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1 EU funding and Disclamer 

This project HIPERMAT has received funding from the European Union´s Horizon 2020 

research and innovation program under grant agreement No 958196. 

The results provided in the present deliverable reflects only the author´s view and the Agency 

is not responsible for any use that may be made of the information it contains. 

 

2 Introduction 

 

The main backbone of the hot stamping process is the austenitizing furnace. The traditional 

furnace used in hot stamping is the roller-hearth furnace, typically 40 m long, but there are 

several different furnace designs and technologies available, each with its own strengths and 

weaknesses in terms of availability, heating efficiency and process quality. The ROLLING 

BEAM furnace is based on a technology for moving steel blanks through the furnace, by 

combining horizontal and vertical movements of the furnace beams. The horizontal advancing 

mechanism is composed of metallic beams supported on rollers with rings placed along the 

furnace. The advancing beams move over the rings in a cyclic movement forward and 

backwards. Several ceramic beams (situated along the furnace between the metallic beams) lift 

the blanks while the advancing beams roll backwards to their original position and place the 

blanks further along on advancing beams in their downwards movement. This equipment works 

under fluctuating high temperature conditions in the entrance of the furnace (from 450 to 

750ºC), high loads due to the own weight of beams and the charge, corrosive environments due 

to the combustion gases, and continuous high temperature exposure inside the furnace, in the 

range of 930-970ºC. When exposed to such high temperatures for long periods, the furnace 

beams undergo material degradation in which the initial microstructure of the material changes, 

resulting in deterioration of mechanical properties and further led to degradation that can cause 

failure. Under those conditions, failure modes are thermal fatigue of beams at the entrance of 

the furnace, combined corrosion and creep of the inside beams and combined corrosion, creep 

and wear of rings (Table 1). Therefore, the correlation between microstructure evolution and 

changes in mechanical properties needs to be demonstrated. Investigations to the microstructure 

(including for e.g., grains, surface oxides, carbides, and phase) of the components thus plays an 

important role in further improvement of the beam material, which can elongate the service life 

of the material, leading to the reduced resource use and improved material resource efficiency 

[1]. 
Table 1. Failure modes observed in the furnace parts   

 

Beam inside the furnace    Beam at the entrance of 
the furnace  

Ring  

- Microstructure 
degradation (Cr23C6 

precipitation)   

- Creep  

- Microstructure degradation 
(Cr23C6, σ phase 
precipitation)   

- Thermal fatigue   

- Deformation   

- Creep  

- Microstructure 
degradation (Cr23C6, σ 
phase precipitation)   

- Corrosion   

- Wear   

- Deformation   

- Creep  
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A ponderation of required specific properties for each component is made in underneath table 

(Table 2). This table has been prepared taken in consideration that alloys selection should be 

made based on results of tests results, combined with criticality of properties for each 

component. 

Table 2. Criticality of alloy properties for each component. 

Component Properties 

Creep Crack growth Thermal fatigue Wear  Corrosion 

Beam inside  5 4 2 2 1 

Beam outside 3 4 5 2 1 

Ring 5 2 2 4 1 

*Weight for ponderation are: 1(low importance) to 5 (high importance) 

This report comprises the description of main processed materials in terms of microstructure 

and physical properties of solidification and phase precipitation as a part of deliverable D4.1.- 

Report on characterization of main processed materials. Based on the defined lab-scale 

production technique and the selected steel (bulk) materials for beams and rings in WP2, several 

samples of each selected material have been manufactured for microstructural characterization 

by AZT. KTH received those manufactured samples for beams and rings based on the proposed 

material compositions as specified in WP2 (Table 3) in June 2021. These samples have been 

microstructurally analyzed in the KTH materials characterization laboratory based on the 

selected evaluation techniques and defined procedures as SEM-EDS/WDS, SEM-EBSD and 

LOM. In the second step, the samples have been analyzed using differential scanning 

calorimetry (DSC). In the following chapters, the results from the microstructural and thermal 

sample analysis is summarized and conclusions from the results have been drawn and presented. 

Table 3. Reference furnace samples and manufactured samples with different material specifications 

as suggested in WP2 for beams and rings as manufactured by AZT 

 

Sample Name 

REF-1 Reference 1 

REF-2 Reference 2 

BEIN-1 Beam Inside 1 

BEIN-2 Beam Inside 2 

BEEN-1 Beam 

Entrance 1 

BEEN-2 Beam 

Entrance 2 

R Ring 
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3 Methods 

The objective of this deliverable is to investigate the microstructure with accordance to the 

thermodynamic calculations further to improve the properties of the material. To achieve a 

deeper characterization of precipitates, Scanning Electron Microscopy (SEM), analysis of 

chemical composition using Energy Dispersive X-Ray Spectroscopy (EDS) and Electron 

Backscatter Diffraction (EBSD) has been performed. In addition, thermal analysis by DSC has 

been incorporated to investigate the major phase transitions at high temperatures. The methods, 

techniques and the way of sample preparation used are presented in the followings:  

3.1 Materials characterization 

 

The samples as specified in Table 3, which have been manufactured by AZT were in newly as-

cast condition. These samples and the reference samples have been prepared for metallographic 

analysis in standard procedures after the workpiece of interest was cut into tiny cubes with a 

proper section area. After grinding and polishing, the samples were subsequently etched with 

