its Relationship between Microstructure, Thermal Stress and Temperature

With regard to the observed oxidation behavior during thermal fatigue testing of the roller
material made of high Cr steel, the following properties are relevant; (i) chemical compositions of
primary and eutectic carbides, matrix material, band at the carbide/matrix interface adjacent to
primary and eutectic carbides; oxidation progress; (ii) sizes, shapes and orientations of the carbides;
their crushing and cracking; crack propagation direction; oxidation behavior at high thermal stresses
and (iii) oxidation behavior at low thermal stresses; (iv) direction of the applied effective thermal
stress and oxidation direction in the matrix; (v) microcracks around the crack tip and oxidation of the
crack tip; (vii) uncracked eutectic carbides and oxidation progress (oxidation of carbides or eutectic
matrix); (viii) cracked eutectic carbides and oxidation progress; (ix) orientation of eutectic carbide
lamellae, thermal stress and oxidation progress; (x) temperature influence on oxidation; (xi)
properties of eutectic and primary carbides (arrangement, orientation, size, shape) and cases of
significant oxidation area.

During thermal fatigue, the samples were cooled with water. Thus the current test approaches
the conditions that occur on the surface of work rolls in rolling mills. Furthermore, it allows the
observation of the particularly pronounced oxidation cases presented in this study and enabled us to
explain the wear behavior.

3.3.1. Oxidation Behavior of Uncracked Carbides

The first interesting case observed was the oxidation of material between the islands of the
eutectic carbide cluster. The eutectic cluster shown in Figure 4a is located about 400 um below the
cooled surface. The results of the FEM simulations show that the applied thermal stress (axial) during
the temperature changes at this depth is 1180 MPa at 700 °C. Figure 4a shows that after 2500 thermal
cycles a partial oxidation of the matrix between eutectic carbides cluster occurred as a result of
thermal stress. However, the carbide lamellae of the carbides are not cracked and no oxidation of the
carbides was observed, at least in the central part. However, this happened on a small area, as can be
seen in the lower part of the eutectic carbide cluster. The element maps in Figure 4b,c show the
distributions of Cr and Mo. Additional confirmation of the oxidized matrix is shown with the
distribution of oxygen in Figure 4d. Qualitatively, the oxidation rate between carbides and matrix
can be estimated by detailed examination of the superimposed Figure 4a,d. Oxidation occurs first in
the narrow band at the carbide/matrix interface, whereas eutectic carbides are not oxidized. In
addition, a small area in the lower and slightly right part of the eutectic in Figure 4a shows complete
oxidation (see Figure 4d), in which matrix and carbides are oxidized. From this it can be confirmed
that the oxidation starts in the matrix and has a higher rate compared to the carbide. This finding is
important and helps to explain the changes required at the transition from the carbide pathway to
the matrix pathway.

Zaku ¥1.B808 1840w MTF OMM LJ
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(c) (d)

Figure 4. Oxidized inter eutectic matrix area after 2500 cycles at 700 °C: (a) BSE micrograph; and
elemental distributions of (b) Cr, (¢) Mo and (d) O.

3.3.2. Oxidation Behavior of Cracked Eutectic Carbides at and Close to the Surface

The elastic thermal stresses on the cooled surface were calculated to be 833 MPa at 500 °C, 1010
MPa at 600 °C and 1180 MPa at 700 °C. Primary and eutectic carbides located on the cooled surface
decompose during thermal fatigue and initially show transverse cracks, as shown in Figure 5a and a
detailed view at higher magnification in Figure 5b. The crack shown cuts through carbides and matrix
and represents a way in which oxygen penetrates eutectic carbides and causes accelerated oxidation.

NTF  OrrT T o] SEET I | R O
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Figure 5. Oxidation behavior at the cooled surface and cracked eutectic carbides: (a) initial eutectic
cracking after 1000 cycles at 500 °C, and (b) higher magnification of the window in subfigure a. Initial
oxidation around the cracked eutectic carbide at 600 °C: (c) after 1000 cycles and (d) after 2500 cycles.
Observed oxidation around the eutectic carbides after 2500 cycles: (e) at 500 °C, (f) at 600 °C and (g,h)
at 700 °C with severely oxidized areas.

Figure 5c,d shows the oxidation taking place on a cracked carbide, the crack being connected to
the cooled surface and the oxidation being visible not only in the carbide but also in the matrix. The
width of the oxidized region is wider in the matrix compared to the carbide, indicating an increased
oxidation rate in the matrix. It should be stressed that larger carbides in eutectic clusters tend to crack
(cf. Figure 5c and [5]), which leads to the formation of new free surfaces and consequently to
accelerated oxidation, as shown in Figure 5d. Figure 5e-h shows typical micrographs of oxidized
eutectic carbides after thermal cycling at temperatures of 500, 600 and 700 °C for 2500 cycles each.
Not only the less pronounced carbide cracking, but the oxidized area too, is smaller at a lower
maximum temperature of the thermal cycle, as shown in Figure 5e for the test performed at a
temperature of 500 °C. The comparison with the results obtained at 600 °C shows a more pronounced
carbide cracking and a larger oxidized surface (matrix and carbides), which indicates an increased
oxidation rate at higher temperatures (cf. Figure 5f for 600 °C).
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Figure 6. Oxidation of the cracked eutectic carbides below the cooled surface with the crack canal to
the cooled surface: (a) cracking and initial oxidation of the subsurface eutectic after 500 cycles at 600
°C, (b) after 1000 cycles at 600 °C, (c) after 2500 cycles at 600 °C with marked area for the detail, (d)
micrograph of the detail of oxidized eutectic cluster, (e) oxidation area expansion in the axial direction
after 2500 cycles at 700 °C and, (f) detailed view of the area marked in the subfigure e.

