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a b s t r a c t

This paper aims at the phase identification and quantification in transformation induced

plasticity duplex stainless steel (TDSS) base and weld metal containing ferrite, austenite,

and martensite. Light optical microscopy (LOM) and electron backscatter diffraction (EBSD)

analysis were employed to analyze phases. Samples were either mechanically or electro-

lytically polished to study the effect of the preparation technique. Mechanical polishing

produced up to 26% strain-induced martensite. Electrolytic polishing with 150 g citric acid,

300 g distilled water, 600 mL H3PO4, and 450 mL H2SO4 resulted in martensite free surfaces,

providing high-quality samples for EBSD analysis. Martensite identification was chal-

lenging both with LOM, due to the similar etching response of ferrite and martensite, and

with EBSD, due to the similar lattice structures of ferrite and martensite. An optimized

Beraha color etching procedure was developed that etched martensite distinctively. A

novel step-by-step EBSD methodology was also introduced considering grain size and

orientation, which successfully identified and quantified martensite as well as ferrite and

austenite in the studied TDSS. Although here applied to a TDSS, the presented EBSD

methodology is general and can, in combination with knowledge of the metallurgy of the

specific material and with suitable adaption, be applied to a multitude of multiphase

materials. It is also general in the sense that it can be used for base material and weld

metals as well as additive manufactured materials.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
austenite [1,2]. Welding and heat treatment, as important

1. Introduction

Phase identification and quantification are important in

multiphase materials since the proportions of phases influ-

ence properties. This is for example reflected in the behavior

of duplex (ferritic-austenitic) stainless steel (DSS) where the

best mechanical properties and corrosion resistance are usu-

ally achieved for approximately equal amounts of ferrite and
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stages of fabrication, affect the ferrite and austenite balance in

DSS [3]. Measurement of phase fractions is, therefore,

required to assure that the manufactured part meets re-

quirements [4,5]. Transformation induced plasticity (TRIP)

duplex stainless steel (TDSS) is a newly developed DSS, in

which the TRIP effect is employed to improve formability and

strength [6,7]. The benefit of the TRIP effect is achieved by

having a sufficient austenite fraction allowing deformation-
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induced martensitic transformation (DIMT) to occur during

forming [2,8]. This is attained by adjusting the austenite (g)

stability via tuning proportions of alloying elements and

controlling phase fractions, allowing subsequent austenite to

martensite transformation [8,9]. Therefore, the measurement

of phase fractions in TDSS subjected to processes such as

welding, additive manufacturing, and heat treatment is of

paramount importance.

Metastable austenite can transform to martensite during

cutting, grinding, and mechanical polishing since the surface

undergoes plastic deformation [10]. Metallography and mea-

surement of phase fractions are therefore challenging for

materials with metastable austenite. Rodelas et al. [11]

comparedmechanical polishingwith electrolytic polishing for

304L stainless steel welds and found that mechanical polish-

ing caused more than 11% martensite formation due to the

deformation-induced during mechanical grinding and pol-

ishing. Pinto et al. [12] also observed austenite to martensite

transformation during mechanical polishing of AISI 1520 and

1540 carbon steels and claimed that the retained austenite

content is highly dependent on the final preparation method.

Electrolytic polishing does not introduce any external stress or

deformation into the surface and therefore has two main

benefits compared to mechanical polishing [12]. Firstly, it

prevents deformation-induced phase transformation. Sec-

ondly, it produces a stress-free and smooth surfacewell suited

for electron backscatter diffraction (EBSD) analysis as the

quality is influenced by lattice defects and surface topography

[13].

In addition to the sample preparation, reliable data and

image acquisition techniques can be challenging in multi-

phase materials, such as TDSS steels and welds, containing

ferrite, austenite, and martensite. Light optical microscopy

(LOM) may often successfully be used to identify and quantify

different phases, but a proper etching method is the key to

distinguish various phases.

Nital etching [14] or color etching using Beraha [15] have

been applied to identify martensite in TRIP 690 and austenitic

AISI 301 steels, respectively. Beraha can also differentiate

ferrite and austenite in DSS [16]. However, the implementa-

tion of Beraha to contrast ferrite, austenite, and martensite

can be difficult as ferrite and martensite are colored very

similarly by this etchant. Hence, Beraha etching is not

straightforward for distinguishing these three phases in TDSS.

