CIdTTMAT

Advanced design, monitoring, development and validation of
novelHI gh PERformanceMAT erials and components

Del 1 verabl e 4.1

D4.1- Report on characterization of main processed
materials



HIPER,, J:

Doc:

Date:

Page:
Deliverable:
Review

HIPERMAT_D4.1 WP4
27.12.2021

2 of 37

D4.1

03

Instrument H2020Research anthnovation framework programme
Call identifier H2020-SPIRE08-2020
Grant Agreement 958196
No.
Duration 36 months
Sl ey o 1/11/2020
project
Bjorn Glaser, Surbhi Company KTH /AZTERLAN

Prepared by

Shivaji Jogdand (KTH),
A.Niklas, Fernando
Santos (Azterlan)

Review

04

Date of preparation

27/12/2021




Doc: HIPERMAT_D4.1_WP4

Page: 3of 37
Deliverable: D4.1
Review 04

DISSEMINATION LEVEL

Dissemination Level (choose the suitable option)

PU Public

PP Restricted to other programme participants (including the Commission Servig

RE Restricted to a group specified by the consortium (including the Commission
Services)

CO Confidential, only for members of the consortium (including the Commission

Services)

DOCUMENT MODIFICATIONS CONTROL

Review Date Modifications Author/Organisation
01 22/12/2021 | First document version KTH
02 23/12/2021 | Second document version | AZTERLAN
03 27/12/2021 | Third document version KTH
04 16/05/2022 | Modification to preserve IPR AZTERLAN




Doc: HIPERMAT_D4.1_WP4

Date:
HIPER, J: ae

Deliverable:
Review
Table of Content
1 EU funding and Disclamer
2 Introduction
3 Methods
31 Materials characterization
3.2 Thermal analysis
4 Results
4.1 Light Optical Microscopy (LOM)
4.2 SEMEDS
4.3 Electron backscatter diffraction (EBSD)
4.4 Carbidebs quantity in % surface
4.5 Grain size
4.6 Dendrites
4.7 Differential Scanning Calorimetry (DSC)

Discussions

Future work

5
6 Conclusions
6
7

References

16.05.2022
4 of 37
D4.1

04

© © 0 N N N 0 O

W W W ww NN NN
O O O A A © © 3 B~



Doc: HIPERMAT D4.1 WP4
[[[m Date: 16.05.2022
Page: 50f 37
Deliverable: D4.1
Review 04

1 EU funding and Disclamer

This projectHIPERMAT has received funding from the European Union’s Horizon 2020
research and innovation program under grant agreeme®58k96

The results provided in the present deliverable reflects only the author’s view and the Agency
is not responsible for any use tihady 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 rolearth furnace, typically 40 m long, but there are
several different furnace designs and technologieslable 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 througturtiece, 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 cychement 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 thewrvards movement. This equipment works
under fluctuating high temperature conditions in the entrance of the furnace (from 450 to
750°C), high loads due to the own weight of beams and the charge, corrosive environments due
to the combustion gases, and @ounbus high temperatuexposuranside the furnace, in the

range of 9370°C. When exposed to such high temperatures for long peitedfjrnace
beamaundergo material degradation in which the initial microstructure ahtiterial changes
resulting n deterioration of mechanical propertasd 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 coodrhosthn, creep

and wear of ringgTable 1).Thereforethe correlation between microstructure evolution and
changes in mechanical properties needs to be demonshnatestigatiorsto the microstructure
(including fore.g., grains, surface oxides, carbides, and plodsie¢ components thus plays an
importantrole in further improvement of theeam materialwhich 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 theanaceparts

Beam inside tte furnace Beam at the entrance of Ring
the furnace
- Microstructure - Microstructuredegradation - Microstructure

degradationr2sCe (CrnsCsl phase degradation@r.sCs, U

precipitation) precipitation) phase precipitation)

- Creep - Thermal fatigue - Corrosion
- Deformation - Wear
- Creep - Deformation

- Creep




Doc: HIPERMAT D4.1 WP4
[[[m Date: 16.05.2022
Page: 6 of 37
Deliverable: D4.1
Review 04

A ponderation of required specific properties for each component is made imeaiihtable
(Table 2). This table has been prepata@den in consideration that alloys selection should be
made based omesults oftests resultscombined with criticality of propertiefor each
component

Table 2. Criticality of alloy properties for eachomponent.