The micrograph of the sample tested at 700 °C showed an even larger oxidized area of matrix
and carbide (cf. Figure 5g,h). However, since the area of interest is completely oxidized, cracks that
represent paths for oxygen ingress are not easy to detect. As in reference [6], the initial crack
propagation is mainly associated with crack growth within carbides. Furthermore, the initial fine
crack in thick carbide in Figure 5c indicates that crack growth in the early stages is not combined with
oxidation. In the later stages of crack growth, however, oxidation plays an important role in the crack
formation pathway. The occurrence of carbide cracks on the cooled surface without any oxidation
can be attributed to high thermal stresses at high test temperatures. The internal degradation
(oxidation) of the cooled surface layer is associated with eutectic carbides, which are located up to a
distance of approximately 400 pm below the cooled surface. The first stage of cracking and oxidation
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of eutectic carbide located below the cooled surface is shown in Figure 6a. Observation of the sample,
thermally cycled for 500 cycles at the maximum temperature of 600 °C, showed that the cracks extend
to the cooled surface, allowing oxygen to enter. The next stage of surface degradation by eutectic
carbide below the cooled surface is shown in Figure 6b. Shown are oxidation and cracks in the eutectic
carbides and matrix in the sample tested at 600 °C for 2500 thermal cycles. The oxidation progress of
cracked eutectic carbide, where the oxidized region increases a few times in area compared to the
initial region, is shown in Figure 6¢ and detailed view in Figure 6d. A similar observation of the
oxidation of eutectic carbide and the connection of cracks to the cooled surface is shown in Figure 6e,
and a detailed view is shown in Figure 6f (obtained for the sample tested at a temperature of 700 °C
for 2500 cycles). At this point, note the importance of the axial oxidation direction, which is essential
for the connection of radial cracks. Crack formation in the axial direction is a consequence of radial
stress (cf. Figure 1b). In the detailed view (cf. Figure 6f) the progress of the highlighted oxidized area
is visible, in which the crack path follows the outer part of the eutectic carbide cluster with thicker
carbides compared to the inner lamellar carbides. In Figure 6e, several oxidized eutectic regions are
present and a small oxidized crack is visible. In this case, the degradation process continues with
oxidation and crack propagation in all three independent eutectic regions. In time, these three areas
will be connected to each other in a closed area that is at risk of spalling. The formation of the
oxidation pathway in combination with the preceding cracking of thick eutectic carbides accelerates
oxidation and coalescence with cracks in the primary carbides. The coalescence of the cracks then
leads to an area surrounded by cracks, which tends to increased oxidation and premature spalling.

3.3.3. Oxidation of the Matrix at the Cooled Surface and Oxidation Growth Front

Increased temperature increases oxidation not only of the cracked matrix (in the eutectic) but
also of the matrix at the cooled surface, as shown in Figure 7a after 2500 thermal cycles at the
maximum temperature of 700 °C. The thickness of the oxide layer varies and was measured in the
range 5-8 pum at the maximum temperature of 700 °C. Compared to the measured oxide layer
thickness of 1-2 pm at the maximum temperature of 600 °C, the increased temperature leads to
significant oxide growth. Observation of the sample at the lowest maximum temperature (500 °C)
leads to a negligible oxide layer. The observation of damage on several samples tested at different
temperatures led to the conclusion that the oxidation process is stress related. The process of matrix
oxidation from the cooled surface develops perpendicularly to the axial thermal stress component.
Figure 7b shows the penetration of oxygen by the formation of a narrow oxide wedge in the matrix,
tested at 600 °C for 1000 thermal cycles. The angle of inclination of the oxide front is almost
perpendicular to the cooled surface and thus almost perpendicular to the thermal stress acting on it.
The same applies to the micrograph in Figure 7c, where three oxide wedges are again almost
perpendicular to the cooled surface.

MTF OMM L.J =] 18mm MTF OmM+ L.J

(a) (b)
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Figure 7. Oxidation in the matrix and cooled surface: (a) oxidation of surface after 2500 cycles at 700
°C, (b,c) oxidation tongues after 1000 cycles at 600 °C, (d) oxidation direction deviation toward
internal crack tip, (e) increased oxide band originating on the small cracked carbide after 1000 cycles
at 700 °C and (f) larger oxide tongue in the matrix originating from the surface after 2500 cycled at
700 °C.