A scanning electron microscope (SEM) equipped with an

EBSD detector is well suited for the identification and quan-

tification of ferrite with a body centered cubic (bcc) and

austenite with a face centered cubic (fcc) structure [17]. In

TDSS, the metastable austenite can transform into two types

of martensite: (i) ε-martensite with a hexagonal close-packed

(hcp) crystal structure, and (ii) a'-martensite with a body

centered tetragonal (bct) crystal structure which is often

called bcc-martensite [8,18e20]. However, in the presence of

ferrite, EBSD identification of low carbon a'-martensite is
Table 1 e Chemical composition (wt.%) of FDX 27 TDSS.

C Si Mn P S

FDX 27 0.03 0.42 1.09 0.024 0.0
problematic. This is due to the low degree of tetragonality of

the martensite making the difference between the two lattice

structures less than the EBSD indexing capability. Separation

of ferrite and martensite with X-ray diffraction is also chal-

lenging, as the existence of martensite mainly broadens the

ferrite diffraction peaks [21]. Magnetic measurement using for

example FERITSCOPE is not practical for small welds and

cannot be used to differentiate between the two magnetic

phases; ferrite and martensite [22,23]. Therefore, the accurate

measurement of phase fractions is challenging for structures

containing a mixture of ferrite, austenite, and martensite.

The possibility of phase transformation of metastable

austenite during sample preparation and the complexities of

phase fraction measurement are two common obstacles in

phase analysis of multiphase steels. This is, for instance as

discussed above, the case for TDSS in which the contents of

ferrite, austenite, and martensite play vital roles in deter-

mining corrosion and mechanical properties. The formation

of martensite either during sample preparation or during

fabrication processes such as welding, forming, and heat

treatment as well as difficulties in distinguishing between

ferrite and martensite make the phase analysis of TDSS

troublesome. Therefore, in this study, a comprehensive

comparison of LOM and EBSD analysis of samples prepared by

mechanical and electrolytic polishing is presented to investi-

gate the weaknesses and benefits of each method. Two

methodologies capable of reliably identifying martensite in

ferritic-austenitic microstructures are introduced, one using

LOM and one using EBSD. It is illustrated that the LOM

methodology can contrast the different phases in TDSS by

fine-tuning the etching technique. However, the novel step-

by-step EBSD methodology can successfully identify and

quantify all phases, making it applicable to analyze the

microstructure of multiphase steels containing martensite

and ferrite.
2. Experimental

2.1. Material

Plates of FDX 27 (UNS S82031) TRIP DSS with the chemical

composition presented in Table 1 and the thickness of 1.5 mm

were used in this study. Two sampleswere used to investigate

the effects of the sample preparation technique on phase

analysis: base material (BM) and a sample firstly laser welded

and then laser reheated (WR) to promote austenite fractions

required for the application. The laser welding was performed

with the laser power of 2700W and the travel speed of 30mm/

s. The focal lengths of the collimating lens and focusing lens

were 120mmand 200mm, respectively. In the laser reheating,

the optics were similar to the welding, but the laser power and

travel speed were 550 W and 9 mm/s, respectively. The

welding was performed with a spot size of 1 mm on the plate
Cr Ni Mo Cu N

01 20.0 2.8 1.20 0.33 0.186
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surface. For the reheating pass, however, the focus was posi-

tioned 50 mm above the surface. The shielding gas was pure

nitrogen in both laser welding and laser reheating. More de-

tails about welding and reheating procedures can be found in

Ref. [24].

2.2. Sample preparation and etching

As illustrated in Fig. 1, both the BM and WR samples were

prepared by first cutting and then grinding from 320# to 2500#.

After that, the samples followed two different polishing

routes: (i) mechanical polishing (MP) and (ii) electrolytic pol-

ishing (EP).

For mechanical polishing, 9 mm and 3 mm diamond sus-

pensions were used followed by 0.05 mm alumina suspension

polishing. The polishing time was 5 min for each step. The

applied load and the diameter of mounting were 25 N and

30 mm, respectively. Two different samples with and without

etching were produced to study the influence of polishing on

the phase analysis with optical and scanning electron mi-

croscopy (SEM)-EBSD. Different combinations of Beraha re-

agent compositions and etching times were applied to

investigate the effect of the etching procedure on martensite

characterization:

a. 60mL water, 30 mL HCl, 0.9 g potassium bisulfite for 8e10 s

b. 60 mL water, 30 mL HCl, 0.85 g potassium bisulfite for

10e12 s
Fig. 1 e Sample preparation routes for light optical

microscopy and electron backscatter diffraction analysis

after mechanical or electrolytic polishing of BM and WR.
c. 60 mL water, 30 mL HCl, 0.8 g potassium bisulfite for

12e15 s

d. 60 mL water, 30 mL HCl, 0.6 g potassium bisulfite for

10e12 s

In all experiments, the etching was done immediately (less

than 10 s) after mechanical polishing to suppress oxide for-

mation on the surface.