V2A solute (100ml H2O+100ml HCl+10 HNO3) at 50℃ to reveal the microstructure. The 

metallographic observation was firstly carried out with use of the Light Optical Microscope 

(LOM) and second with use of the Scanning Electron Microscope (SEM) with accelerating 

voltage of 15kV to investigate the morphology of the secondary phases and in order to quantify 

the chemical composition. Followed by SEM based Electron Beam Backscatter 

Diffraction (EBSD) technique which provides crystallographic information about the 

microstructure and thus helps to identify the different phases. The EBSD technique is used for 

characterizing of the microstructure and micro texture of crystalline materials in a number of 

ways, including grain and sub grain size, texture and grain boundary distribution. It is a SEM 

based surface technique, which gives information of the phases and orientations of the crystals 

in the sample. Similar steps as above are followed for EBSD sample preparation until polishing, 

but etching was not included. A proper sample preparation for EBSD is very crucial in order to 

obtain the best possible results. Further, the phase (area) fraction was calculated using the LOM 

micrographs for all the samples at the same magnification. Using ImageJ tool, phase fraction 

was estimated by carrying out an image analysis to quantify the total surface occupied by 

different phases. 

 

3.2  Thermal analysis 

 

Differential Scanning Calorimetry (DSC) was used to investigate the phase change as a function 

of temperature for the samples manufactured by AZT and the reference furnace samples. DSC 

is a powerful thermo-analytical technique for studying the thermodynamics and kinetics of 

phase changes within the sample as a function of temperature. The equipment, which was used, 

was a simultaneous thermal analyser STA 449 F1 Jupiter® from Netzsch with simultaneous 

DSC/TGA (Thermal Gravimetric Analysis) capable of temperatures up to 2000°C. The 

temperature ranges from room temperature  to max. 2000ºC (TGA-DTA function) / 1600 ºC 

(TGA-DSC function). The samples were cut in order to fit into the Alumina holding crucible 

of size (ø6.8mm). The temperature was set to max. 1200ºC with a heating rate of 10K/min in 
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order to obtain the required heating and cooling curves to investigate the phase transitions 

within the samples as a function of temperature.  

4 Results 

4.1 Light Optical Microscopy (LOM) 

The optical micrographs of all seven steel samples as given in Table 3 are shown in Figure 1. 

Precipitations mainly distribute along the solidification cell boundaries as seen in the reference 

samples a) and b). For the BEIN-1 (Figure 1 c) scattered precipitates are seen in an equiaxed 

shape. Moreover, according to images of steel d), e) and h), the solidification process after 

casting can also generate a dendritic microstructure where the directional growth of the 

columnar grains can be obviously noticed. The dendrite grain boundaries also serve as an ideal 

site for nucleation. It can be observed that the microstructure of the newly manufactured 

materials by AZT show to some extend a finer structure than the reference materials (Figure 1 

a, b).  

 

    
 

  

a) b) 

c) d) 
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Figure 1. Optical micrographs under the same magnification 

a) REF-1   b) REF-2   c) BEIN-1 d) BEIN-2  e) BEEN-1  f) BEEN-2  and  g) R 

4.2 SEM-EDS 

 

Further, the microstructure, by point analysis and line scan for all samples have been 

investigated with use of SEM and elemental mapping. This report section describes the 

microstructure of the reference samples and the lab manufactured samples by AZT for the 

interior elements of the furnace including beam inside the furnace, beam at the entrance of the 

furnace and the ring. It was majorly observed that the scattered islands are enriched with 

Chromium and Carbon and thus inferred as Chromium carbides. A point analysis was also 

conducted for a few samples to quantify the composition and the representative results for the 

matrix. The composition of the points selected in the point analysis for the matrix and formed 

carbides on the grain boundary and the intragranular carbides is presented in a tabular format. 

In these tables (Table 8, 9, 10 and 11), the elements with significant high amounts are 

highlighted with specific colours. The highlight colours are as follows: Chromium, Iron, 

Molybdenum, Tungsten and Niobium. Regarding the point analysis by SEM, it should be 

mentioned that the diameter of the electron beam hitting the sample surface is limited, and a 

composition deviation can occur if the area of interest is not fully covered by the electron beam, 

especially when analyzing small precipitates. This could introduce small errors in the elemental 

analysis. Also, it is important to note the limitation of the SEM-ESD that the Carbon content 

e) f) 

g) 
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cannot be accurately measured. Thus, Carbon is only considered for mapping the elements and 

not for the point, line and area analysis. 

 

• Reference samples from the original furnace beam: 

 

The two reference samples REF-1 and REF-2 refers to the current used steel in the 

manufacturing furnaces HK (Cr25-Ni20). Table 4 and Table 6 shows the chemical composition 

for REF-1 and REF-2 respectively. For these samples, elemental mapping and area analysis 

was carried out.  

 
Table 4. Chemical composition of sample REF-1 

 

REF-1 C Si Mn Mo Cr Ni Nb W 

Elements 

(wt. %)  

0.32  1.28 1.01 - 23.8 18.7 - - 

 

Elemental mapping reveals the distribution of elements within the sample. For REF-1 sample 

(Figure 2 left), carbide precipitates along the grain boundaries and at the intergranular spaces 

have been observed. The spectrum (Figure 2 right) depicts the major composition (Table 5) for 

the selected area. The peaks for presence of Iron (Fe) and Chromium (Cr) are remarkably high. 