A slightly opposite inclination of the outer oxide wedges can be attributed to stresses caused by
inner cracks that act outside the section shown. The stress dependent direction of oxide growth due
to internal cracks is shown in Figure 7d. The visible deflection of the growth direction of the oxide
front is caused by stresses at the tip of the inner crack, which occur before the main crack. Therefore,
the direction of matrix oxidation is stress related and follows the maximum effective stress. The
oxidation front begins to grow perpendicularly to the cooled surface and the growth direction
deflection can later be influenced by stresses resulting from the internal cracks. The width of the
oxidation front is relative and depends on the test conditions, as shown in Figure 7e (right) for the
case of a high test temperature of 700 °C and 1000 thermal cycles. The inclination of the oxide front
direction can be attributed to the inclination angle of the nucleated small crack in the eutectic carbide,
and the stress field acting on the crack tip. The oxidation front shown as a wide band is present on
the left micrograph. In addition, several short and a single long oxide wedges in Figure 7f are again
perpendicular to the cooled surface. Wider oxide wedges are attributed to the higher thermal stress,
as they are located near the cooled surface, and to the higher test temperature (700 °C). A common
feature of the oxide wedges observed in Figure 7b,c,ef is that their inclination is not related to the
carbides present. From this it can be concluded that the growth direction of the oxide front is stress-
dependent and that oxidation progresses from the stress field of the greatest thermal stress to stress
fields at the inner crack tips.

3.3.4. Oxidation Behavior and Crack Growth Direction at High Thermal Stresses
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Figure 8. Influence of high effective thermal stress on the oxidation behavior and crack growth: (a)
cracking and crushing of carbides, crack growth using the carbide pathway and oxidation after 2500
cycles at 700 °C—marked areas of detail A (Figure 11a) and subfigure c; (b) crack pathway and
oxidation after 1000 cycles at 600 °C; (c) crushing and oxidation of thick carbides; (d) occurrence of
initial internal cracks, cracking and oxidation of cracked and crushed carbides under the cooled
surface after 2500 cycles at 600 °C; (e) distribution of O in the subfigure d; and (f) initial stage of
enlarged carbide cracking and crushing at the cooled surface after 1000 cycles at 500 °C.

In general, crack growth at high thermal stresses (above approx. 900 MPa) can be divided into
three different stages with regard to the contribution of carbide oxidation in relation to thermal
stresses (cracking, crushing). In each of the three phases the contribution by oxidation is different. In
stage (i), oxidation plays no significant role in crack growth, which occurs due to carbide cracking
and crushing as a result of high thermal stresses (cf. Figures 5c,6a). This is especially true for the
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thicker carbides, which are precipitated below the surface at depths where the thermal stress is still
high. Characteristic for the second stage (ii) is the lower thermal stress compared to stage (i). In this
stage, crack growth is caused by carbide cracking (crushing) and by crack tip and canal oxidation.

The consequence of the oxidized material around the crack canal is an additional strain at the
crack tip due to the increased volume of the oxides. In addition, the strain field around the crack canal
and the crack tip oxygen diffusion to the crack tip and at the same time reduces the mechanical
properties of the material around the crack tip. This results in an increased crack growth rate. The
crack growth in the first and second phase mainly follows the carbide pathway. In contrast, the
contribution of oxidation is relatively greater for crack growth in stage (iii) compared to the
contribution of oxidation in stages (ii) and (i). The orientation of crack growth in the stage (iii) is
mostly perpendicular to the cooled surface and follows the path in the matrix. However, when
carbides act as obstacles at the crack tip, deviations of the crack growth direction have been observed.
This was attributed to the stress field around the crack tip of the nearby internal cracks. In addition,
a straight line path of crack growth in the matrix was observed when the thermal stresses acting are
relatively low, i.e. thermal stresses do not cause carbide cracking in the direction perpendicular to
the cooled surface. Crack nucleation and growth occurs next to the carbides also when the carbide
orientation is at a low angle of inclination to the cooled surface (see Figure 8a,b). In the first stage of
crack growth as a result of high thermal tensile stresses, the crushing and cracking of carbides was
observed. This stress release mechanism consequently causes crack growth following carbide path,
regardless of the orientation of the carbides. A higher magnification of the marked area in Figure 8a
is shown in Figure 8c, where crack nucleation and carbide crushing is shown. Due to the sufficient
ductility of the matrix, the cracking of carbides is caused by the strain due to thermal stress, whereby
the toughness of the carbides is significantly reduced compared to the toughness of the matrix. As a
result, crack growth in this mode begins independently of carbide orientation by following the
carbide path. Figures 8d and 8e show the rapid oxidation of crack canals in cracks caused by high
thermal stresses. From this it can be concluded that crack growth in the first oxidation stage follows
the initial crushing and crack formation of the carbides (cf. Figure 8f). Overall it can be said that in
the case of high thermal stresses, oxidation has reduced role in crack nucleation and initial growth
process.