For electrolytic polishing or electropolishing, a set-up ac-

cording to Fig. 2 was employed. An electrolyte solution con-

sisting of 150 g citric acid, 300 g distilled water, 600 mL H3PO4,

and 450mL H2SO4 was used. This solution was selected as it is

less hazardous than conventional EP solutions containing

perchloric acid where there is a risk of explosion if not

handled correctly [25,26]. The EP was performed for 25 s at a

voltage and a current density of 15 V and 1 A/cm2, respec-

tively. To avoid pitting corrosion during EP, the electrolyte was

cooled by an ice bath to allow polishing at around 0 �C. It was

found beneficial to lightly shake the sample while polishing to

ensure continuous refreshment of the solution at the sample

surface.

2.3. Microstructure characterization

Microstructures were studied with both LOM and EBSD to

investigate the effect of sample preparation methods.

A Zeiss Axio Imager.M2m optical microscope was used to

study mechanically polished samples after etching and elec-

trolytically polished samples as polished. Phase fraction

measurements were performed by image analysis (IA) via the

open-access ImageJ software. In IA the contents of each phase

are estimated by pixel counting. The accuracy, therefore, de-

pends on the etching procedure and the quality of LOM im-

ages. In this study, four images were investigated for each

case to measure the average and standard deviation of phase

fraction.

EBSD analysis of WR samples after mechanical and elec-

trolytic polishing was performedwith a ZEISS Gemini SEM 450

equipped with a Symmetry S2 EBSD detector from Oxford

Instruments. The acceleration voltage, sample tilt angle, and
Fig. 2 e Electrolytic polishing procedure set-up. The

counter electrode and the sample were negative and

positive, respectively.
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theworking distancewere 20 kV, 70�, and 10mm, respectively.

The AZtecCrystal 1.1 software from Oxford Instruments was

used to analyze the EBSD results. EBSD mapping was per-

formed with step sizes of 0.48 mm and 0.63 mm for mechani-

cally and electrolytically polished samples, respectively.
3. Results

In this section, results of LOM and EBSD investigations of

mechanically and electrolytically polished samples are pre-

sented. We, first, illustrate how the sample preparation

method affects the martensite formation and how MP and EP

can be used to prepare high-quality samples for phase char-

acterization with LOM and EBSD. Then one LOM and one EBSD

methodology are introduced for martensite identification as

well as quantification.

3.1. Influence of sample preparation

3.1.1. Light optical microscopy evaluation
Low magnification cross-sections of the weld samples after

mechanical or electrolytic polishing are illustrated in Fig. 3. As

can be seen in Fig. 3-a, the bead geometry, ferrite (dark phase),

and austenite (light phase) are visible after MP followed by
Fig. 3 e Cross-sections of laser welded and laser reheated FDX

etching with Beraha and, b) after electrolytic polishing.

Fig. 4 e Light optical micrographs of FDX 27 TDSS. a) After mech

austenite, and martensite and, b) after electrolytic polishing wi
color etching. However, Fig. 3-b demonstrates that EP is less

suitable for LOM characterization of the weld zone or phases,

at least at low magnification. This might be attributed to the

inefficiency of color etching after electrolytic polishing.

Micrographs of wrought FDX 27 TDSS after mechanical or

electrolytic polishing are shown in Fig. 4-a and -b, respec-

tively. The microstructure after MP consists of ferrite,

austenite, and martensite while the electropolished BM

microstructure has only ferrite and austenite. It is noticeable

that while MP together with etching resulted in a better

contrast between phases, EP was also able to contrast ferrite

and austenite enough to be quantifiable by IA. The mechani-

cally and electrolytically polished samples contained 36 ± 4%

and 37 ± 4% ferrite, respectively. The remaining was austenite

for the EP sample, while the MP sample consisted of 38 ± 2%

austenite and 26 ± 4% martensite.