 

 
Figure 2. SEM Microstructure and EDS spectrum of steel REF-1 

 

Table 5. Chemical composition of sample REF-1 for selected area 

Element (wt. %) 

Silicon 2.02 

Chromium 26.98 

Iron 53.68 

Nickel 16.37 

Manganese  0.96 
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The SEM imaging (Figure 2 left) and elemental mapping by EDS (Figure 3) clearly shows the uniform 

distribution of the elements. Chromium, Carbon and Manganese (less) are mainly deposited in 

precipitates at the grain boundaries and the matrix is densely captured by Iron and also Nickel, 

Manganese, Silicon is majorly spread over the whole matrix.  

 

 

 
Figure 3. Elemental mapping of steel REF-1 

 

For the REF-2 sample, the chemical composition is almost similar as for REF-1. The EDS 

peaks (Figure 4 right) and elemental composition (Table 7) for the selected area was nearly the 

same. Also, the observed microstructure is similar but shows comparatively less intragranular 

precipitates. Table 7 provides the elemental distribution for the selected area. 

 

Table 6. Chemical composition of sample REF-2 

REF-2 C Si Mn Mo Cr Ni Nb W 

Elements 

(wt. %)  

 0.32  1.21 0.95 - 24.5 17.9 - - 

 

 
Figure 4. SEM Microstructure and EDS spectrum of steel REF-2 
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Table 7. Chemical composition of sample REF-2 for selected area 

Element (wt. %) 

Silicon 1.16 

Chromium 26.69 

Iron 54.51 

Nickel 16.77 

Manganese  0.87 

 

Chromium as shown in Figure 5 in green colour reveals the uniform distribution along the grain 

boundaries with some presence of Carbon and Manganese. Whereas Iron and Nickel are concentrated 

over the matrix, shows vacant space along the grain boundaries. 

 

 

 
Figure 5. Elemental mapping of steel REF-2 

 

The performed line scan did help to gather more detailed information along the grain boundary. 

Figure 6 shows the intense peaks of Chromium whereas the Iron and Nickel content drops at 

the grain boundaries. 
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Figure 6. Line scan of steel REF-2 

 

• Beam material inside the furnace as manufactured by AZT: 

 

For the sample BEIN-1 the scattered islands are enriched with Chromium and Carbon as well 

minor Molybdenum. Minor Sigma phase (𝜎) exhibits dispersed globular morphologies with 

major composition of Iron, Chromium, Nickel, Molybdenum, which is visible in the elemental 

maps (Figure 7). 

 

 

 

 
Figure 7. SEM Microstructure and Elemental mapping of steel BEIN-1 

 

Figure 8 represents a point analysis for sample BEIN-1. The dark grey colour indicates the 

presence of Chromium carbides (point 4). The carbide-matrix interface (point 6 and point 8) is 

mainly comprised of Iron (Fe) with some percentage of Chromium and Nickel. As mentioned 

earlier, the point analysis is not as accurate as mapping, since in the analyses some parts of the 

surrounding area of the selected point can influence the result of the analysis. Therefore, the 

point analysis of point 2, point 3 and point 5 shows slight possibilities of occupancy of Sigma 

phase (Table 8). 

 

Carbides 

Austenite 

Sigma 
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Figure 8. Point analysis of steel BEIN-1 

 

Table 8. Composition in wt% for point analysis of BEIN-1 

 

Element 

(wt. %) 

Spectrum (points) 

1 2 3 4 
(Carbide) 

5 6 
(Interface) 

7 
(Matrix) 

8 
(Interface) 

Silicon 0.2 0.21 1.19 0.06 0.00 1.87 1.28 1.89 

Chromium 78.48 79.56 33.45 82.81 66.44 20.96 22.49 23.40 

Iron 16.09 11.67 44.63 13.47 24.02 51.17 52.25 48.90 

Nickel 2.98 3.53 18.64 0.84 6.87 22.20 20.53 22.25 

Manganese  1.41 0.78 0.88 0.98 0.62 1.19 0.85 1.17 

Molybdenum 0.83 4.24 1.21 1.84 2.05 2.61 2.60 2.39 
 

Figure 9 shows the SEM microstructure image and elements mapping of steel BEIN-2. The 

Niobium and Molybdenum enriched phases are identified as MC (M = Nb, Mo) carbides, and 

those are the phases present in bright grey. Whereas dark grey depicts to Chromium carbides 

and dark black globular consisting mainly in Molybdenum, which can possibly be a Laves 

phase. 

 

1 

2 

3 

4 5 

6 

7 

8 
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Figure 9. SEM Microstructure and Elemental mapping of steel BEIN-2 

 

The results for the sample point analysis (Figure 10) are summarized in Table 9. The bright 

grey participates denoted as point 5 have a noticeable higher Niobium content, where the 

globular phase denoted as point 6 is enriched with Molybdenum and Tungsten. 