Figure 9a shows an intensive oxidation of the eutectic region. A large oxidized area at the
beginning of the crack canal is visible, followed by an oxidized area of eutectic carbides. Surface
bulges or elevations on the surface where the crack canal begins are also observed. In the second case,
shown in Figure 9b, large oxidized eutectic regions exhibit extensive carbide cracks due to increased
stresses near the crack tip. This is exhibited shown by crack branching and the occurrence of internal
cracks in carbides. Therefore, oxidation of the eutectic region accelerates crack growth due to
increased internal cracks formation around the crack tip as a result of increased stress on the oxidized
regions.

MTF OMM LJ Hyo8  Z8mm MTF OMM LJ

(a) (b)

Figure 9. Deformation due to the oxide volume change and crack oxidation next to the eutectic carbide
after 2500 cycles at 700 °C: (a) oxidation of the secondary crack and surface material deformation with
marked area of the detail and, (b) detailed view of increased oxidation of the crack tip.



Metals 2020, 10, 450 14 of 25

3.3.5. Oxidation Behavior and Crack Growth Direction during Medium Thermal Stress

According to our estimation, the medium thermal stresses are in the range between 700 and 900
MPa. FEM simulations show that this is at a depth of about 10 um at a test temperature of 500 °C. At
600 and 700 °C, medium stresses at depths between 6 and 17 um and 14 and 25 um are expected,
respectively.

NTF QMM LJ

(b)

L ZBkY e ~ NTF OMM LJ

(o) (d)

Figure 10. Influence of the medium effective thermal stress on the oxidation behavior: (a) micrograph
of the oxidized crack canal—marked areas B (Figure 14c) and C (EDX elemental maps in the
subfigures b and c); (b) distribution of Cr; (c) distribution of O; and (d) typical appearance of the crack
and oxide following the carbide pathway at the medium effective thermal stress after 2500 cycles at
700 °C.

An increased crack length leads to a decrease in thermal stress and consequently to changes in
crack propagation conditions. Changed crack propagation conditions are referred to here as the
second stage of crack development. In this phase, a reduced thermal stress with the number of cycles
is responsible for decreased crushing of the carbides. However, the thermal stresses at the crack tip
are still sufficiently high, leading to the occurrence of an internal cracks near the crack tip. This leads
to oxidation of the crack tip and the internal crack canals” oxidation (cf. Figure 9). As a result of the
latter, the strength of the surrounding material is reduced, which leads to accelerated crack growth.
Characteristic of this stage is that the crack growth still mainly follows the carbide/matrix boundaries
(see Figure 10a—d). If the crack follows the carbide/matrix boundary, it is called a carbide pathway.
The oxidation of the crack tip and the crack canal in front of the crack tip contributes to the subsequent
crack growth with regard to thermal stress. Figure 10a shows the entire crack with a marked area
where Cr and O were mapped. The distribution of Cr is shown in Figure 10b, while the elemental
map of oxygen is shown in Figure 10c. Figure 10d is a typical micrograph taken in the depth of
expected medium thermal stresses. The crack follows the carbide pathway and there are slight
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carbide cracks. Crack nucleation and initial growth follow the carbide pathway regardless of the
orientation of the primary or eutectic carbides. At this stage, a very versatile crack growth direction
is characteristic, which sometimes leads to a curved crack shape.

3.3.6. Oxidation Behavior and Crack Growth Direction at Lower Thermal Stress

The third stage of crack growth was associated with an additional decrease in thermal stress.
The cracking and crushing of carbides decreases as a result of the decrease in thermal stress. At this
stage, oxidation behavior shows increased significance. A slight contribution of crack formation and
crushing of carbides still contributes to crack growth—to a lesser extent, however, than in the first
and second stage. The effective thermal stress acting in this phase is estimated to be below 700 MPa.
Due to small thermal stresses, primary and secondary cracks deeper in the material were observed at
depths of more than 1300 pm.

According to our estimation, the medium thermal stresses are in the range between 700 and 900
MPa. FEM simulations show that this is at a depth of about 10 um at a test temperature of 500 °C. At
600 and 700 °C, medium stresses at depths between 6 and 17um and 14 and 25 pm are expected,
respectively.

Oxidation Behavior of the Primary Crack Propagating Perpendicular to the Cooled Surface

At the test temperature of 700 °C, a thermal stress of about 410 MPa was determined at a depth
of 1300 um. Similar stresses are achieved at a test temperature of 600 °C at a depth of 1420 um and at
a depth of 1600 um at 500 °C. Characteristic of crack growth under these conditions is that the crack
propagation through the matrix is in a direction perpendicular to the cooled surface, even if the
carbides are not oriented perpendicularly to the cooled surface. If the oxidation process is strong, it
helps crack propagation through the matrix. In cases where no oxidation is present, the crack
propagation rate decreases as the crack tip enters the matrix [6].