Higher magnification micrographs of the laser welded and

laser reheating FD�27 TDSS after MP and EP in Fig. 5 shows

that, as for the BM, the mechanically polished sample, con-

tained ferrite, austenite, andmartensite while only ferrite and

austenite could be observed after electrolytic polishing. The

mechanically and electrolytically polished samples consisted

of 44 ± 2% and 46 ± 5% ferrite, and 38 ± 2% and 54 ± 5%

austenite, respectively. In addition, 18 ± 3% martensite was

formed by mechanical polishing.
27 TDSS a) after mechanical polishing and subsequent

anical polishing and etching with Beraha, showing ferrite,

th only ferrite and austenite.

https://doi.org/10.1016/j.jmrt.2021.09.153
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Fig. 5 e High magnification light optical micrographs of the WR sample, a) after mechanical polishing and subsequent

etching with Beraha and, b) after electrolytic polishing.
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3.1.2. Electron backscatter diffraction evaluation
In FDX 27 TDSS, austenite may transform tomartensite due to

the deformation [8] induced during the sample preparation.

Band contrast (BC) maps from EBSD analysis of the TDSS

welds after mechanical or electrolytic polishing are presented

in Fig. 6. The blue arrows in the BC map shown in Fig. 6-a

indicate that some scratches, or remaining below surface

deformation, remained after mechanical polishing, which

could affect the quality of EBSD analysis. On the other hand,

electrolytic polishing as seen in Fig. 6-b produced a surface

free from scratches and defects. The higher magnification BC

maps in Fig. 6-c and -d demonstrate that although there were

some strain patterns in the BC map of the mechanically pol-

ished sample, the electrolytic polishing made it possible to

produce high-quality EBSD images suggesting a uniform and
Fig. 6 e EBSD band contrast map of FDX 27 TDSS welds after a)

scratches (blue arrows) and signs of surface deformation, and b

suggesting strain effects after mechanical polishing and, d) a h
stress-free surface. The higher quality of BC images after EP is

reflected in the capability of the EBSD analysis software in

identifying the crystal structure, with 93.4% of points indexed

for MP and 96.4% for EP.

The EBSD analysis of the WR samples after either me-

chanical or electrolytic polishing is shown in Fig. 7. The mi-

crostructures afterMP or EP are presented as EBSDphasemaps

in Fig. 7-a and -b with bcc phase fractions of 69.1% for MP and

48.1% for EP samples. Inverse pole figures (IPF) of bcc after MP

and EP are illustrated in Fig. 7-c and -d. A comparison of theMP

and EP samples demonstrated that some small grains were

indexed as bcc inside the austenite aftermechanical polishing,

while such grains could not be found in the electrolytically

polished sample. The small bcc grains seen in Fig. 7-c had

different orientations than the larger surrounding ferrite grain.
mechanical polishing (unindexed points: 6.6%) containing

) electrolytic polishing (unindexed points: 3.6%). c) patterns

igh-quality BC map after electrolytic polishing.

https://doi.org/10.1016/j.jmrt.2021.09.153
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Fig. 7 e EBSD analysis after mechanical polishing (MP) and electrolytic polishing (EP) of FDX 27 TDSS welds. There was a

significant difference between phase fractions indexed as bcc afterMP and EP and small bcc grains inside austenitewere only

found after mechanical polishing. a, b) EBSD phase maps, and c, d) inverse pole figures (IPF) of bcc phase after MP and EP.
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The big grains were therefore interpreted as ferrite and the

small as martensite formed inside the austenite.

3.2. Martensite identification and quantification
methodologies

Methodologies for identification and quantification of major

phases, with a focus on martensite, in a TDSS weld are

presented.

3.2.1. Light optical microscopy
Four micrographs from the same region of the mechanically

polished WR sample after applying different Beraha etching

proceduresare shown inFig. 8. It shouldbenoted that although

they are from the same location, they are from slightly

differentdepths, as thesamplewasmechanically repolishedto

remove the effect of the previous etching. Itwas found that the

etching procedure using a Beraha reagent with the composi-

tion of 60mLwater, 30mLHCl, and 0.9 g potassiumbisulfite for

8e10 s was not successful in distinguishing martensite and

ferrite (Fig. 8-a). Changing the etchant composition to 60 mL

water, 30mLHCl, and 0.85 g potassiumbisulfite and increasing

etching time to 10e12 s improved the microstructure charac-

terization with revealing the boundaries between martensite

and ferrite or austenite. The color ofmartensite, however, was

similar to that of ferrite, making IA unreliable (Fig. 8-b).

