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Complete Characterization with Integrated
EDS – EBSD
Integrated Energy Dispersive
Spectroscopy (EDS) – Electron
Backscatter Diffraction (EBSD)
systems, also known as EDAX
Pegasus Analysis Systems, enable
users to easily and efficiently obtain
a complete characterization
of their samples. EDS provides
information on the sample’s
elemental composition in an
integrated system, while EBSD gives
information on the crystallographic
structure and orientation. With
the APEX Software, a common
user interface makes learning and
operating the software consistent.
EDS and EBSD data can be
collected simultaneously at the
push of a button. Samples need
to be prepared and positioned for
EBSD analysis. The EDS and EBSD
detectors must be configured on
the SEM to both point towards the
sample in this position, which is
the default geometry for Pegasus
Systems. With simultaneous
collection, the EDS and EBSD data
originate from the same location
during mapping for optimal

correlation of the two signals. This
article will show some information
obtained with integrated
EDS-EBSD data for complete
characterization.
Simultaneous EDS-EBSD data
was collected from a nickel alloy
brazed with a High Entropy Alloy
(HEA) filler using an Octane Elite
Plus EDS Detector and a Velocity
Super EBSD Detector. The sample
was kindly provided by Benjamin
Schneiderman and Professor
Zhenzhen Yu of the Colorado
School of Mines. Figure 1 shows an
EBSD map with the Image Quality
(IQ) measurement displayed as
a grayscale image combined
with the Inverse Pole Figure (IPF)
orientation map (relative to
the surface normal direction)
displayed in color. Additionally,
twin boundaries within the material
are shown with white lines. Both the
nickel alloy and HEA filler are facecentered cubic.
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Figure 1. An EBSD map with the IQ measurement displayed as a
grayscale image combined with the IPF orientation map (relative
to the surface normal direction) displayed in color.

This image shows the braze line horizontally in the
middle of the image, with the nickel alloy at the top
and bottom of the field of view. The nickel alloy has
a significantly larger grain size with a high fraction of
twin boundaries, while the HEA filler has smaller grains
with minimal twins. There is also a transition region of
smaller grain with twins at the Ni-HEA interface. This
information is what is typically available with EBSD
analysis.
Figure 2a shows an EDS elemental map from nickel
collected simultaneously with the EBSD data, with
a single-color intensity showing the number of EDS
counts per pixel. This image shows the reduced
concentration of nickel within the HEA braze material.
Different coloring schemes can highlight these
concentration gradients, as shown in Figure 2b. Here a

a)

Figure 3. A combined RGB image. The red channel shows the
nickel intensity, the green channel shows the oxygen intensity, and
the blue channel shows the cobalt intensity.

black-to-thermal coloring scheme is used, highlighting
three regions of nickel concentration: a higher region
in the nickel alloy, a lower region in the HEA filler, and
a depletion region in the center of the braze. Multiple
EDS elemental maps can also be combined into a
single image, as shown in Figure 3. In the RGB image,
the red channel shows the nickel intensity, the green
channel shows the oxygen intensity, and the blue
channel shows the cobalt intensity. This image shows
that the HEA filler has a higher cobalt concentration,
with regions of higher oxygen corresponding to the
regions of less nickel. This information is typically
available with EDS analysis.

b)

Figure 2. a) An EDS elemental map from nickel collected simultaneously with the EBSD data, with a single-color intensity showing the
number of EDS counts per pixel. b) A black-to-thermal coloring scheme is used, highlighting three regions of nickel concentration: a
higher region in the nickel alloy, a lower region in the HEA filler, and a depletion region in the center of the braze.

edax.com

3

NEWS
growth, and twinning mechanisms that may be active
during the brazing process.

Figure 4. This combined RGB map shows the same EDS coloring as
Figure 3, with added grain boundary data from simultaneous EBSD
collection.