Component Properties
Creep Crack growth | Thermal fatigue | Wear Corrosion
Beaminside |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 comprisethe 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 matergdsed on he defined lakscale
production technique and the selecttskl(bulk) material§or beams and ringa WP2, several
samples of each selected maten@ve been manufacturéa microstructuratharacterization

by AZT. KTH receivedhose manufactureshmpesfor beams and rings based on the proposed
material compositionas specified in WPZTable 3) in June 2021These samplelsave been
microstructurallyanalyzedin the KTH materals characterization laboratory based the
selectedevaluation techniqueand definedorocedures aSEM-EDS/WDS, SEMEBSD and
LOM. In the second stepthe samples have beamalyzed using differential scanning
calorimetry (DSC). Irthe followingchaptersthe results from the microstructural and thermal
sampleanalyss issummarize@nd conclusions from the results have been drawn and presented.

Table 3. Reference furnace samples ananufacturedsamples with different material specifications
as suggestenh WP2for beams and ringas manufactured by AZT

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 thigleliverableis to investigate the microstructunagth accordance to the
thermodynamic calculationsirther to improvethe properties of the material.lo achievea
deeper characterization of precipitat&sanning Electron Microscopy (SEM), analysis of
chemical composition usingnergy Dispersive XRay Spectroscopy (EB) and Electron
Backscatter DiffractiodEBSD)has been performeth addition thermal analysiby DSChas
been incorporatet investigatehe majorphase transitions at high temperasurhemethods,
techniques anthe way of sample preparatiosed are presented in tfolowings:

3.1 Materials characterization

Thesamplesas specified in Tabl8, which have beemanufactured by AZTere in newly as

cast condition. Tesesamplesand the reference samplesve been prepared foretallographic
analysis instandard procedures after the workpiece of intevast cutinto tiny cubes witha

proper section area. After grinding and polishing, the sampessubsequently etched with

V2A solute (100ml HO+100ml HCI+10 HNQG) at 50 to revebBE the
metallographic observation was firstly carried out wite of thelight Optical Microscope

(LOM) and second with use of tif&anningElectron Microscope (SEM) with accelerating
voltage of 1K&V to investigate the morphology of the secondary phasesander toquantify

the chemical composition. Followed byEM based ElectronBeam Backscatter
Diffraction (EBSD) techniquewhich provides crystallograpic information about the
microstructure and thus helfisidentify thedifferentphasesThe 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 sigexture and grain boundary distribution. It is a SEM
based surfactechnique, whiclyives information of the phases and orientations of the crystals

in the sampleSimilar stepss aboveare followed for EBSD sample preparatiomtil polishing
butetchingwasnotincluded A proper ample preparation for EBSD is very crucial in order to
obtainthe best possiblesults Further the phase (area) fraction was calculated using the LOM
micrographs for all the samples at the same magnification. Usiagelintool, phase fraction

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

3.2 Thermal analysis

Differential ScanningCalorimetry (DSCvasused tanvestigatehephase change as a function

of temperaturefor the samplesnanufactured by AZBnd the reference furnace samp@SC

is a powerful therm@analytical technique for studying the thermodynamics and kinetics of
phase changesgithin the sample as a function of temperatiiteeequipment, whiclkvas 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 fromom temperatureto max. 2000°C (TGADTA function) /1600 °C
(TGA-DSC function).The samplesverecut in order to fitinto the Alumina holding crucible