Thereafter, decreasing the content of potassium bisulfite to

0.8 g and increasing etching time to 12e15 s, mademartensite
grains having a different color than ferrite and austenite.

However, some grain boundaries and the surrounding areas

were over-etched due to the relatively long etching time,

resulting in poor accuracy of phase fraction measurement

(Fig. 8-c). Finally, a Beraha reagent with the composition of

60 mL water, 30 mL HCl, and 0.6 g potassium bisulfite applied

for 10e12 s produced an etched microstructure with clearly

distinguishable colors of ferrite, austenite, and martensite,

making IA possible (Fig. 8-d).

3.2.2. Electron backscatter diffraction
A novel EBSDmethodology for phase identification and quan-

tificationofmicrostructureswithboth ferrite andmartensite is

introduced in Fig. 9. Differentiating between ferrite and low

carbon bct-martensite phases is, as discussed earlier, difficult

with EBSD. However, ferrite andmartensite can in TDSSwelds

be separated based on their grain size and grain orientation.

The methodology is explained using an EBSD phase map of a

microstructurewith ferrite, austenite, andmartensite fromthe

location studied by LOM in Fig. 8. The steps involved in the

identification and separation of themartensite from ferrite are

presented below and illustrated in Fig. 9.

1. An EBSD phase map is produced showing fcc austenite (g)

in blue, and bcc ferrite (d) andmartensite (a') in red in Fig. 9-

a. Unindexed points (6.6%) are shown in black.

2. Only the bcc phase is shown in color as an EBSD IPF map in

Fig. 9-b. Two different groups of bcc grains identified are

https://doi.org/10.1016/j.jmrt.2021.09.153
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Fig. 8 e Microstructures of the WR FDX 27 TDSS after mechanical polishing followed by color etching with various Beraha

etchants to identify martensite. Yellow dashed ellipses indicate regions showing the difference between the performance of

various etchants. Beraha's reagent with the composition and time of 60 mL water, 30 mL HCl, and a) 0.9 g potassium

bisulfite for 8e10 s; unable to distinguishing ferrite and martensite, b) 0.85 g potassium bisulfite for 10e12 s; indicating

martensite boundaries without differentiating the color, c) 0.8 g potassium bisulfite for 12e15 s; over-etching of martensite,

and d) 0.6 g potassium bisulfite for 10e12 s; the clear difference in colors of ferrite, austenite, and martensite.
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apparent. Large grains identified as primary ferrite grains

and smaller grains inside the fcc (austenite). The smaller

grains are identified as martensite based on their location

inside austenite and from having a different orientation

compared to the large primary ferrite grains formed during

solidification.

3. Based on the grain size and grain orientation, the large bcc

grains (ferrite) are selected (Fig. 9-c).

4. The remaining small bcc grains are now defined as a'-
martensite phaseusing theAZtecCrystal software (Fig. 9-d).

5. The large bcc grains are considered as ferrite and are

shown in Fig. 9-e.

6. Finally, ferrite, austenite, and martensite are colored red,

blue, and yellow, respectively (Fig. 9-f). The separated

phases can then be quantified using the AZtecCrystal

software and the result showed phase fractions of 48.7%

ferrite, 31.5% austenite, and 13.2%martensite. The fraction

of 6.6% unindexed points (black) remained unchanged.
4. Discussion

4.1. Strain induced martensite

In stainless steel, metastable austenite can transform into

martensite due to applied stress or strain [27,28]. Strain-

induced martensite (SIM) forms during either bulk
deformation [20,29e33] or at the surface during mechanical

sample preparation [11,34,35] as found in this study. Two types

ofmartensite can be formeddue to the displacement of atomic

planes during deformation [36]: ε-martensite and/or a'-
martensite. The formation of ε- and/or a'-martensite is influ-

enced by the stability of austenite, governed by the austenite

chemical composition, and the degree of deformation. Tian

et al. [8] claimed that austenite in FDX 27 TDSS used in this

study, can transform tomartensite through either the g/ ε/

a' or the g/ a' paths. The path is determined by the degree of

strain applied to the austenite. During bulk deformation, the

strain and strain rate can easily be measured. Monitoring the

surface strain induced by sample preparation is not practically

possible, in particular when donemanually. However, Rodelas

et al. [11] argued that the local shear stress encountered during

grinding andmechanical polishing leading to the formation of

SIM is higher than during deformation of the bulk even during

necking. Therefore, the formation of a'-martensite is more

likely during mechanical sample preparation, which has also

been reported in different studies [6,8,11].