 

MC 

Cr-rich Carbides 

Austenite 
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Figure 10. Point analysis of steel BEIN-2 

 

Table 9. Composition in wt% for point analysis of BEIN-2 

 

Element 

(wt. %) 

Spectrum (points) 

1 2 
(matrix) 

3 4 
(precipitate on GB) 

5 
(light grey precipitate) 

6 
(Globular  precipitate) 

Silicon 1.44 1.51 1.81 0.02 1.67 2.37 

Chromium 25.31 21.93 23.35 81.38 25.25 42.95 

Iron 48.68 50.77 48.26 13.88 42.53 27.60 

Nickel 21.75 23.32 21.92 1.03 18.17 6.35 

Molybdenum 0.61 0.42 0.82 1.09 1.81 7.32 

Manganese 0.78 0.77 1.03 0.56 0.91 0.45 

Tungsten 1.22 1.19 1.65 1.73 2.38 10.47 

Niobium 0.52 0.09 1.15 0.32 7.27 2.49 

 

 

• Beam material devoted to the entrance of the furnace as manufactured by AZT: 
 

 

Similar to sample BEIN-2, Figure 11 shows the presence of Niobium that depicts the presence 

of Nb carbides as the bright grey highlights. The black precipitates indicate the occupancy of 

Chromium as carbides. From the mapping, a possible presence of laves phase can be observed. 

 

1 

2 

3 

4 

5 
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Figure 11. SEM Microstructure and Elemental mapping of steel BEEN-1 

 

Figure 12 represents the point analysis for BEEN-1. The globular precipitate can be the Laves 

phase as it has noticeable Tungsten and Niobium (point 1). Table 10 portrays the detailed 

elemental point composition, which is useful to identify the different phases. As mentioned 

above, small errors can occur when using point analysis.  

 

Cr-rich Carbides 

Austenite 

MC 
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Figure 12. Point analysis of steel BEEN-1 

 

 
Table 10. Composition in wt% for point analysis of BEEN-1 

 

Element 

(wt. %) 

Spectrum (points) 

1 2 
(matrix) 

3 4 5 6 

Silicon 0.5 1.42 0.06 0.21 0.18 0.29 

Chromium 75.15 18.09 74.63 72.82 74.78 68.81 

Iron 17.05 58.34 18.29 19.86 18.44 22.68 

Nickel 1.00 20.46 1.22 1.70 1.08 3.15 

Molybdenum 2.36 0.42 1.61 1.56 1.77 1.50 

Manganese 0.77 0.66 0.82 0.77 0.62 0.86 

Tungsten 3.34 0.56 2.73 2.35 2.36 2.22 

Niobium 0.29 0.04 0.64 0.73 0.77 0.49 

 

 

As seen in Figure13, the line scan draws high peaks when crossing the grain boundaries i.e., for 

Chromium, where the blue line shows the presence of Iron over the matrix 

1 

2 
3 

4 

5 

6 
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Figure 13. Line scan of steel BEEN-1 

 

For BEEN-2 Figure 14 shows that the dark black areas are mainly Chromium carbides. It can 

be noted that BEEN-2 has comparatively less concentration of Chromium carbide precipitates 

along the grain boundaries and at the intragranular spaces. This also shows the presence of 

Molybdenum, which tends to stabilize the carbides as predicted. 

 

 

 
Figure 14. SEM Microstructure and Elemental mapping of steel BEEN-2 

 

• Material devoted to the furnace ring as manufactured by AZT: 

 

For the Ring R, Figure 15 depicts the majority of Chromium and Carbon as carbides 

precipitates along the Fe matrix. 
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Figure 15. SEM Microstructure and Elemental mapping of steel R 

 

Figure 16 presents the point analysis for the R sample. Table 11 provides the elemental 

composition for the selected points. At point 5 to point 9, it can be observed that the 

Molybdenum in the matrix seem to stabilize the carbides. 

 

 
Figure 16. Point analysis of steel R 

 
Table 11. Composition in wt% for point analysis of R 

Element 

(wt. %) 

Spectrum (points) 

3 
(Matrix) 

4 5 6 7 8 9 

Silicon 1.34 1.39 0.11 0.24 0.12 0.10 0.13 

Chromium 23.23 22.13 80.35 80.14 83.83 82.38 86.65 

Iron 53.32 54.54 15.33 15.81 13.54 14.52 10.44 

Nickel 20.89 20.79 1.90 2.07 0.84 1.00 1.12 

Molybdenum 0.36 0.33 1.56 1.06 1.10 1.32 0.99 

Manganese 0.87 0.82 0.74 0.68 0.57 0.67 0.67 

The line scan along the dendrite arms helps to study the elemental segregation (Figure 17). 
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Figure 17. Line scan of steel BEEN-1 

 

4.3 Electron backscatter diffraction (EBSD) 

Figure 18 to Figure 24, represents the EBSD micrographs obtained from the investigation of 

the furnace reference samples and samples manufactured by AZT . Table 12 to Table 18 

provides the phase distribution (%) noted after the investigation. The EBSD micrograph (Figure 

18 left) shows all other phases distributed over the austenitic matrix (red colour) with different 

coloured pixels and Figure 18 (right) shows the different grains (or parts of grain) and its 

orientation in different colours for the considered investigation area in the Figure 18 right. Here 

we can observe for the REF-1 sample that the chromium carbide is concentrated at the grain 

boundaries (green colour). It is important to note the possible drawbacks of EBSD is that at 

lower magnifications, the angle of incidence of the beam on the periphery of the area of interest 

creates artefacts in the electron backscatter patterns (EBSPs) and the data become difficult to 

index accurately which can be slightly observed in the EBSD micrographs. Secondly, to avoid 

errors it is important to check that same crystallographic orientation of two or more phases 

selected can mislead the instrument to detect random phases and providing false information.  