of size @6.8mn). The temperaturevasset tomax. 1200°Cwith a heating rate of 1IK/min in
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order to obtairnthe requiredheating and cooling curves to invegstie 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 samagegiven in Tabl& are shownn Figurel.
Precipitations mainly distribute along the solidification cell boundaseseeln the reference
samplesa) andb). For the BEIN1 (Figure 1c) scattered precipitasare seen in an equiaxed
shape. Moreover, according to images of stheke) andh), 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 serikak

site for nucleation.lt can be obserwkthat he microstructure of the newly manufactured
materialsby AZT shav to some extend finer structure than the reference mater{gigure 1

a, b.
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Fi gur eOplti cal mi crographs under the same
a) REF b2 HREBN)d BElI BEEN f )-2 B E&EMNd g) R

4.2 SEM-EDS

Further, themicrostructure,by point analysis and line scafor all sampleshave been
investigatedwith use of SEM and elemental mappinbhis report section descriles the
microstructure of theeference samples and tleb manufacturedamplesby AZT for the
interior elements of thiurnace includingpeam inside the furnace, beam at the entrance of the
furnace and the ring. It was majorly observed thatscattered islands are enriched with
Chromium and Garbonand thus inferred a€hromium carbidesA point analysiswas also
conductedor afew sampledo quantify the composition and the representative results for the
matrix. The composition of theoints selected in the point analysis for thatrix andformed
carbides on the grain boundary and the intragranular cadiglpresented in a tabular format

In these tablegTable 8,9, 10 and 11), the elements with significant high amosnare
highlighted with specific colours. The highlight colours are as follo@igomium, Iron,
& and BB Regarding thepoint analysisby SEM it should be
mentioned that the diameter of the electron beam hitting the sample surface is limitad, and
composition deviation can occur if the area of interest is not fully covered by the electron beam,
especially when analyzing smplecipitatesThis could introduce small errors in the elemental
analysisAlso, it is important to note the limitation of the SHAED that the Carbon content
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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.

1 Reference sampldésom the originafurnacebeam

The two reference samples REFand RER2 refers to the currentised steel in the
manufacturing furnacedsKk (Cr25-Ni20). Table4 andTable6 shows the chemical composition
for REF1 and RER2 respectivelyFor thesesamplesglemental mapping and area analysis
wascarried out.

Table4. Chemical composition of sample REF

REF-1 C Si Mn | Mo Cr Ni Nb W
Elements| 0.32| 1.28| 1.01 - 238 | 187 i .
(Wt. %)

Elemental mapping reveals the distribution of elements within the saRgrIREF-1 sample
(Figure 2left), carbide precipitates along the grain boundaries and at the intergranular spaces
have been observedihe spectrum (Figurergyht) depicts the majacomposition Table5) for
the selected area. The peaks for presence of Iron (Fe) and Chromium (Cr) are remarkably high.

T T
10 12 14

a-hd EDS spectrum

Table5. Chemical composition of sample RERFor selected area
Element | (wt. %)

Silicon 2.02
Chromium 26.98
Iron 53.68
Nickel 16.37

Manganese¢  0.96
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TheSEMimaging (Figure Zft) and elemental mapping by EDS (Figure 3) clesdrtyws the uniform
distribution of the element€hromium, Carbon and Manganese (less) are mainly deposited in
precipitatesat the grain boundariemd the matrix is densetaptured by Iron and also Nickel,
Manganese, Silicon is majorly spread oventim®le matrix.

Fi gur eEl3ement al —bpng of steel REF

For the REF-2 sample, thechemical composition is almostmilar asfor REF-1. The EDS
peaks Figure 4right) and elemental composition (Taldefor theselected areaas nearlthe
sameAlso, the observednicrostructurds similarbut shows comparativelless intragranular
precipitatesTable7 provides the elemental distribution for the selectexh

Table 6. Chemical composition of sample REF

REF-2 C Si Mn | Mo Cr Ni Nb W
Elements| 0.32| 1.21| 0.95 - 245| 17.9 i i
(Wt. %)

5328 %0um
- ke

T T
10 12 14

SE MAG: 300 x HV: 18.0KV-IND:

Figu.reSE4M Mi crostructure afBd EDS spectrum
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Element | (wt. %)
Silicon 1.16
Chromium 26.69
Iron 5451
Nickel 16.77
Manganesg¢  0.87

Chromiumas shown in Figure & greencolour reveals the uniform disbution along the grain
boundaries with some presence of Carbon and Manganese. Whereas Iron and Nickel are concentrated
over the matrixshows vacant space along the grain boundaries.