Some of the synergetic advantages of integrated
EDS-EBSD analysis are shown in Figure 4. The EDS
RGB coloring is the same as in Figure 3. Still, the grain
boundary information obtained from simultaneous
EBSD data is also shown, with twin boundaries
displayed as white lines and random high-angle grain
boundaries displayed as black lines. This information
allows for direct correlation and analysis of the
chemical and crystallographic components of the
microstructure. This example shows that some grains at
the Ni-HEA interface have a compositional gradient.
This combined EDS-EBSD data allows for a better
understanding of the diffusion, grain nucleation and

Pegasus Systems also include advanced tools to take
integrated EDS-EBSD analysis to the next level. Figure
5 shows an IQ map at a higher magnification within
the center of the braze region. This image shows
multiple small precipitates within the microstructure.
The EBSD information shows that most precipitates
are located along grain boundaries, but a smaller
fraction of precipitates are located within grains.
Integrated EDS-EBSD information is used to determine
a grain-averaged EDS concentration to better identify
and characterize these precipitates. This approach
significantly reduces the noise within the EDS data.
The information can then be used for ChI-Scan™
analysis, where averaged EDS information is used to
differentiate crystallographically similar phases. The
resultant phase map is shown in Figure 6. With this
analysis, each precipitate is fully characterized for
composition and crystallography, and this information
can be used to better understand how the different
precipitate types developed during brazing.

Figure 6. A phase map was created using ChI-Scan analysis.

Integrated EDS-EBSD analysis is a powerful tool to
characterize microstructures completely and is readily
available through the APEX Software for fast and easy
materials analysis.

Figure 5. An IQ map at a higher magnification within the center of
the braze region.
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Phase Differentiation in Stainless Steel Oxide Scales
Introduction
Stainless steel has applications in areas where
surface appearance is an essential property. These
may include kitchen worktops, cupboard facings,
and cladding for building exteriors and interiors. As
stainless steel is mainly used for its appearance, any
effect of oxidation must be reduced so that it will not
be detrimental to the final product’s appearance.
Unfortunately, current scale removal processes
may not be sufficient to remove all oxides present
after slab reheat. These remnants of oxide scale
can be pressed into the material’s surface during
rolling and cause unsightly, which is unacceptable
to both the manufacturer and purchaser. This study
investigates the scales produced on stainless steel
during industrial forming. Electron Backscatter
Diffraction (EBSD) and Chemical Indexing Scan (ChIScan™), which combines the structural information
measured with EBSD with the complete spectrum
chemical information measured with Energy
Dispersive Spectroscopy (EDS), was used to study
the microstructure of the scales and possible phase
distributions.

Figure 1. Backscatter electron micrograph of an oxide scale
formed on 316L stainless steel after four hours at 1,200 °C.

that the scale has three visible layers. The lowest layer
appears porous and fine-grained. The middle layer
shows a larger grain size, with damage evident from
polishing. The upper layer appears less damaged than
the middle layer. Although, such an image provides
some information about the microstructure. An EBSD
image quality (IQ) map (Figure 2) provides more detail
about the grain structure.

Sample Preparation
Samples of 316L stainless steel were oxidized in a box
furnace in laboratory air at 1,200 °C for four hours.
After oxidation, they were mounted in edge retaining
conductive bakelite, metallographically prepared
using grades of silicon carbide paper from 80 – 2,400
grit, 6 and 1 μm diamond polish, and then finally
polished using colloidal silica solution for at least 25
min. It is important to note that the preparation aimed
to get the ceramic oxide scale ready to be analyzed.
The oxide scale is brittle and requires more careful
preparation than a metal sample. The Scanning
Electron Microscope (SEM) used to examine samples
was a Leo 1530 VP field emission gun with EDAX EDS
and EBSD systems located at the Loughborough
Materials Characterisation Centre. The working
distances and operating voltages were varied to give
optimum EDS and EBSD imaging conditions. Figure 1
is an image of a scale taken in backscatter imaging
mode.
Phase Identification using ChI-Scan
The backscatter image (Figure 1) of a scale grown on
316L stainless steel after four hours at 1,200 °C shows

Figure 2. EBSD IQ map of an oxide scale formed on 316L stainless
steel after four hours at 1,200 °C in air and cooled in the air at
room temperature.