The strain field originating from the crack tip can still cause internal cracks, as shown in Figure
9. Internal cracks usually appear near the crack tip in the eutectic carbide region. The growth direction
of the cracks through the area of the carbides with merging internal cracks does not deviate
significantly from the perpendicular direction to the cooled surface. The direction of crack growth
does not change the inclination (see detail A in Figure 8a and Figure 1la). Furthermore, the
straightness of the crack increases in the direction of growth. In general, crack propagation follows
the carbide pathway if its orientation with respect to the direction of the thermal stress does not
deviate significantly from the perpendicular orientation to the cooled surface. The straight-line
appearance of cracks is an important feature in the third stage of crack growth. Figure 11a shows that
if the carbides are distributed in a direction perpendicular to the cooled surface, the internal cracks
formed lead to the formation of a global crack. In contrast, the crack propagates through the matrix
when the carbides are not oriented near the perpendicular direction to the cooled surface. The
favorable oxidation direction is perpendicular to the maximum effective thermal stresses, as shown
in Figure 11b (detailed view of the crack tip in the marked area), for the radial direction after 1000
thermal cycles at a test temperature of 600. Figure 11c shows two different cases (see marked areas
on the left and right side) for the final stages of crack growth at depths of more than 1000 pm. It is
important to note that the conditions shown apply to low thermal stress, where the importance of
oxidation increases. The section in the left hand rectangle in Figure 11c shows the formation of an
internal crack in front of the crack tip of the primary crack. In the next stage of crack growth, an
internal crack formed in the carbide fuses before the crack tip and the crack propagates through the
matrix. It can also be seen that the inner crack direction does not deviate from the vertical direction.
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Figure 11. Influence of low effective thermal stress on oxidation behavior: (a) micrograph of increased
straightness at the end of primary crack after 2500 cycles at 700 °C of the area A in Figure 8a; (b) crack
in radial cross section and detailed view of the crack tip after 1000 cycles at 600 °C; (c) crack growth
and formation of internal crack in carbide cluster located in the crack growth direction in the left
detailed area, and detail on the right is crack growth in the matrix between eutectic carbides without
internal crack at carbides; (d) crack canal oxidation and crack growth following the carbide/matrix
interface observed after 1000 cycles at 700 °C; (e) formation of the internal crack in carbide before
crack tip of the primary crack—(top) oxidation of carbide, and oxide branching at the larger carbide
(bottom) after 2500 cycles at 700 °C; (f) oxidation of the carbide/matrix interface and oxidation
direction deviation to the perpendicular orientation after 2500 cycles at 500 °C.

On the other hand, the crack shown in detail in the right rectangle in Figure 11c does not cause
the formation of internal cracks in carbides due to the low thermal and crack tip stress. In this case
the influence of oxidation on crack growth is increased compared to the first and second stage. It can
be noted that in the case without internal carbide cracks, the crack propagation is in the oxidation
favorable position in the matrix (Cr depleted areas adjacent to carbides). In contrast, in the case of
high thermal stresses, internal carbide cracks precede crack growth and the direction of crack growth
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would follow the carbide path. Furthermore, as shown in Figure 11d in the area marked in detail,
crack growth due to oxidation can occur and follow the carbide/matrix interface if no carbides are
present near the crack tip and the magnitude of the applied thermal stress is sufficient. In cases
wherein oxidation plays a decisive role, the crack growth direction can follow the carbide/matrix
interface perpendicularly to the cooled surface and does not only propagate through the matrix.
Figure 11e shows two different types of crack growth observed after 2500 cycles at 700 °C. The first
type involves the formation of internal cracks in carbides and grow by oxidation in both directions;
i.e,, to and from the cooled surface. Characteristic of the second type of oxidation growth is the
formation of two oxidation tongues at the carbide/matrix interface. In Figure 11f, oxidation was
observed at the carbide/matrix interface after 2500 cycles at 500 °C. The oxidation direction at the tip
of the carbide deviates and continues in the direction perpendicular to the cooled surface (i.e.,
perpendicular to the influence of the axial thermal stress). The occurrence of cracks at the
carbide/matrix interface near the oxidation crack tip indicates a reduced adhesion between the
mentioned microstructural features. Growth through the matrix in the vertical direction and growth
after the carbide/matrix interface are the second and third possibilities respectively. These things
happen in cases in which the crack formation of carbides does not occur near the crack tip and the
angle of inclination of carbide/matrix is low enough.

Oxidation Behavior and Crack Growth Direction it the End Regions of the Secondary Cracks at 500
and 700 °C

It is characteristic of the formation of secondary cracks that their formation occurs at significantly
lower thermal stresses compared to primary cracks. However, the formation of primary cracks in
their final phase is also associated with lower thermal stress. From this it can be deduced that a similar
role of oxidation and carbide cracking can be observed in the growth of secondary cracks as in the
growth of primary cracks at a depth of more than 1300 um. Figure 12a,b shows for the test
temperature of 500 °C (Figure 12a for 1000 cycles and Figure 12b for 2500 cycles) that in the case of
lower thermal stresses, cracking follows the carbide/matrix pathway and the influence of oxidation
is emphasized. Cracking of carbides along the crack path is negligible and indicates a lower thermal
stress and an increased importance of oxidation. From the point of view of material strength, the
carbide/matrix interface is not a weak spot and crack growth through this area is strongly associated
with oxidation. Moreover, in the approximately 4 um wide band along the carbides, the Cr content
is reduced and was measured with EDX in the range of 4-5 wt. %. In comparison, the Cr content in
the matrix is in the range of 6-8.5 wt. %. After 2500 cycles (cf. Figure 12b) it can clearly be observed
that the crack formation in carbides is low. However, the crack formation in carbides is slightly
increased compared to the observation after 1000 cycles (see Figure 12a). From the observations made
it can be said that both crack tip oxidation and internal oxidation of the crack canal are the driving
forces of crack growth.