 

 
Figure 18. EBSD micrograph with phase identification (left) and grain mode (right) of steel REF-1 

 

Cr-rich Carbides 
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Table 12 represents the phase distribution (in norm%) for the REF-1 sample. The different 

colours in the table and Figure 18 (left) do indicate the different phases in the sample. Due to 

the minor presence of these phases, the pixels captured are very small. Therefore, Table 12 

describes the micrograph with numbers (in %) to get an idea about the amount of phases present. 

For REF-1, Austenite (98.1%) and Chromium carbide (1.16%) is the majority whereas Sigma 

(0.486) and Ferrite (0.23) are present as minor phases. The name column in the table depicts 

the phases (for instance the designated names as Austenite, fcc, Chromium carbide (Cr23C6) 

phase, etc.) selected from the software database before running the investigation based on the 

predicted phases by CALPHAD calculations. 

 
Table 12. Phase distribution (Figure 18 left) of REF-1 

 

Colour Name Norm % 

 Austenite, fcc  98.1 

 Chromium carbide (Cr23C6) 1.16 

 Ferrite, bcc  0.23 

 Sigma2 0.486 

 

In Figure 19 left, the major phases were precisely identified whereas it was somehow difficult 

to identify the minor phases with high accuracy for the selected area of REF-2. 

 

 
Figure 19. EBSD micrograph with phase identification (left) and grain mode (right) of steel REF-2 

 

For REF-2, majorly Austenitic phase (99.4%) with Chromium carbide (0.608%) along the grain 

boundaries for the parts of the three grains in Figure 19 (right) has been observed (Table 13).  

 
Table 13. Phase distribution (Figure 19 left) of REF-2 

 

Colour Name Norm % 

 Austenite, fcc  99.4 

 Chromium carbide (Cr23C6) 0.608 

 

Cr23C6 

Austenite 

Grain1 

 

Grain2 
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In Figure 20, the major phases of austenite and Chromium carbide is confirmed using EBSD. 

For BEIN-1, the Austenitic phase has been noted to be 99.5% and Chromium carbide phase as 

0.487% (Table 14). At 200μm magnification, not more than three grains (partial) are covered.   

 

 
Figure 20. EBSD micrograph with phase identification (left) and grain+microimage mode (right) of steel 

BEIN -1 

 
Table 14. Phase distribution (Figure 20 left) of BEIN-1 

 

Colour Name Norm % 

 Austenite, fcc  99.5 

 Chromium carbide (Cr23C6) 0.487 

 

 

In BEIN-2, the presence of Chromium carbide phase is 0.666%, Laves phase is 0.409%, Sigma 

phase is 0.122% and the FCC Austenitic phase is 98.8% (Table 15). Both the left and right 

figures are for the same area selection for each of the sample. The micrograph modes are 

different and the grain mode helps understand the microstructure and grain boundaries better.  

At 200μm magnification, more than five grains (partial) are covered.   
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Figure 21. EBSD micrograph with phase identification (left) and grain mode (right) of steel BEIN-2 

 

 
Table 15. Phase distribution (Figure 21 left) of BEIN-2 

 

Colour Name Norm % 

 Austenite, fcc  98.8 

 Chromium carbide (Cr23C6) 0.666 

 Sigma2 0.122 

 Laves Fe2NbC14 0.409 

 

As observed in Figure 22 (left), BEEN-1 has concentrated Chromium carbide phase of 1.57% 

and austenite of 98.4% (Table 16). At 200μm magnification, only two grains (partial) are 

covered.   
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Figure 22. EBSD micrograph with phase identification (left) and grain mode (right) mode of steel BEEN-1 

 
Table 16. Phase distribution (Figure 22 left) of BEEN-1 

 

Colour Name Norm % 

 Austenite, fcc  98.4 

 Chromium carbide (Cr23C6) 1.57 

 

 

The phase distribution for BEEN-2 is segregated as 99% of austenite and 0.96 of Chromium 

carbide (Table 17). At 200μm magnification, one complete grain and more than three (partial) 

grains are covered (Figure 23 left).  

 

 
Figure 23. EBSD micrograph with phase identification (left) and grain mode (right) mode of steel BEEN-2 
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Table 17. Phase distribution (Figure 23 left) of BEEN-2 

 

Colour Name Norm % 

 Austenite, fcc  99 

 Chromium carbide (Cr23C6) 0.96 

 

Similarly, in Figure 23 left, the ring sample R has concentration of austenitic phase if 99% and 

0.92 of Chromium carbide (Table 18).  

 

 
Figure 24. EBSD micrograph with phase identification (left) and grain mode (right) mode of steel R 

 
 

Table 18. Phase distribution (Figure 24 left) of R 

 

Colour Name Norm % 

 Austenite, fcc  99 

 Chromium carbide (Cr23C6) 0.92 
 
 
 

EBSD investigation has been carried out for all the seven samples. But the Sigma and Ferrite 

phase was considered only for REF-1 and BEIN-2 due to some instrumental limitations. 