Figure 2 shows the same scale as that shown in Figure
1. This image indicates that the oxide layer nearest the
substrate (layer 1) is very fine-grained, the middle layer
(layer 2) has larger equiaxed grains, and the top layer
(layer 3) appears more disordered with some long thin
grains at the top edge.
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However, it isn’t easy to precisely distinguish between
the three layers with EBSD alone as the phases present
have similar crystallographic structures. Combing this
IQ map with EDS data collected simultaneously during
the EBSD scan provides information (Figure 3) that
helps distinguish between the layers and reveals the
spatial distribution of phases both between and within
the layers.

content on the top edge of the scale also show a low
iron content in relation to the rest of layer 3.
For each of the four discrete chemical phases
identified in the EDS maps, a corresponding
crystallographic phase was selected from a database
of diffraction patterns using the chemical composition
and EBSD indexing as search criteria. The four discrete
phases were identified as hematite and three spinels –
chromium, nickel-iron oxide, and chromium iron oxide.
The crystallographic structure information (EBSD) and
chemical composition data (EDS) were used together
(ChI-Scan) to differentiate these phases during a
rescan of the simultaneously collected EDS-EBSD data.
The austenitic stainless steel underlying the scale was
also considered in the rescan.

Figure 3. EDS maps of a) nickel, b) chromium, c) iron, and d)
oxygen in an oxide scale formed on 316L stainless steel after four
hours at 1200 °C in air and cooled in the air at room temperature.

From the EDS information shown in Figure 3, it is clear
that four discrete chemical phases are contained
within the three layers. Figure 3a is a nickel map
overlaid on an IQ map. This figure shows that nickel is
distributed homogeneously throughout the equiaxed
grains of layer 2. However, this is the only layer that
shows this type of distribution. Many grains in layer 1
are rich in nickel, but many contain very little nickel.
In the upper layer (layer 3), most grains have a very
low nickel content, but many grains along the upper
edge of the scale show high nickel content. The
chromium map (Figure 3b) indicates that only layer 1
is rich in chromium, while the rest of the scale indicates
very little chromium. This layer also shows some grains
towards the top and bottom of the layer to be higher
in nickel content. The iron map (Figure 3c) shows that
the iron content increases towards the top edge of
the scale. The grains that demonstrate a high nickel

Figure 4. Map of the phases present within a scale formed on 316L
stainless steel after four hours at 1200 °C in air and cooled in the air
at room temperature.

The resulting phase map in Figure 4 shows the four
possible phases within the three oxide scale layers.
There is a mixed-phase layer closest to the substrate, a
nickel-iron oxide layer in the middle of the scale, and
a hematite layer on the top edge of the scale. Some
nickel-iron oxide grains are on the top edge of layer
3. It would be reasonably straightforward to index the
hematite layer if a phase map were to be attempted
without ChI-Scan.

edax.com

6

APPLICATION NOTE
This is because it has a different crystal structure
(hexagonal) from the rest of the scale, of which the
majority are different spinel oxides (face-centered
cubic). In contrast, it would be practically impossible
to distinguish between the individual spinels using
their crystallographic data alone. However, when
the EDS information is incorporated into the phase
differentiating process using ChI-Scan, the spinels are
easily distinguished from one another. The nickel-iron
oxide is distinguished based on its high nickel content,
the chromium oxide by its high chromium content and
low iron content, and the chromium iron oxide by its
high content of both chromium and iron.

6.