As expected, the observed oxidation surface is larger at the test temperature of 700 °C than at
the test temperature of 500 °C. Nucleation sites for cracks are carbides of the carbide/matrix interface.
For a case in which the orientation of the carbides deviates significantly from the vertical direction,
the crack follows the oxidation path. This means that the crack growth is oriented in the direction of
the maximum thermal stress (see Figure 12c for the condition after 1000 cycles). Figure 12d shows
that after 2500 cycles crack nucleation occurred on eutectic carbides. At a depth of about 90 pm, the
crack growth mode starts through the matrix and runs perpendicularly to the cooled surface. This
confirms that the crack path does not always follow the carbide path or the carbide/matrix interface
path.

In the case wherein the secondary crack follows the carbide path, the final phase is similar to the
final phase of longer cracks (see Figure 11), since in both cases the thermal stresses are low. Reduced
internal micro-crack formation occurs when the influence of thermal stress is low. In case of a small
inclination angle of the carbides, this leads to changes in the crack propagation path. The crack leaves
the carbide path and takes up the matrix path; i.e., the direction of growth becomes, in steps,
perpendicular to the cooled surface (see Figure 12e). Similar things can be seen in Figure 12f, but in
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the latter case the formation of two branches in the matrix in the favorable oxidation direction is
visible. The branching of the crack is perpendicular to the cooled surface, where higher thermal
stresses occur.

MTFE oMM LT 2 3 A 18mm NTFE OMM LJ

NTF OMM LJ zakU xX4ee S8 NTF oMM LT

NTF oMM LT * ] B 3 NTF OMM L.T

Figure 12. Secondary crack pathways and oxidation behavior; (a) using carbide/matrix interface after
1000 cycles at 500 °C, (b) carbide/matrix crack pathway after 2500 cycles at 500 °C, (c) deviation of
oxidation direction after 1000 cycles at 700 °C from carbide orientation to perpendicular direction in
the matrix, (d) deviation of oxidation direction after 2500 cycles at 700 °C, (e) change from carbide
pathway to perpendicular direction in the matrix and detail of internal cracks in carbide cluster before
crack tip of the primary crack and (f) crack branching from carbide pathway to matrix pathway in the
perpendicular direction to the cooled surface.

Oxidation and Branching of Primary Cracks towards Internal Cracks

At lower thermal stress the influence of oxidation during crack growth increases. The crack
growth at the test temperature of 700 °C and a depth of more than 1300 um is shown in Figure 13a—
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d, whereby the influence of oxidation during crack growth is increased. In the case shown in Figure
13a (detailed view in Figure 13b), the main crack is divided into three branches. The approach of each
of the three individual branches to internal cracks can be observed. This example confirms that the
stress field around the internal crack tip influences the direction of oxidation; i.e., the crack growth
direction is attracted to the influencing stress field. Furthermore, the case in Figure 13c shows the
multiple division (oxidation) of the main crack. In general, the main oxidation path is divided into
two oxidation branches, which are further individually divided into several branches. In Figure 13c
the oxidation direction of the right branch (branch 1) is towards the matrix below the eutectic carbide.
As already shown in this area, the Cr content is reduced, which has a direct effect on the oxidation
direction. After the main oxidation tongue has completely covered this area, it begins to branch out
into several tongues that approach in a vertical direction perpendicular to the cooled surface. Branch
2 is the left branch in Figure 13c and is divided into two oxidation branches. The first one grows in
the opposite direction of a general crack growth (it grows towards the cooled surface), while the
second (lower) branch grows in several directions away from the cooled surface. The later branch is
further divided into several smaller, radially oriented branches.

NTF OMM LJ S8 rm NTF OMM LJ

(b)

X588 SBam NTF oMM LT MNTF OMM LJ

(c) (d)

Figure 13. Influence of oxidation on crack branching: (a) crack exceeding 1300 um with marked area
of subfigure b, (b) primary crack branching and individual approaches of oxide branches to internal
cracks, (c) branching of the primary crack by oxidation based on low thermal stresses and growth in
area with depleted Cr content and (d) branching of the primary crack in the preferred oxidation
direction and growth towards areas with depleted Cr content in a narrow band adjacent to the
eutectic.