) Fiure 5. Elemental mapping of steel R
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The performedihe scardid help to gathemoredetailed information alonthegrain boundary.

Figure 6 shows the intenpeaks of Chromium whered#ise Iron and Nickel content drops at

the grain boundaries.
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838 -
SE_MAG: 300 % HV:

ure 6. Line scan of steel REF

1 Beammaterialinside thefurnaceas manufactured by AZT

For the sampI8EIN-1 the scattered islands are enriched with Chromium and Carbon as well
minor MolybdenumMinor Sigma phase(,, ) exhibits dispersed globular morphologies with
major composition lron, Chromium, Nickel, Molybdenum, whichs visible intheelemental
maps (Figure 7)

Austenite il

B &

.~ Sigma oo
Carbides ~
X~

Figure 7. SEMMicrostructure andElemental mapping of steBEIN-1

Figure 8 represents point analysis for sample BEH. The dark greycolourindicates the
presence of Chromium carbides (point®)e arbidematrix interfacgpoint 6 and point 8) is
mainly comprised of Iron (Fe) with some percentage of Chromium and Nickehentioned
ealtier, the point analysis is not as accurate as mappingein theanalysesome parts athe
surroundingarea of the selected poioan influence the result de analysisTherefore the
point analysis opoint 2, point 3 and point 5 shows slight gb#gies of occupancy ofigma
phasgTable 8)
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5728
SE MAG: 890 x HV: 15.0 kY WD: 11.4 mm Px:0.25 ym
Figure 8. Pointanalysisof steelBEIN-1

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

Element Spectrum (points)
(wt. %) 1 2 3 4 5 6 7 8

(Carbide) (Interface) (Matrix) (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 [ 4241 1.21| 1.84 [2005] 2.61 2.60 2.39

Figure9 shows the SEM microstructure image and elements mapping of &&¢i2B The
Niobium andMolybdenumenriched phases are identifiad MC(M = Nb, Mo) carbidesand
those are the phases present in bright gMyereas dark grey depidis Chromium carbides
and dark black globular consisting mainfy Molybdenum which can possibly bea Laves

phase




Doc: HIPERMAT_D4.1_WP4

Date: 16.05.2022
Page: 15o0f 37
Deliverable: D4.1
Review 04

Figure 9. SEM Microstructure and Elemental mapping of steel BEIN

The results fothe sampleoint analysis (Figure 10) are summarized in Tebl&he bright
grey participates denoted psint 5 have a noticeable higher iNbium content wherethe
globular phase denoted psint 6 is enriched with MlybdenumandTungsten
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m--oo:( H\hsv WD: ;ssmn 111|.|m

Figure 10. Pointanalysisof steel BEIN2

Table9. Composition in wt% for point analysis of BEIN

Element Spectrum (points)
(Wt. %) 1 2 3 4 5 6
(matrix) (precipitate on GB) (light grey precipitate) | (Globular_precipitate)
Silicon 1.44 1.51 1.81 0.02 1.67 2.37
Chromium 25.31 21.93 23.35 |8188| 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 [ 782
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 2.49

1 Beammaterialdevotedo theentrance of théurnaceas manufactured by AZT

Similar tosampleBEIN-2, Figure 11 shows theresence oNiobium thatdepicts the presence
of Nb carbidesas the bright grey highlights. The black precipitates indicate the occupancy of
Chromium as carbides. From the rpag, a possible presence of laves phaaa be observed
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%
5523,
SE MIAG: 300 x