R. L. Higginson, M. A. E. Jepson and G. D. West
(2006) Use of EBSD to characterise hightemperature oxides formed on low alloy and
stainless steels, Materials Science and Technology
22: 1325-1332

Conclusion
The capability offered by ChI-Scan to combine
EDS and EBSD analysis results enables analysts to
differentiate reliably between crystallographically
similar and chemically different oxide scales grown
on stainless steel samples. The analysis allows process
engineers to eliminate the relevant oxide scale from
the final product.
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How to Correlate Micro-XRF and SEM-EDS for Optimal X-ray
Characterization of Materials
Micro X-ray Fluorescence (Micro-XRF) and Energy
Dispersive Spectroscopy (EDS) are similar techniques
in that they both detect generated X-rays after
interaction with the sample. For EDS, X-rays are
generated by electrons bombarding the sample,
while in a Micro-XRF unit, fluorescent X-rays are
excited by high-energy X-rays emitted from the X-ray
tube. Silicon Drift Detectors (SDDs) are used for X-ray
detection in modern EDS and Micro-XRF systems. Data
collection is also similar between these two techniques
because it is possible to utilize either one to do
qualitative and quantitative analysis, mapping, and
linescan. This application note discusses the relative
advantages of SEM-EDS and benchtop Micro-XRF
analysis and suggests how the two techniques can be
used together for the optimal X-ray characterization
of materials.

Figure 1. Spectra overlay for an SRM 610 glass standard with
different elements doped at 300 – 500 ppm concentrations. SEMEDS spectrum in blue outline and XRF in red.

A benchtop Micro-XRF unit utilizes the benefits of
conventional XRF while implementing micro-spot
X-rays with a moveable stage. For higher Z elements,

a)

micro-XRF improves the detection limits ten times or
more than SEM-EDS. Figure 1 shows the EDS and MicroXRF spectra overlay of a glass standard with different
elements doped at 300 – 500 ppm concentrations.
It shows the significant difference in trace element
sensitivity between the two techniques. Micro-XRF
uses higher-energy X-rays to generate lines that are
not detectable with EDS, such as Sr L, Zr K, and Ag K,
which is useful when lower energy lines have overlaps
in the EDS spectrum.
Micro-XRF analysis is non-destructive with no beam
damage to the sample and minimal sample
preparation. Grinding and polishing of the sample
are not generally required, and conductivity is not an
issue. Sample loading is flexible in that thicker samples
can be loaded directly on the stage, and thinner
samples, particulates, and fibers can be mounted. The
sample shape and height can be irregular, and the
large sample chamber in a benchtop Micro-XRF unit
can accommodate a wide range of sample sizes. The
penetration depth of X-rays is microns to millimeters
to give better detection of sub-surface composition
than an electron beam. The smallest spot size in a
Micro-XRF system is approximately 20 – 30 µm by
employing a poly-capillary technique. These features
mean Micro-XRF is more appropriate than SEM-EDS
for analyzing larger-scale features. For example,
Figure 2 reveals the Micro-XRF mapping of a relatively
large concrete pavement sample from a roadway
to determine the depth and paths of ion infiltration.
Micro-XRF mapping on this type of sample is much
faster and has fewer limitations on sample preparation
than using a SEM-EDS. Samples can be run either in
low-vacuum mode or air mode, allowing the analysis
of liquids or samples that will dehydrate in a vacuum.

b)

Figure 2. a) Montage image of a concrete pavement sample from a roadway routinely exposed to acetate and formate salt-based
de-icing solutions during winter months. The top surface of the concrete is on the left side, while the bottom surface is on the right.
b) Overlay of K, S, and Ca elemental maps. Blue = K, green = S, and red = Ca.
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Air atmosphere will scatter or absorb low-energy
X-rays; however, some Micro-XRF units equipped with
the helium flush option allow vacuum performance at
atmospheric pressure because attenuation of X-rays in
helium is much lower than in the air.

Figure 3. EDS elemental maps of an Al tape on SiC were collected
at 2 kV using a Si3N4 window SDD detector. Al L (73 eV) and Si L (92
eV) are separated in the maps.