At low thermal stresses, the oxidation direction is not emphasized as much as at high thermal
stresses. In the latter case, an oxidation branch usually predominates. Figure 13d shows the division
of the oxidation branch for the test temperature of 600 °C and 1000 cycles. The formation of oxidation
in two sub-brunches occurs after the main crack has passed through the eutectic carbide. A lower Cr
content in the band of about 5 um to the carbide was identified as a major factor in the division into
two branches. More detailed observations show that both branches follow the range in the matrix
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where a lower Cr is expected. Similarly to the previous observation, the right branch gradually,
stepwise, approaches direction perpendicular to the cooled surface at a depth of about 1400 pm, with
a nominal thermal stress of about 400 MPa. To describe complete oxidation, one has to consider the
variation of chemical elements in the matrix near microstructural features such as carbides, since the
preferred oxidation pathway may follow changes in matrix composition.

3.3.7. Conditions for an Increased Oxidation Rate of the Matrix along Carbides and Lamellae
Eutectics Perpendicular to the Thermal Stresses

In previous subsections it has been shown that areas with depleted Cr content in the matrix,
such as the matrix adjacent to the eutectic and along the primary carbides (see Figure 3), oxidize more
rapidly than the carbides themselves (see Figure 4). The observed forms of eutectic carbides vary
among lamellae, spheroids and lenticular forms. In the case of eutectic lamellae parallel to the cooled
surface, oxidation of eutectic carbide is low due to the low cracking of the parallel lamellar carbides
(see Figure 14a,b). A low thickness in the range of 3—6 um leads to less cracking of the lamellae and a
low subsequent oxidation of this eutectic carbide form. The oxidation behavior and crack growth are
shown in Figure 10a (detailed view of an area B in Figure 14c). The oxide of the lamellae on the left
side is extensive and covers a large area almost perpendicular to the cooled surface. On the other
hand, the oxidation of the lamellae on the right side is oriented at an angle of approximately 45° and
at the same time takes the form of a narrow tongue with a length of approximately 140 um (cf. Figure
14c). This behavior was attributed to a reduced Cr content in the matrix near the eutectic (narrow
areas between the lamellar carbides) and to the effective thermal stress applied. Similar observations
were made for the eutectic lamellae shown in Figure 14d, whose inclination is about 70°, and the
length of the oxidized tongue is about 120 um.

(b)

NTF OMM LJ

(d)

Figure 14. Oxidation of eutectic lamellae with smaller oxidation area oriented parallel to the cooled

surface: (a) Distribution of Cr and (b) distribution of oxide tongues after 2500 cycles at 700 °C next to
lamellae carbides; (c) detailed view of area A in Figure 10a with long oxidized tongues aligned 45° to
the cooled surface and (d) long tongue next aligned approximately 70° to the cooled surface.
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3.3.8. Oxidation Progress of Carbides and Matrix Adjacent to Carbides

Not only does the Cr content influence the oxidation, but we also observed different oxidation
progressions of the carbides depending on the Mo content. Content of Mo in primary carbides is not
uniform and was determined in the range of 3-8 wt. %. Observations indicate increased oxidation
when the Mo content in the carbides is lower (see Table 2 and Figure 2b). Figure 15a,b shows two
cases where the oxidation front occurs in areas adjacent to and on the carbides. The carbides in Figure
15a contain a higher Mo content (5 wt. %) than the carbide shown in Figure 15b, where the measured
Mo content was 2.2 wt. %. The comparison of the two oxidation fronts (test temperature of 700 °C)
clearly shows that at increased Mo (Figure 15a) the oxidation of the carbides takes place in a smaller
area along the carbides compared to the area with depleted Cr. Consequently, the oxidation front at
these locations is the main focus of attention as far as the oxidation front on carbides is concerned. In
the case shown in Figure 15b, where the Mo content in the carbides is lower, the oxidation front is
aligned with the carbides and in a narrow Cr depleted band in the matrix adjacent to the carbides.
The observation of differences in oxidation behavior in Figure 15a,b indicates a reduced area of the
oxidized material when the Mo content is higher. This points to the dependence of the oxidation
intensity of crack tips not only on the depletion of Cr, but also on the Mo content. The observation of
differences in oxidation behavior in Figure 15a,b indicates a reduced area of the oxidized carbides
when the Mo content is higher.

@ . (b)

Figure 15. Oxidized area of matrix adjacent to carbides at test temperature of 700 °C: (a)
approximately 5 wt. % of Mo in carbides and (b) approximately 2.2 wt. % of Mo in carbides.

4. Discussion

The roller material is constantly exposed to heating and cooling cycles. Due to the cooling water
used in rolling mills, some materials show significant surface deterioration not only due to thermal
cycles but also due to oxidation. In the available scientific literature, the oxidation phenomena are
mainly discussed by classical oxidation studies in humid atmospheres and under isothermal
conditions [4,15,22,23,28,34-38]. Since thermal cycles with water cooling stress the material in each
cycle, a direct comparison is very difficult. A basic oxidation degradation discussion on a similar
material is given in reference [15]. In the present paper, the knowledge of oxidation of high Cr roller
material is expanded from initial work on oxidation under thermal fatigue for the same material
listed in reference [6]. In addition, the current paper aims to link the oxidation progress with the level
of thermal stress applied.