A

Figure 1. SEM Microstructure and Elemental mapping of steel BEEN

Figure 12 represents tip@intanalysis for BEENL. The globular precipitate can be thaves

phase ast hasnoticeableTungsten andNiobium (point 1). Table D portrays the detailed
elementalpoint composition which is usefulto identify the differentphasesAs mentioned

above, small errors can occur when using point analysis.
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~
5524
SE AG: 500 x HV: 15.0 kV WD: 11.8 mm Px: 0.44 um
Figure 12. Pointanalysis of steel BEN-1

Table 1. Composition in wt% for point analysis of BEAN

Element Spectrum (points)
(wt. %) 1 2 3 4 5 6
(matrix)
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 seenn Figurel3, the line scan draws high peaks winessinghe grainboundaries.e.,for
Chromium wherethe blue line shows the presencdroh over the matrix
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5528 ‘ | Frooum 2
SE MAG: 200 x HV: 15.0 kV WD: 11.8 mm_Px: 1.11 ym & e

Figure 13 Line scan of steel BEEN

B P

For BEEN-2 Figure 14 showthatthe dark black area aremainly Chromiumcarbides. It can

be noted thaBEEN-2 hascomparativelyless concentrain of Chromium carbide precipitates
along the grain boundaries aatltheintragranular spacedhis also shows the presence of
Molybdenum, whicttends to stabilize the carbides as predicted.

Figure 14. SEM Microstructure and Elemental m pping of steel BREN

1 Material devoted to the furnaceg as manufactured by AZT

For the Ring R, Figure 15 depicts the majority dhromium andCarbon as carbides
precipitatesalongthe Fe matrix
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Figure 15. SEM Microstructure and EIemetI maping of steel R

Figure 16 presents the poianhalysisfor the R sample. Table 11 providesthe elemental
composition for the selectepoints. At point 5 to point 9,it can be observed that the
Molybdenumin the matrixseem to stabilize the carbides.

SE MAG: 499 #HV: 15.0 kV WD: 11.5 mm, Px: 0.45 pm
Figure 16. Pointanalysisof steel R

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

Element Spectrum (points)

(wt. %) ( 3») 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 1452 | 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

Theline scan along the dendraems helpgo study the elemental segregat{éigure I7).
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FEETRF
$8585;

Flgure 17. Line scan of steel BEEN

4.3 Electron backscatter diffractionEBSD)

Figure 18 to Figure 24, represents the EBSD micrographs obtained from the investagation
the furnace reference samples and samples manufactured by. AZble P to Table 18
provides the phase distribution (%) noggter the investigatiarThe EBSD micrograph (Figure

18 left) showsll otherphase distributed over the austenitic matfped colar) with different
coloured pixelsand Figure 18 (right) shows thifferent grains (or parts of grainand its
orientationin differentcoloursfor theconsiderednvestigatiorareain the Figure 18 righHere

we can observe for the REIFsample thathe chromium carbide is concentrated at the grain
boundaries (greeoolour). It is important to note the possible drawbacks of EBSihat at

lower magnifications, the angle of incidence of the beam on the periphery of the area of interest
creates artefastin the electron backscatter patterns (EBSPs) and the data become difficult to
index accurately which can be slightly observed in the EBSD microgr@phendly, to avoid
errors it is important to check that same crystallographic orientation of two e phases
selected can mislead the instrument to detect random phases and providing false information.

*— Ferrite
(Blue coloured)

Cr-rich Carbides

(Alongthe grain boundary) .