Overall, the major phases for all the sample materials were confirmed. 
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4.4 Carbide’s quantity in % surface 

The study of phase area gives important information regarding precipitation and matrix 

percentage (Figure 25). In Figure 26, the bar graph shows the matrix % (i.e the austenitic phase) 

in grey colour and percentage (%) of carbides (Grain boundaries (GB) + Nb carbides, W 

carbides + Laves) in red colour. It can be seen for BEIN-2 and BEEN-1, that the austenitic 

phase has reduced due to addition of Niobium and Tungsten which tends to more carbide 

formation.  

                GB + Cr carbides + Nb carbides + W carbides + Laves                                  Austenitic matrix 

   

Figure 25. Phase (area) fraction of BEIN-2 calculated from ImageJ  

Sample R shows 14% of carbide + GB, which can be the result of the high Chromium and 

Carbon content. Despite, that the austenite has more percentage in the matrix when the alloy 

has fewer alloying elements addition i.e., for instance REF-2, BEIN-1 and BEEN-2. Overall, 

from the phase fraction calculation, no solid decision-based conclusions can be drawn but it 

indicates a slight difference in the phase (area) fractions for different samples based on addition 

of alloying elements (or overall composition). This implies that such calculations can give a 

rough idea about the %carbide formations. 
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Figure 26. Phase (area) fraction of all seven samples 

4.5 Grain size 

The grain size measurement has been quite difficult due to the extremely large grain sizes. 

Several methods are incorporated to achieve the average grain size. For instance, the 

micrographs obtained from SEM-EDS and EBSD in Figure 27 are used to calculate the grain 

size near to precise.  

Figure 27. Grain size measurement using a) SEM image of REF-1 and b) EBSD grain map of BEIN-2 

Average grain size (area) has been calculated using ImageJ tool for the six samples as shown 

in Figure 28. It is observed that REF-2 has the largest grain size compared to all other steels. 

Whereas BEEN-1 and BEEN-2 has smallest average of grain size. This implies the adding the 

alloying elements finer grains are obtained. Grain size control is an extremely important 

engineering concern in the processing of all metals as the grain size influences the mechanical 

properties of the material. Thus, the newly manufactured materials can be much preferred over 

the reference composition. 
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Figure 28. Average grain size for six samples 

4.6 Dendrites 

Dendrite growth is an important phenomenon during steel solidification. Interdendritic regions 

are noticeable in almost all the seven samples. Figure 29 shows the presence of primary, 

secondary as well as tertiary dendritic arms for REF-1. 

 

 
Figure 29. Schematic picture of an ideal columnar dendrite. 1. spacing of the primary arms; 2. spacing of 

the secondary arms; 3. spacing of the tertiary arms for REF-1 

 

In order to control the growth of dendrites which is favourable for obtaining desired properties 

of the alloys. Therefore, it is essential to study the dendrite profile. Figure 30 and Figure 31 

shows the dendrite formation for the two samples. Small line of ~250μm is selected to get an 

idea about the arm spacing. ImageJ was used to plot these intensity peaks. The peaks refer to 

the number of secondary dendritic arms and distance between the peaks refers to the 
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interdendritic spacing. For instance, it can be observed the arm size and secondary arms spacing 

is slightly higher for REF1 (~55μm) than BEIN2 (~30μm).   

 

 
Figure 30. Columnar dendrite and Intensity plot for measuring spacing of the secondary arms for REF-1 

 

 
Figure 31. Columnar dendrite and Intensity plot for measuring spacing of the secondary arms for BEIN-2 

 

Figure 32 portrays the primary and secondary dendrite arm formation in R. The secondary arm 

spacing was estimated to be ~37μm (Figure 41 left) and primary arm spacing ~600 μm (Figure 

32 left). The cooling rate matters to a large extent regarding the dendrite formation. 

 

 

Figure 32. Columnar dendrites formation and primary arm spacing (right) in steel R 
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4.7 Differential Scanning Calorimetry (DSC) 

 

Figure 33 and Figure 34 for BEEN-1 and BEEN-2 respectively shows the DSC curves obtained 

from room temperature to 1200ºC for heating rate of 10 K/min over time and then cooled down. 

The experiment reveals that there are no major peaks (exothermic or endothermic) showing 

phase transitions. Similar results are obtained for all the samples but since no major peaks are 

obtained the graphs for each sample are similar. Thus, the curves for BEEN-1 and BEEN-2 are 

shown here as a representative of all other samples. The blue curve in the DSC vs time graph 

(Figure 33 and Figure 34 left) shows a smooth curve of linear heating and cooling, which 

implies that BEEN-1 and BEEN-2 has no major phase transitions. In the DSC vs temperature 

(Figure 33 and Figure 34 right) graph, the green curve indicates the heating and the blue curve 

the cooling of the sample. These curves clearly depict no sharps peaks while heating to 1200ºC 

and further cooling, which is favourable. Similarly, the dashed green and blue curves are the 

double derivative of DSC (DDSC) for heating and cooling respectively. Second derivative 

curve of the DSC signal is useful to know if there are disturbance in DSC curve. The flow axis 

gives the information about the gas flow (ml/min).  

 

 
Figure 33. DSC curves: DSC vs time (left) and DSC vs temperature of steel BEEN-1 

 

 
Figure 34. DSC curves: DSC vs time (left) and DSC vs temperature of steel BEEN-2 

 

5 Discussions 

 Microstructural analysis 

 

Heating Cooling 

Heating Cooling 
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The possibly remaining phases at room temperature from computational prediction can be read 

at the low temperature range in Figure 35 as the kinetic process is extremely slow at the rear 

period of cooling after casting. Figure 35 is a collection of calculated (by QUEST D2.2) 

equilibrium phase fractions as function of temperature vs. the average proposed composition of 

the furnace parts. 