In accordance with the literature [6,7,15,39,45], oxidation of larger eutectic carbides under the
cooled surface in combination with the crack growth direction using primary carbide paths leads to
fusion of the oxidized region and consequently to early spalling and chipping of the fused regions
from the surface layer. A novel contribution of this work is the division of the applied thermal stress
based on the stress level into stages with observed similar crack growth and oxidation degradation
of the roller material. The contribution of oxidation to crack growth is conditionally divided into three
different stages with respect to thermal stress and primary crack growth progress:
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(i) The first stage, in which the applied thermal stresses are high, is characterized by processes
of cracking and crushing of carbides related to crack growth. The crack growth follows the carbide
pathway, with oxidation playing a less relevant role. However, oxidation still causes an increase in
stress at the crack tips.

(if) Second stage, in which the effective thermal stress is medium, shows crack growth by
cracking and crushing of carbides and internal oxidation of cracks. Internal crack oxidation leads to
increased stress at the crack tip and reduced strength of the material around the crack tip. Cracks
mainly follow the carbide path.

(iif) The third stage, in which the effective thermal stresses are low, is characterized by crack
growth by fusion of internal cracks and the main crack. Important is the increased role of oxidation;
i.e., crack growth takes a favorable oxidation direction perpendicular to the maximum thermal stress.

Oxidation allows changes in crack growth direction; i.e., from carbide path to path through the
matrix. The inclination angle to the cooled surface and the straightness of the cracks increase, and
oxidation of the carbide/matrix interface is common. The oxidation growth characteristic of
secondary cracks is similar to the third stage of primary crack growth.

Thermal stress; shape and size of the eutectic, contents of Cr in the matrix and eutectic carbides,
orientation of the eutectic lamellae (perpendicular to the cooled surface), occurrence of cracks in
eutectic carbides and temperature accelerate the oxidation of the matrix. The oxidation progress of
carbides and the matrix adjacent to carbides depends on the local chemical composition. The
oxidation intensity of crack tips depends not only on the depletion of Cr, but also on the Mo content.
If the Mo content in the carbides is lower, the oxidation front will align along the carbides and the
oxidation rate is expected to accelerate. The results obtained confirm that the matrix generally
oxidizes faster. As shown in Figure 15b, carbides can oxidize at a similar rate to the matrix due to
local variations in chemical composition, especially Mo content. In some cases, carbides could oxidize
faster than the matrix, depending on the local chemical composition, which complements the
observations of Kim et al. [34]. Large oxidation tongues in the present study contrast with oxidation
studies [4,15,22,23,28,34-38] and tribological tests [3,9-11,14,16,25,26,33,35,39-57]. This is attributed
to test conditions where thermal cycles play an important role in O diffusion and confirms the theory
of Lao et al. [27] that the condition under isothermal testing in the highly plastic deformed region
during sliding wear is not comparable to the behavior during hot rolling.

5. Conclusions

The oxidation behavior during crack growth was characterized on specimens after thermal
fatigue tests of Cr12 (1.7C, 11.3Cr, 1.9Ni and 1.2Mo) roller steel in the temperature range of 500-
700 °C. The fatigue tests were interrupted after 200, 500, 1000 and 2500 thermal cycles and examined
by electron microscopy for degradation mechanisms, crack growth and oxidation behavior.
Observations of the oxidation behavior are linked to the calculated magnitude of thermal stress, the
properties of the matrix material and the carbides as well as the test temperature. The following
conclusions can be drawn from the results obtained:

e  The orientation of the carbides embedded in the microstructure is varied, which in combination
with the oxidation behavior and the thermal stress influence crack growth.

e  Thermal stress depends on the test temperature and the distance from the cooled surface. The
FEM simulations were used to determine the change in thermal stress acting through the sample
wall and show a strong correlation between temperature and stress value. An effective thermal
stress of more than 900 MPa was estimated to be high. The low effective thermal stress is below
700 MPa. Values between low and high were assumed as medium thermal stress.

e  Areas with depleted Cr content in the vicinity of eutectic carbides and within a narrow band
adjacent to the primary carbides were observed. Areas with reduced Cr are more susceptible to
oxidation. This applies to material surrounding eutectic carbide and band adjacent the primary
carbides.

e The oxidation behavior is temperature dependent and influences thermal stress as well as
carbide and matrix properties. The oxide area grows with higher temperature and thermal
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stress. The oxidation mechanism is based on diffusion growth, and the oxidation rate of the
matrix adjacent to the carbides is generally higher than in the oxidation of carbides. Due to the
variation of the local chemical composition, carbides could oxidize faster in special cases.

e  The direction of oxidation in the matrix is determined by the direction of the effective thermal
stress in combination with the crack tip stress. The oxidation of the eutectic carbides located
below the surface is associated with the cracking of eutectic carbides and the formation of cracks
from the surface to eutectic carbides, which enabled the diffusion of oxygen in the crack canal.

e  Cracking of eutectic carbides is accelerated by thermal stresses, which accelerate the oxidation
rates of carbides. The influence of the Mo content on the oxidation of carbides and consequently
on crack growth was observed. An increased content of Mo in carbides slows down oxidation
around the carbides.
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