Grainl0

(White coloured) : ° Grainl

Austenite

III-H' 15" WD 204 mm

Figure 18 EBSD mlcrogrpIW|th phase |dent|f|cat|on (Iefand gralnmodcérlght) of steel REFL
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Table R represents the phaskstribution (in norm%) for thdREF-1 sample. Thalifferent
coloursin the tableandFigure 18 (left)do indicate the different phasésthe sampleDue to

the minor presence of these phasi® pixels captured aneery small. Therefore, Tablel2
describes the micrograph with numbers (in %) to get an idea about the amount of phases present.
For REF1, Austenite(98.1%)and Chromium carbid€l.16%)is the majority whereaSigma
(0.486)andFerrite (0.23) are present as minor phases. The name colartire table depicts

the phasegfor instancethe designated names Asstenite, fcg Chromium carbid€Cr23Cs)

phase etc.)selected from the software database befon@ing the investigation based on the
predicted phases by CALPHAD calculations.

Table 12. Phase distributior{fFigure 18 left)of REF1

Colour Name Norm %
Austenite fcc 98.1
Chromium carbid€Cr23Ce) 1.16
Ferrite, bcc 0.23
Sigma2 0.486

In Figure 19eft, the major phases were precisely identified whereas isa@aghowdifficult
to identify the minor phasesith high accuracyor the selectedreaof REF-2.

Austenite
o

Grainl

MAG: 150x ~ HV: 15KV WD: 22.2 mm | [ 3 :
Figure 19. EBSD micrograph with phase identification (left) and grain mode (rigitjeel REFR2

ForREF-2, majorlyAustenitic phase (99.4%) with Chromium carbide (0.608%) along the grain
boundariegor the parts of the three grains in Figure 19 (rifaty been observed (Tablg).1

Table 13. Phase distribution (Figure 19 lefof REF2

Colour Name Norm %
Austenite, fcc 99.4
Chromium carbidéCr23Ce) 0.608
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In Figure 20, the major phasekaustenite and Chromium carbide is confirmed using EBSD.
For BEIN -1, theAustenitic phase has been noted to be 99.5% and Chromium carbide phase as
0.487% (Table4). At20ec m magni fi cati on, notalam®cowred han t

Austenite

y

\/

Cr23Cs

MAG: 140x HV: 15 kV WD: 15.0 mm v s -
Figure 20. EBSD micrograph with phase identification (left) and gtaimicroimagemode (right)of steel
BEIN-1

Table M. Phase distributiorfFigure 20left) of BEIN-1

Colour Name Norm %
Austenite, fcc 99.5
Chromium carbid€Cr23Ce) 0.487

In BEIN-2, the presence of Chromium carbide phase is 0.666%es phase 13.409%, Sigma

phase is 0.122%nd the FCCAustenitic phase is 98.8% able B). 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.
At20e m magni fi cati on, anmmb)arecovetean fi ve grains (
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Cr23Cs

/ Austenite

200 ym

MAG: 140x HV: 15KV WD 17.56 mm 20

Figure 21. EBSD micrograph with phase identification (left) and gai mo (righsteel BEIN2

Table 1. Phase distributiorfFigure 21 left)of BEIN-2

Colour Name Norm %
Austenite, fcc 98.8
Chromium carbid€Cr23Ce) 0.666
Sigma2 0.122
Laves FeNbCi4 0.409

As observed in Figure 22 (lefBEEN-1 has concentrated Chromium carbide phafse57%
and austeite of 98.4%(Table 16). At 20e m magni fi cati on, only t wi
covered.
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Austenite

'4

\ Cr23Cs

MAG: 140x.  HV: 15 k¥ - WD: 16.7 mm~ Px: 1.43 pm l"—_' B T —lem
Figure 22 EBSD micrograph with phase identification (left) and grain mode (rigiatle of steel BEEN

Table 16. Phase distributiorfFigure 22left) of BEEN1

Colour Name Norm %
Austenite, fcc 98.4
Chromium carbid€Cr23Ce) 1.57

The phase distribution f@BEEN-2 is segregated as 99% of austenite and 6f9Bhromium
carbide (Tabld7). At20e m magni fi cati on, one complete gr
grains are covered (Figure 23 left).