Note that an SEM-based Micro-XRF system does not
have many of the benefits mentioned above. Once
the sample is loaded in an SEM chamber, all the
requirements of SEM samples apply. The chamber
size and stage of an SEM largely limit the sample
dimensions, and non-conductive samples must be
coated. The ability to analyze samples that cannot
tolerate a vacuum atmosphere is also lost.

a)

Compared to Micro-XRF, SEM-EDS has much better
light-element/low-energy line sensitivity. SDD detectors
equipped with a silicon nitride window and fast and
low-noise pulse processors can routinely detect Si
L. The same is true for detecting Al L, which is even
lower at 73 eV. Figure 3 shows that Al L and Si L can
even be separated in EDS maps. Using this type of EDS
detector, quantification of trace carbon can be done
accurately at high output count rates (Figure 4). Due
to the efficiency of X-ray excitation at low energies
and the window materials of the X-ray tube and SDD
detector in a benchtop Micro-XRF system, detecting
energy lines below one keV is challenging.
SEM-EDS requires more involved sample preparation.
To get rid of the surface topography, cross-sectioning,
grinding, or polishing of the sample is needed.
Non-conductive samples need to be coated with
conductive layers to eliminate charging. Samples
must be small enough to fit on the sample stage and
are generally mounted on a holder or stub. Due to
the weaker penetration of the electron beam, the
analysis depth of SEM-EDS is not as great as Micro-XRF.
The spot size of the electron beam is much smaller
than the X-ray beam size in Micro-XRF to provide
nanoscale spatial resolution. Therefore, SEM-EDS is
more appropriate for analyzing more precise locations
and smaller-scale features. Typically, EDS analysis is
conducted in vacuum conditions only. Low-vacuum
mode is possible on some SEMs.

b)

Figure 4. EDS quantitative results for trace carbon in a steel standard at 20 kV and 30% dead time. a) Carbon peak acquired at 15,000
input cps with 7.86 µs amp time (red) and 200,000 input cps with 0.96 µs amp time (blue outline). b) With increasing input count rate,
measured carbon concentration is stable, ranging from 0.46 wt% to 0.52 wt% compared with the given known value of 0.50 wt%.
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a)

b)

Figure 5. EDS and Micro-XRF analysis of the same spot on a solder. a) Trace Au and Bi are suspected in the EDS spectrum. b) Micro-XRF
analysis with the Rh filter shows Au L and Bi L lines.

A correlative Micro-XRF and SEM-EDS approach
provides the benefits of both techniques. As shown in
Figure 5, a spot on the solder was analyzed by both
techniques, and the trace Au and Bi suspected in
the EDS spectrum can be confirmed by Micro-XRF
using higher energy lines and the Rh beam filter. The
higher magnification and more precise beam location
make SEM-EDS shine while analyzing the fine features
that cannot be resolved by the smallest spot size of a
Micro-XRF system (Figure 6).
In conclusion, Micro-XRF has improved detection limits
for higher Z elements, even more with beam filters,
allowing the operator to return to EDS and find trace

elements missed the first time. The minimal sample
preparation required by this technique guarantees
“as delivered” samples quickly and easily in a lowvacuum and even ambient conditions. It is also more
suitable than SEM-EDS for analyzing larger-scale
samples with rough surface topography. SEM-EDS
is more appropriate for smaller-scale features and
more precise locations. The detection limits for light
elements or low-energy X-rays are vastly improved,
and Al L can be regularly detected using a silicon
nitride window SDD detector. In an ideal world,
every lab would have both tools to accomplish the
complete needs of spectral analysis.

Figure 6. EDS analysis of fine features in the solder sample at 1,000X magnification.
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2022 Worldwide Events
Royal Microscopy Society (RMS) EBSD
April 12 – 13			
Virtual

Japanese Society of Microscopy (JSM)
May 11 – 13
Kōriyama, Japan

ASEM Workshop
April 21 – 22		

Linz, Austria

Microanalysis Society (MAS) EBSD
June 7 – 9
Virtual

MRS Spring Meeting
May 8 – 13		

Honolulu, HI

GN MEBA
June 9 – 11

Ensam Aix, France

SEMICON China
June 15 – 17

Shanghai, China

Quantitative Electron Microscopy (QEM)
May 8 – 20		
Port-Barcarès, France

Visit https://www.edax.com/news-events/conferences-tradeshows for a complete list of events.