Themartensitic transformationduringmechanicalpolishing

was verified with the EBSD analysis presented in Fig. 7, and as

expected DIMT resulted in the formation of a'-martensite.

Although detecting small amounts of ε-martensite could be

challenging with EBSD analysis [8,33], the low amount of unin-

dexed points in EBSD analysis lent support to the absence of

significant amounts of ε-martensite in themicrostructure.

https://doi.org/10.1016/j.jmrt.2021.09.153
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Fig. 9 e EBSDmethodology for martensite identification. a) EBSD phase map with bcc (ferrite andmartensite), fcc (austenite),

and unindexed points (black), b) EBSD IPF map of bcc phase with big grains representative of primary solidified ferrite and

small grains inside the austenite which are strain-inducedmartensite, c) big bcc grains (ferrite) are selected and removed, d)

remaining small ferrite grains are the a'-martensite phase, e) large bcc grains are ferrite, and f) EBSD phase map containing

ferrite (red), austenite (blue), and martensite (yellow) can now be shown as separate phases. The unindexed black points

(6.6%) remain unchanged.
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4.2. Effects of surface preparation method

The results clearly showed that the sample preparation

method, in particular the choice of mechanical or electrolytic

polishing, affects the phase fractions and the quality and ac-

curacy of phase analysis in TDSS with both LOM and EBSD.
Using electrolytic polishing instead of mechanical polishing

can both prevent phase transformation during sample prep-

aration and produce a smooth and defect-free surface suitable

for EBSD analysis.

From the viewpoint of phase transformation, both LOM

and EBSD analysis suggested austenite to martensite

https://doi.org/10.1016/j.jmrt.2021.09.153
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transformation during mechanical polishing. In LOM, the

microstructure of BM, as shown in Fig. 4, indicates that

martensite formed in austenite grains after mechanical pol-

ishing as a consequence of the near surface plastic deforma-

tion introduced. The same behaviour of the weld metal, as

seen in Fig. 5, provided compelling evidence that mechanical

polishing caused the formation of SIM. Quite contrary, no

martensite was seen after electrolytic polishing of neither BM

norWR, as illustrated in Figs. 4 and 5, which is in line with the

fact that electrolytic polishing does not introduce any surface

stresses or strains.

This result was also replicated in EBSD analysis of TDSS

welds, as there was a significant difference between the bcc

and fcc phase fractions after mechanical and electrolytic

polishing. The lower austenite fraction after mechanical pol-

ishing confirmed the austenite to martensite transformation.

The choice of mechanical and electrolytic polishing not

only affects the degree of DIMT but also has a significant effect

on the quality of EBSD analysis results. In EBSD, phase anal-

ysis is based on the monitoring of the Kikuchi patterns

generated by backscattered electrons [12]. In mechanical

polishing, the shear stress [11] applied on the surface to

remove material can affect the crystal structure close to the

surface, as illustrated in Fig. 6. However, in electrolytic pol-

ishing, a chemical reaction polishes the sample, resulting in a

strain-free crystal structure at the surface. Electrolytic pol-

ishing, therefore, as displayed in Fig. 6, led to a higher quality

of EBSD analysis thanks to providing a more uniform and

stress-free surface. This was also supported by the higher

number of indexed points in the EBSD analysis after electro-

lytic polishing, 96.4%, compared to 93.4% after mechanical

polishing.

In electrolytic polishing, perchloric acid is commonly used

as a component in the electrolyte during electrolytic polishing

[37e39]. In this study, however, it was replaced with another

electrolyte, as introduced in experimental, for safety reasons

[25,26]. During electrolytic polishing, there is a risk of pitting

as a consequence of a local etchingwhich should be prevented

to achieve a uniform electrolytically polished surface [40].

Reducing the temperature is an effective way to avoid pitting

during electrolytic polishing [37e39]. In this study, lowering

the electrolyte temperature to around 0 �C successfully sup-

pressed pitting. In conclusion, the current electrolytic pol-

ishingmethodology was found safe and simple, which did not

require special equipment.