Austenite

/

4

200 pm

MAG: 140x  HV: 15 k¥ WD: 15.0 mm k| ; F:} j(’l N
Figure 23. EBSD micrograph with phase identification (left) and grain mode (righ

k 20pm
trare = |

robaeel BEEND
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Table17. Phase distributiorfFigure 23 left)of BEEN2

Colour Name Norm %
Austenite, fcc 99
Chromium carbid€Cr23Ce) 0.96

Similarly, in Figure 23 left, the ring samgRehas concentration of austenitic phase if 99% and
0.92 of Chromium carbide (TabisS).

Austenite
u

1
S Cr2Cs

MAG: 140x  HV: 15 kY WD: 15.4 mm  pemp T : D d 1
Figure 24. EBSD micrograph with phase identification (left) and grain mode (right) robdateel R

Table 18. Phase distributiorfFigure 24 left)of R

Colour Name Norm %
Austenite, fcc 99
Chromium carbid€Cr23Cs) 0.92

EBSD investigation has been carried out for all the seven sarBpiethe Sigma and Ferrite
phase was considered onigr REFR1 and BEIN2 due to some instrumental limitations.
Overall, the major phaséar all the sample materials were confirmed.
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The study of phase area gives important information regarding precipitation and matrix
percentage (Figures. In Figure26, the bar graph shows the matrix % (i.e the austenitic phase)

in grey colourand percentage (%) afarbides (Grain boundarid&B) + Nb carbides, W
carbides + Laves) in red colour. It can be seen for BEWhd BEENL, thatthe 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 BEIR calculated from ImageJ

Sample R shows 14% of carbide + GB, which cartheeresult ofthe high Chromiumand
Carboncontent Despite thatthe austenite has more percentagée matrix when the alloy
has fewer alloying elements addition i.e., for instance-REBEIN-1 and BEEN2. Overall,
from the phase fraction calculatiomo soliddecisiorbasedconclusions can be draviout it
indicates a slight differende the phase (area) fractiofts different samplebased on addition
of alloying elements (ooverall composition).This impliesthat such calculationsan givea
roughidea abouthe %carbide formations.
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45 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 SEEDS and EBSD in Figur27 are used to calculatbe grain

size near to precise.

pod
15.0kV 10.5mm x45 SE 2021 10-14 01:41 1.00MM{ MAG: 60x  Hv: 15 W} WD: 17.5 0

Figure 27. Grain size measurement using a) SEM image of-RBRd b) EBSD graln map ofBEII\I

Average grain size (area) has been calculated using ImageJ tool for the six samples as shown
in Figure 3. It is observed that RER has the largest grain size compared to all other steels.
Whereas BEEN. and BEEN2 has smallest average of grain size. This implies the adding the
alloying elements finer grains are obtained. Grain ci#rol 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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Average grain size (mm)
2,50

2,00

1,50

2,46
1,00 0.1 =
' 0,73
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111
0,00

REF-1 REF-2 BEIN-1 BEIN-2 BEEN-1 BEEN-2

Figure 28. Average grain size folxssamples

4.6 Dendrites

Dendritegrowth is anmportantphenomenon duringteelsolidification. Interdendritic regions
are noticeable in almost all the seven samples. Figrshows the presence of primary,
secondary as well as tertiary dendritic arms for REF

Figure 29. Schematic picture of an ideal columnar dendritesgacing of the primary armg&, spacing of
the secondary arms. spacing of the tertiary arms for REF

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

of the alloys.Therefore, it is essential to studyetdendrite profile. FigureO3and Figure 3

shows the dendrite formation for the two san
idea about the arm spacing. ImageJ was used to plot these intensity peaks. The peaks refer to
the number of secondargendritic 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
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Figure 30. Columnar dendrite and Intensityop for measuring spacing of the secondary arms for REF
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Figure 31. Columnar dendrite and 'Intensity plot for measuring spacing of the secondary arms fe2 BEIN

Figure 2 portrays the primary and secondary dendrite arm formation in R. The secondary arm
spacing was estimatedtobe €3 ( Fi gure 41 | efct nhganrd O0®r icma i ¥
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





