 

 
Figure 35. Calculated equilibrium phase fractions as function of temperature the average compositions, for a) 

current material (25Cr-20Ni) with added high C (dashed lines) & low C (dotted lines) and the proposed 

compositions for b) Ring, c) Entrance beam option 1, d) Entrance beam option 2, e) Inside beam option 1, and f) 

Inside beam option 2. Operation temperature ranges of at the entrance of the furnace (650ºC-1000ºC) and inside 

the furnace (930ºC-1000ºC) are indicate by dashed vertical lines.  

(Note: This Figure is taken from deliverable D2.2 and the CALPHAD calculations run by QUEST) 

 
The main focus includes to reduce or avoid the Sigma phase. It is an intermetallic phase which 

forms in the Fe-Cr system, with the composition FeCr and formed during long periods at high 

temperature. Its precipitation is associated with embrittlement and negatively affects the 

corrosion behaviour as well as reduces the toughness and ductility of the steel This phase is 

likely to be formed during long periods where the materials are exposed to high temperatures. 
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In creep resistant steels, it has a detrimental effect on creep properties when precipitations occur 

on grain boundaries, but little effect when it precipitates intragranularly. The Sigma phase is 

predicted to form with a relatively large amount from austenite in all seven samples as given in 

Table 2 as secondary phase. However, the precipitation kinetics of σ from γ is extremely low 

in reality. The transformation from δ-ferrite to σ occurs more frequently compared to the 

formation of austenite directly as δ-ferrite contains higher Chromium content, which is one of 

the strong ferrite stabilizers [2]. Moreover, the existence of σ phase is hard to confirm via 

elemental mapping although there is a possibility that some phases can be a σ phase. For 

example, Figure 36 shows that within the Chromium enriched area in steel BEIN-1, the denoted 

dark phase has a higher iron content than the carbides around.  

 

 
Figure 36. Carbide island and element mapping for Fe of steel BEIN-1 

 
The main failure mode of the beams inside the furnace is creep, probably assisted by 

precipitation of coarse Cr23C6 carbides at grain boundaries. BEIN-1 and BEIN-2 with the 

proposed composition shows an improved microstructure compared to the reference samples. 

For BEIN-1, the Nickel content was kept in the higher range of current grade 25Cr-20Ni and 

the Chromium in the lower to improve creep properties. Molybdenum was added to form and 

stabilize the carbides and to improve creep and oxidation properties. After the microstructural 

analysis of BEIN-1 a detrimental Sigma phase in minor amount (Figure 8 and Table 8) was 

observed. It is also promising as higher Nickel and lower Chromium content than the reference 

steel shows better creep and stress to rupture properties at the furnace operating temperature of 

930 ºC than the current steel HK (Cr25-Ni20) [D2.2]. In the caser of BEIN-2 the strengthening 

is attributed to the precipitation of Nb carbide and Laves Phase formed mainly by Iron, 

Tungsten and Chromium [D2.2]. Thus, BEIN-2 can be considered as potential candidate for the 

inside beam of the furnace. The elemental mapping (Figure 9) and point analysis  illustrates the 

presence of Nb carbide, W carbide (minor) and Laves phase. This can also be confirmed by the 

ESBD analysis for BEIN-2 (Figure 21 ) and further improve creep properties with precipitation 

of secondary phases (Nb carbides, W carbides and Laves). The concentrated Molybdenum in 

the matrix indicates the stabilizing carbides effect, which is favourable to improve creep and 

oxidation properties.    
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For the beam’s furnace entrance, the main failure modes are creep and thermal fatigue assisted 

by microstructural degradation (sigma phase precipitation, Cr23C6 precipitation). Increasing the 

Nickel content Alloys HN (25Ni-20Cr) improves the thermal shock resistance and may reduce 

precipitations of harmful sigma phases [D2.2]. The reduction in Sigma phase can observed in 

the BEEN-1 sample as Chromium content is reduced in order to reduce the sigma phase 

precipitation, and the carbon content is enhanced to favour Cr23C6 precipitation to enhance 

strength. Also, the presence of precipitation of secondary phases (Nb carbides, W rich carbides 

and Laves phases) can be observed in Figure 11 and its compositions in Table 12. But it 

important to consider that the Laves phase has sufficient precipitation on grain boundaries for 

enhanced creep resistance at very high temperatures up to 1050 °C. The coarsening of the Laves 

phase should be avoided as it can precipitate a detrimental phase M6C in Niobium stabilized 

steel. On the other hand, for BEEN-2 raising the Nickel content has reduced the sigma phase 

precipitation and raising the Carbon content to the upper range has enhance formation of 

Chromium carbides in detriment of Sigma phase precipitation. It can be also observed that 

Molybdenum stabilizes the carbides (Figure 14). Thus, BEEN-1 and BEEN-2 seems to have 

prospect to replace the reference materials with enhanced high temperature properties. 