2022 Worldwide Training
Europe

China

APEX EDS
May 2 – 3			
May 30 – 31			
October 10 – 11		
October 31 – November 1

Unterschleissheim*
Unterschleissheim*
Unterschleissheim*
Unterschleissheim#

APEX EBSD
May 4 – 6			
June 1 – 3			
October 12 – 14		
November 2 – 4		

Unterschleissheim*
Unterschleissheim*
Unterschleissheim*
Unterschleissheim#

APEX Pegasus (EDS & EBSD)
May 2 – 6			
May 30 – June 3		
October 10 – 14		
October 31 – November 4

Unterschleissheim*
Unterschleissheim*
Unterschleissheim*
Unterschleissheim#

*Presented in German
#Presented in English

Japan

EDS Microanalysis
June 7 – 9			
September 6 – 8		
December 6 – 8		

Shanghai (ACES)
Shanghai (ACES)
Shanghai (ACES)

EBSD OIM Academy
June 21 – 23			
August 16 – 18			
December 15 – 17		

Shanghai (ACES)
Shanghai (ACES)
Shanghai (ACES)

North America
EDS Microanalysis
April 12 – 13			
August 16 – 17			
November 8 – 9		

Virtual
Virtual
Virtual

EBSD OIM Academy
June 21 – 23			

Virtual

Pegasus (EDS & EBSD)
October 11 – 14		

Virtual

EDS Microanalysis (APEX™ EDS)
April 8				Virtual (Advanced)
June 3				Virtual (Basic)
July 22				Virtual (Basic)
October 7			
Virtual (Advanced)
November 11			
Virtual (Basic)

Visit https://www.edax.com/support/training-schools for a complete list and additional information on our training courses.
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Roland Ries

David Stowe

Roland joined the sales team at Gatan in 2000. He
initially worked with Scanning Electron Microscopy
(SEM) products, but his role eventually extended to
all of the company’s products. Roland became a
Sales Manager in 2013 and is currently the Distribution
Manager. In 2021, he began working with EDAX as
well. Roland is responsible for supporting distributors for
EDAX and Gatan in South-Eastern Europe, including
Russia, the Commonwealth of Independent States
(CIS), Italy, Greece, Slovenia, Serbia, and Croatia.

In 2006, David was hired as an Application Specialist
at Gatan UK and was later promoted to Product
Manager responsible for Scanning Electron
Microscopy (SEM) Products. After Gatan joined
AMETEK in 2019, David began working with EDAX on
various projects before being promoted to Senior
Product Manager of Energy Dispersive Spectroscopy
(EDS) products for EDAX in March 2022, and continues
to be in charge of the SEM products for Gatan.

Before joining Gatan and EDAX, Roland served as a
Product Specialist and Customer Support Manager
in the Electron Microscopy Products Group at Oxford
Instruments GmbH. He graduated from the University
of Bayreuth with a degree in Technical Physics in 1991.
Roland’s thesis focused on conductive polymers using
SEM and Transmission Electron Microscopy (TEM). In
1994, he received his Ph.D. in cooperation with the
Max Planck Institute for Polymer Research in Mainz,
Germany. His thesis was on liquid crystalline polymers
using TEM.
Roland and his wife, Sabine, live in the Frankfurt area
of Germany. They have two children, Nana and
Roman. In his spare time, Roland enjoys brewing beer
and cycling.