Although electrolytic polishing is well suited for the prep-

aration of samples for EBSD analysis, it is not recommended

for LOM analysis, at least not samples for color etching. The

reason is that after electrolytic polishing, a passive layer forms

on the surface which suppresses a sufficient reaction of the

etchant with the polished surface [40e42]. The contrast be-

tween phases, consequently, decreases significantly in com-

parison with samples that could be etched after mechanical

polishing.

4.3. LOM and EBSD evaluation methodologies

In the current study,martensite formed as the consequence of

DIMT during mechanical sample preparation. Phase analysis

is therefore of great importance in steels such as TDSS as the
content of martensite plays a vital role in determining corro-

sion resistance and mechanical properties. Two methodolo-

gies, therefore, based on LOM and EBSD were employed to

identify and quantify martensite in the presence of ferrite and

austenite.

In LOM, the relatively similar response of martensite and

ferrite to the etching complicated phase fraction measure-

ments. The accuracy and reliability of phase analysis with IA

rely on defining a threshold separating phases in the image

with different colors or contrast after etching. As the Beraha

reagent can be modified and used with various compositions

to etch and characterize phases [16,43], four different com-

positions of Beraha reagent and etching time were employed

to maximize the contrast between ferrite, austenite, and

martensite. It is illustrated in Fig. 8 that the Beraha reagent

with a composition of 60 mL water, 30 mL HCl, and 0.6 g po-

tassium bisulfite and using an etching time of 10e12 s pro-

vided an etched microstructure with distinguishable ferrite,

austenite, and martensite (Fig. 8-d).

Although the implementation of this LOM methodology

made the phase measurement possible, there were two main

uncertainties in identification as well as the quantification of

the phases. Firstly, a slight color gradient of etched martensite

reduced the accuracy of quantification with IA. Secondly, the

identification of whether austenite transforms into

ε-martensite or a'-martensite is problematic with LOM. Based

on the analysis of four images the standard deviation for ferrite

was around 4e5%. This is slightly higher than found by, Hos-

seini et al. [16], in a study of the ferrite content welds in 2507

super DSS welds, stated that for a ferrite content of 68%, the

standard deviation of IA after etching with Beraha was 2.6%.

To address the problems and limitations of LOM evalua-

tion, a novel methodology based on the EBSD analysis was

developed to identify and quantify martensite in the presence

of ferrite and austenite. An EBSD phase map of the TDSS weld

is shown in Fig. 9-a, in which the fcc phase is austenite, and

the bcc phase is representative of both ferrite and martensite.

As EBSD identifies various phases according to their crystal

lattice structures, separating ferrite and austenite is straight-

forward owing to their bcc and fcc structures. However, both

ferrite (bcc) and a'-martensite (bct) are detected as the same

bcc phase with EBSD. The developed EBSD methodology,

therefore, is based on DSS having a ferritic solidificationmode

resulting in large primary ferrite grains, that the martensite is

formed from austenite and will be smaller in size and,

martensite having a different grain orientation. Solidification

of DSS is fully ferritic, and austenite forms in a solid-state

ferrite to austenite transformation [44e49] at ferrite/ferrite

grain boundaries as well as inside ferrite grains [50]. As a

result, austenite grains are much smaller than ferrite grains,

and hence martensite forming as a consequence of the TRIP

effect inside the austenite grains in TDSS [6,8,51] will also be

small. According to Fig. 9-b, the large bcc grains are therefore

primary ferrite grains, and the small bcc grains, are

martensite formed by DIMT. Using a bcc IPF map showing

grain orientations and grain size made the separation of big

bcc grains and smaller bcc grains (martensite) possible. In

Fig. 9, it is presented how the implementation of this 6-stage

methodology permits accurate identification and quantifica-

tion of ferrite, austenite, and martensite in TDSS.
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Fig. 10 e Comparison of a) LOM and b) EBSD methodologies showing martensite formation in the same regions. Martensite

is colored grey in the LOM image and yellow in the EBSD image. Note that the images show the microstructure at slightly

different depths as the sample was repolished after EBSD to permit color etching for LOM.
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A comparison of applying the LOM and EBSD methodolo-

gies to the same region, but at slightly different depths as a

consequence of repolishing, is presented in Fig. 10. The EBSD

methodology is judged to have high accuracy and reliability

since phases were identified in each point and there is only a

low percentage of unindexed points. The LOM methodology

result (16% martensite) is comparable to that from the EBSD

analysis (13.2%martensite) as shown in Fig. 10 but is expected

to be of less accuracy for both identification and quantification

of martensite.