 

For the rings, the main failure modes are corrosion/wear/deformation and creep assisted by 

microstructural degradation (sigma phase precipitation, Cr23C6 precipitation). The higher 

Carbon content has enhanced the formation of Chromium carbides and thus the wear resistance 

and also a reduction of the sigma phase precipitation is  observed to some extent. Molybdenum 

is forming and stabilizing carbides (Figure 15 and Table 15) and thus potential to improve creep 

and oxidation properties.  

 

Overall, the SEM-EDS and EBSD investigation has promptly accounted the results regarding 

the predicted phases from the CALPHAD calculations and helped understand the 

microstructure. Chromium-rich carbides are thermodynamically predicted to precipitate on the 

austenite matrix and which is confirmed by SEM-EDS and EBSD. Further cooling will result 

in the transformation from austenite to sigma phase. MC carbides are expected to occur with 

the Niobium addition. This was confirmed by elemental mapping. Minor amount of G phase 

and Laves phase are also predicted to form in the presence of Molybdenum, Niobium and 

Tungsten. A massive amount of Chromium enriched carbides is distributed on the Austenite 

matrix especially on the interdendritic boundaries according to the experimental results. The 

Sigma phase that presents dark in SEM images and Laves phases with high Molybdenum and 

Tungsten content were tentatively identified combining the quantified compositions obtained 

both theoretically and experimentally. Further confirmed by the EBSD results. 
 

 Differential Scanning Calorometry (DSC)  

 

DSC results shows no peak when linearly heated up to 1200ºC which confirms the CALPHAD-

based predictions. A DSC event peak contains the baseline component. This is the expected 

signal (or change in signal) if no transition event occurs. It is important to note that the minor 

transitions (carbide precipitate formation) cannot be collected by DSC detector. Therefore, 

minor microstructural changes are expected under the working conditions. BEIN-1 and BEIN-

2 for use inside the furnace (Figures 37 left and right) do not show σ phase precipitation in the 
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temperature operation range of the furnace (930ºC-1000ºC). This can be justified with DSC 

investigation when linearly heated to 1200ºC shows no evident phase transition peak(s). 
 

 

Figure 37. Calculated equilibrium phase fractions as function of temperature the average 

compositions for BEIN-1 (left) and BEIN-2 (right) 

For instance, the DSC melting spectra obtained were characterized by several endothermic 

peaks, whereas the DSC cooling spectra exhibited an exothermic peak. Typical examples of the 

obtained DSC heating/cooling curves of austenitic stainless steel AISI 304LN are presented in 

Figure 38 left and right. The typical DSC melting spectrum obtained at a heating rate of 10 

K/min is characterized by sequential melting, as confirmed by several endothermic peaks [4]. 

Therefore, this example from the literature clarifies that curves (Figure 25 and 26) shows no 

major peaks and thus phase transformations. 

 

 
 

Figure 38. Melting curve of the AISI 304LN (static nitrogen atmosphere; heating rate 10 K/min) left 
and Cooling curve of the AISI 304LN (static nitrogen atmosphere; cooling rate 10 K/ min) right [4] 

 

6 Conclusions 

The durability of high-performance material that operates in a corrosive environment under 

high temperature is of great concern for equipment productivity, energy and metal resource use 

efficiency. A better understanding of the material structure helps with further improvements on 
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the properties and performance. Experimental investigations via LOM, SEM-EDS and EBSD 

were conducted and further the results were confirmed with the CALPHAD-based equilibria 

calculation via ThermoCalc (QUEST). A thermal analysis was performed using DSC technique 

to investigate the major phase transitions. The main conclusions are as followed: 

• The microstructure of newly as casted materials is dendritic type and is constituted by 

an austenitic matrix with carbides of two types; a) chromium carbides M23C6 type 

(eutectic) (M = Chromium) and Niobium, Tungsten carbides of MC type (M = Niobium 

and W = Tungsten); which are located in interdendritic edges and grain boundaries and 

some minor Sigma and Laves phase. 

• BEEN-1 and BEIN-2 can be considered as potential material for entrance of the beam 

and beam inside respectively as the strengthening is attributed to the precipitation of 

NbC, WC and Laves Phase.  

• BEIN-1, BEIN-2, BEEN-1, BEEN-2 has least possibility of precipitation of Sigma 

phase than the reference samples, which is highly favourable. 

• Ring-R shows a predicted microstructure which is directed towards the desired 

properties as a result of high Nickel and low Chromium. 

• Area fraction, grain size, dendrite formation has been discussed to enhance the final 

properties considering factors, for e.g., the cooling rate. 

• DSC results confirm the results from the ThermoCalc calculations, that at high 

temperatures all these newly manufactured steels do not show any major phase 

transitions, which is favourable for the furnace beams.  

• All newly manufactured materials by AZT with proposed composition in deliverable 

D2.2 can be considered promising materials based on the lab characterization for desired 

outcomes when compared to the reference samples. 

 

Overall, the results from the microstructural analysis are summarized and compared with the 

model’s prediction and the standard refractory materials (QUEST). Also, the results from the 

thermal and phases precipitation analysis are summarized and compared with the model’s 

prediction and the standard refractory materials (QUEST). 

 

6      Future work 

The observed deviations from the model prediction (QUEST) and materials characterization 

will be analyzed and discussed. Refractory alloys recipe adjustments will be made, produced 

and analyzed and compared again with the model predictions and standard materials. Gathered 

data will be used for existing data base adjustment or the generation of a new one. 
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