David is responsible for defining the product
development roadmap and marketing for his product
lines. He wears many hats in his role, but ultimately
his goal is to deliver quality products that make
customers happy.
David graduated with a degree in Metallurgy and
Science of Materials from the University of Oxford
in 2001. He received his doctorate from the same
institute five years later using electron microscopy
for the characterization of structural, optical, and
electrical properties of crystal defects in silicon.
David and his wife, Laura, have two children, Dylan
and Naomi. David enjoys spending time with his
family. In his limited spare time, he likes to recreate
new meals that he has discovered while traveling to
meet users and colleagues worldwide.
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Application of EBSD in studying the correlation between structuretexture and tensile properties in a duplex-based Fe-Mn-Al-C steel
Arnab Sarkar1, Pranabananda Modak2*
1Indian

Institute of Technology Bombay, 2 Mars Scientific –
Authorized Service Partner for EDAX, *pranabm@mars-scientific.com

Introduction
The new generation ultra-high-strength steel contains
Mn and Al as major alloying elements. Addition of
Al stabilizes ferrite that modifies the strength-ductility
relationship with better yielding characteristics,
whereas Mn addition stabilizes austenite that improves
the corrosion resistance, weldability, and toughness1.
The incorporation of alloying elements like Mn and
Al also maneuvers the stacking fault energy of the
alloy that ensures the plastic deformation exists in the
material2,3.
After the hot deformation, the process of solution
annealing is required to coordinate the flow of
dislocation that modifies the strength-ductility
balance needed for the automotive application.
Conventionally, annealing at higher temperature
or for a longer time results in a grain growth and
coarsening, restoring the softening mechanism in the
material. However, the prolonged annealing does not
lead to infinite softening as it reaches a “saturation
level.” It has a severe impact on the material’s
tensile strength as it deteriorates, owing to the infinite
softening4. Therefore, in the present study, the process
of repeated or the double annealing process is
imparted to investigate the structure-texture-property
relationship of the duplex steel. In the process, the
Electron Backscatter Diffraction (EBSD) technique has
been employed for multiple characterizations of the
microstructural features via the grain structure, phase
fraction, texture evolution, etc.
Processing
The as-cast sample with a chemical composition, C
– 0.22, Mn – 8.32, Al – 7.8, Si – 1.24, Ti – 0.001, Cr – 0.03,
Ni – 0.02 was subjected to homogenization at 1373 K
for two hours, followed by forging (50% deformation).
The hot forged (HF) plate was thereafter rolled to
80% deformation after soaking it at 1,373 K for 45
minutes. The hot-rolled (HR) sample was subsequently
exposed for the double annealing (DA) processes,
which involved heating at 1,373 K for 30 minutes at
consecutive intervals, followed by air cooling at an
intermediate stage. The hot-forged and the hot-rolled
double annealed samples are designated as HF and
HR-DA, respectively. Samples for EBSD were prepared

by mechanical polishing, followed by electropolishing
in an electrolyte containing 80 volume % methanol
and 20 volume % perchloric acid. EBSD scans were
performed on the RD-ND plane along the TD direction,
employing the EDAX Hikari Detector attached to
a Zeiss MERLIN 6105 SEM. OIM Analysis™ Software
was used for the EBSD data collection and analysis.
Tensile samples were prepared following the ASTM E8
standard, and the room temperature tensile testing
was carried out in an Instron 8800 MK3305 servoelectric test system (250 kN).
Results and Discussion
The IPF map for the HF specimens (Figure 1a) reveals
the presence of coarser grains of ferrite alongside
the austenite grain, decorated both at the grain
boundaries as well as the interior of the grains. In
contrast, after the hot rolling and double annealing
process, the HR-DA specimens display the existence
of elongated austenite grains amongst the finer
equiaxed ferrite grains (Figure 1b). The corresponding
phases of each specimen are confirmed from the
EBSD phase map in Figures 1c and 1d. The phase
fraction of austenite increases at the expense of the
ferrite phase in HR-DA specimens. The distribution
of the grain sizes is plotted as the function of area
fraction and diameter for the ferrite and austenite
grains in Figures 1e and 1f. It illustrates that the HR-DA
specimens have relatively finer grains compared
to the HF specimens. On the other hand, the ODF
intensity of HF and HR-DA samples at Φ2~45° sections
are plotted in Figures 1g and 1h, respectively. The
gamma fiber components ({111} || ND) appear to be
stronger and sharper for the HR-DA specimens (Figure
1h). Figure 1i represents the engineering stress-strain
diagram for HF and HR-DA specimens. The HR-DA
specimen exhibits better tensile properties than the HF
variant. The YS, UTS, and the elongation ameliorates
comprehensively for the HR-DA specimens. The
superior tensile properties of the above-mentioned
specimens are attributed to the synergistic influence
of the increased phase fraction of austenite (Figures
1c and 1d), the smaller grain size distribution of ferrite
and austenite (Figures 1e and 1f), and the existence of
stronger intensity of gamma fiber (Figures 1g and 1h).
The variation in the phase fraction of austenite and
ferrite controls the mechanical property of the duplex
steel5. The enhanced austenite fraction optimizes the
strength-ductility balance in duplex steel.
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Figure 1. a) and b) IPF maps of HF and HR-DA samples, respectively; c) and d) Phase maps of HF and HR-DA samples, respectively; e) and
f) grain size distribution of ferrite and austenite, respectively; g) and h) ODFs of HF and HR-DA samples, respectively; i) engineering stressstrain plot.