4.4. Final comments

Phase identification and quantification in multiphase steel

microstructures can be approached using either classical light

optical microscopy or using more recent electron microscopy

techniques. Which technique is the most suitable will of

course depend on the material and which phases that need to

be detected. A general recommendation from the present

study is that eithermechanical or electrolytic polishing can be

employed to prepare the surface for microstructural charac-

terization if surface deformation is not expected to introduce

phase transformations. More particularly:

� For LOM, mechanical polishing should be used if the

sample is to be color etched. However, the applicability of

electrolytic etching to electrolytically polished samples

would be worthwhile to explore although it was out of

scope for this study.

� In EBSD analysis, electrolytic polishing is preferable since it

provides a smooth and strain-free surface well suited for

EBSD analysis.

For steels containing austenite with low stability, only

electrolytic polishing is recommended as mechanical polish-

ing may affect phase fractions. Hence, EBSD analysis is the

best alternative for phase identification and quantification.

The martensite formation during mechanical sample prepa-

ration for the TDSS agreed with previous studies on steels

with metastable austenite [11,34,35]. An important question
for further studies is to investigate whether it would be

possible to modify the mechanical polishing procedure in

such a way that deformation-induced phase transformation

at the surface could be avoided.

There are many stainless steels and corresponding weld

metal grades that contain mixtures of at least two of the three

phases martensite, ferrite, and austenite. Using color etching

to distinguish phases is most probably possible for most of

these. However, as illustrated in 3.2.1 (identifying martensite

with LOM), this will require the adaption of the etching pro-

cedure for each specific case. The EBSDmethodology is, on the

other hand, more general. It is directly applicable to all DSS

base metals and welds as it is based on the ferritic solidifica-

tionmode of DSS, grain size and orientation. If combinedwith

knowledge of the metallurgy of other stainless grades it

should be possible to use for these as well, perhaps after some

modification of the individual steps. Moreover, as fabricated

components by some additive manufacturing processes, such

as wire-arc and -laser direct energy deposition, have micro-

structures similar to weld metals, application of this meth-

odology could also be applied for phase analysis of such

materials.

This research also provides a framework for future studies

to determine the general applicability of the EBSD methodol-

ogy to other materials if combined with the awareness of

metallurgical characteristics of multiphase material such as

solidification behavior, texture, grain size, grain orientation,

and morphology.
5. Conclusions

Samples from the base material and welds in a

transformation-induced plasticity duplex stainless steel with

metastable austenite, prepared by mechanical or electrolytic

polishing, were analyzed with LOM and EBSD. Methodologies

based on LOM or EBSD analysis for identification and quanti-

fication of martensite, ferrite, and austenite were developed

and compared. The conclusions are as follows:
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1. Mechanical polishing formed up to 26% strain-induced

martensite while no martensite was introduced by elec-

trolytic polishing.

2. Etching with the Beraha color etchant following mechani-

cal polishing was useful for LOM studies of weld geometry

and phase fraction quantification by image analysis.

3. Martensite could be identified by color etching after opti-

mization of the etchant and etching time, but quantifica-

tion was influenced by the procedure and image analysis

settings.

4. Electrolytic polishing at 0 �C, using an electrolyte with the

composition of 150 g citric acid, 300 g distilled water,

600 mL H3PO4, and 450 mL H2SO4 produced sufficiently

stress-free, flat surfaces, free of pitting well-suited for

high-quality EBSD analysis.

5. The surface characteristics of electrolytically polished

samples made successful color etching difficult.

6. A novel six-steps EBSD methodology, using knowledge

about the ferritic solidification of DSS and grain sizes and

orientations of ferrite and martensite, was developed for

the identification and quantification of martensite. The

approach was shown to identify andmeasure the fractions

of ferrite, austenite, and martensite reliably and

successfully.

7. The introduced EBSD methodology is general and is, with

some adaption, applicable to phase fraction analysis of

manymultiphasematerials if combinedwith knowledge of

the metallurgy of the specific material. It is also useful for

additive manufactured materials as well as base and weld

metals.
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