Similarly, the finer grains of ferrite and austenite
(Figures 1e and 1f) imply a larger grain boundary area
and thereby obstruct the mobility of dislocations. This
leads to the better strength in HR-DA specimen. Apart
from the variation in phase fraction and the grain
size, the deviation in the texture components also
dictates the tensile properties in steel. It is reported
that the gamma fiber is responsible for improving the
elongation of Fe-Mn-Al-C steel4,6–8. Therefore, the
stronger intensities of gamma fiber (Figure 1h) are
responsible for the enhanced elongation in HR-DA
specimens (Figure 1i).

2.

Saeed-Akbari, A., Imlau, J., Prahl, U. & Bleck, W. Derivation and
Variation in Composition-Dependent Stacking Fault Energy
Maps Based on Subregular Solution Model in High-Manganese
Steels. Metall. Mater. Trans. A 40, 3076–3090 (2009).

3.

Zambrano, O. A. Stacking Fault Energy Maps of Fe–Mn–Al–C–
Si Steels: Effect of Temperature, Grain Size, and Variations in
Compositions. J. Eng. Mater. Technol. 138, (2016).

4.

Sarkar, A., Sanyal, S., Bandyopadhyay, T. K. & Mandal, S.
Recrystallization behaviour and tensile properties of Al-added
medium-Mn-steel at different deformation-annealing
conditions. Mater. Sci. Technol. (United Kingdom) 35, 2054–2068
(2019).

5.

De Lacerda, J. C., Cândido, L. C. & Godefroid, L. B. Effect of
volume fraction of phases and precipitates on the mechanical
behavior of UNS S31803 duplex stainless steel. Int. J. Fatigue 74,
81–87 (2015).

6.

Sarkar, A., Sanyal, S., Bandyopadhyay, T. K. & Mandal, S.
Enhanced strength-ductility relationship in a medium Mn high
Al-alloyed multicomponent steel through thermomechanical
processing. Mater. Sci. Eng. A 703, 205–213 (2017).

7.

Sarkar, A., Sanyal, S., Bandyopadhyay, T. K. & Mandal, S.
Implications of microstructure, Taylor factor distribution and
texture on tensile properties in a Ti-added Fe-Mn-Al-Si-C steel.
Mater. Sci. Eng. A 767, 138402 (2019).

8.

Sarkar, A., Sanyal, S., Bandyopadhyay, T. K. & Mandal, S.
Influence of annealing parameters on phase evolution and
recrystallization kinetics of a Mn-Al-Si alloyed duplex steel.
Mater. Charact. 134, 213–224 (2017).

Conclusions
•
•

Double annealing results in grain refinement and
intensification of gamma fiber texture intensity.
Improved YS and UTS can be achieved through
grain refinement and increased austenite fraction.
On the other hand, a strong gamma fiber texture
promotes better elongation.
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