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Micrometer to centimeter scale analyses of the crystalline phase volume fractions in a trip-assisted duplex stain-
less steel were performed under loading using electron backscatter diffraction (EBSD), in situ neutron diffraction,
and energy selective neutron imaging (ESNI) methods. In contrast to the localized investigations of EBSD, ESNI
providesmacroscopic spatial distributions in a volume-averagedmanner over the entire specimenwith a spatial
resolution of about 65 μm. The ESNI shows that the martensite is concentrated on the necking region and esti-
mates its volume fraction of 14% at a strain of 0.2, which is comparable to the neutron diffraction result.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Duplex stainless steels (DSS) typically contain higher chromiumand
lower nickel chemical compositions (for example, 24Cr-4Ni) compared
to the austenitic stainless steels (18Cr-10Ni) and consist of a two-phase
microstructure, namely the fcc-γ austenite phase in bcc-α ferrite ma-
trix, to provide an excellent combination of strength and ductility and
robust resistance to stress corrosion cracking [1]. A number of strategic
alloy designs, so-called “lean DSS”, have been reported to enhance the
strength and corrosion properties by replacing the expensive Ni and
Mo alloyswithMn andN componentswith the benefits of solid solution
strengthening and resistance to local corrosion/sensitization mecha-
nisms [2–11].

More attention has been recently focused on the phase stability of
the metastable austenite phase (fcc, γ) within the DSS, because it can
generate the beneficial transformation-induced plasticity (TRIP) phe-
nomenon under deformation (termed TRIP-assisted DSS) [3,7–11].
The higher concentration of Mn and N and lower Ni concentration in
the austenite phase can decrease the stacking fault energy reported
~22 mJ/m2 so that the martensite (bct-α′ or hcp-ε) phase formation
can be activated under deformation [7,11]. Thus, an accurate determina-
tion of the metastable phase and its volume fraction is essential to elu-
cidate the microstructure, mechanical properties, and physical
simulation schemes [8,10]. Up to date, the evolutions of the constituent
ier Ltd. All rights reserved.
phases have been widely examined by using electron backscatter dif-
fraction (EBSD) [3,9,11], magnetization method [10], x-ray diffraction
[6,9], and neutron diffraction [8].

Those methods are, however, inherently constrained to localized
scanning sizes of the specimen, for example, up to a fewhundredmicro-
meters scale in the case of the EBSD/x-ray diffraction and a fewmillime-
ters of the neutron diffraction techniques. In this regard, energy
selective neutron imaging (ESNI) method was applied to provide the
macroscopic phase distributions of the entire specimen [12–20]. The
purpose of this paper is to examine the volume fractions of phases as
a function of strain in a TRIP-assisted DSS by using EBSD, in situ neutron
diffraction, and ESNImethods. Comparison among the three kinds of re-
sults can overcome the critical limitations of the localized sampling size
issue and highlight the macroscopic centimeter-scale features through
the whole specimen.

As-received TRIP-assisted DSS has a nominal chemical composition
of 0.03C-0.6Si-1.8Mn-21.9Cr-2.5Ni-0.6Mo-0.5Cu-0.17N-bal. Fe (wt%).
The initial constituent phases of ferrite (bcc, α) and austenite (fcc, γ)
mainly involves a direct γ transformation to martensite (hcp, α′) via
the TRIP phenomenon under deformation (γ → α′). The total of five
plate type tensile specimens were prepared using electrical discharge
machining with a total length of 100 mm and a parallel gauge length
of 25mm. The width and thickness of the gauge length part of the sam-
ple were 3 mm and 1.6 mm, respectively. Four specimens were tensile
loaded separately up to the true strain (ε) of 0, 0.1, 0.15, and 0.2 with
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the strain rate of 1.0 × 10−3 s−1. Each specimen was used for the EBSD
and ESNI experimental analyses. One specimen was used for the in-situ
neutron diffraction experiment under tensile loading. The true yield
strengthwas 590MPa and true tensile strengthwas 830MPa at ε=0.2.

The constituent phases of the TRIP-assisted DSS specimen were an-
alyzed by EBSD of a field emission scanning electron microscopy. The
EBSD samples were taken at the mid-length, prepared by standard
polishing procedures, and the phase volume fractions were averaged
by measuring at the cross-sections along the rolling (x), transverse
(y), and normal (z) directions of the specimen in the center parts
through the thickness direction, respectively. The dimensions of the
measurement step and the scan area were 0.5 μm and 300 × 300 μm2,
respectively. It is important to note that the average volume fractions
were 65% of the α and 35% of the γ phase along the three directions in
the initial state (ε=0),which is typically reported in the TRIP DSS spec-
imen [8]. Meanwhile, for an arbitrarily selected region (47.5 μm × 44.9
μm) of the EBSD method, it can provide the composition of about 5%
of the α and 95% of the γ phases initially, as shown in Fig. 1(a). Fig. 1
(b)–(d) show that the volume fraction of the α+α′ increases from
0.12 to 0.35 while the γ decreases from 0.88 to 0.65 as straining from
0.1 to 0.2.

In-situ neutron diffraction experiments were performed during uni-
axial tension to measure the evolution of the peak intensities in (hkl)
planes. The peak intensities can be used to calculate the volume fraction
of the constituent phases in the TRIP-assisted DSS. These experiments
were conducted using the Residual Stress Instrument at the Korea
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Fig. 1. EBSD analyses at the strain (ε) of (a) 0, (b) 0.1, (c) 0.15, and (d) 0.2 in a trip-assisted d
(hcp, α′), and austenite (fcc, γ) analyzed from an arbitrarily selected location of the specimen.
Atomic Energy Research Institute [21]. The specimen was installed on
the load flame with the gauge length parallel to the loading direction
(Q-vector//x), as shown in Fig. 2(a). Neutron beam with a wavelength
(λ) of 1.46 Å provides (211) and (311) diffraction peaks for the α/α′
andγ phase analyses at the diffraction angles (2θ) of 76.2° and 83.6°, re-
spectively. The scattering gauge volume defined by neutron beam slits
was about 5 (x) × 2 (y) × 1.6 (z) mm3. The strain rate was kept as 1.0
× 10−3 s−1 and the diffraction peaks were measured for 10 min at
each static stage of the strain (ε) of 0, 0.1, 0.15, and 0.2 under the tensile
loading.

Fig. 2 shows the diffraction peaks of (211) and (311) at the strain of
0.2. Those peaks were selected because of the preferred orientation an-
isotropy via large multiplicity factors in a polycrystalline material [22].
The peak separation between the martensite (bct, α′) and ferrite (bcc,
α) phases was available from the distinct asymmetric broadening due
to the different elastic constants of the two structures under loading
as shown in Fig. 2(b) [21]. Note that the volume fraction of the constit-
uent phases was analyzed by the integrated intensity of the Gaussian
peak fitting. Assume that the specimen consists of two phases (α′ and
γ) with the constant ferrite volume fraction (Vα), then the relationship
between integrated intensity (I) and volume fraction (V) of two phases
(α′ and γ) is given as [22]:
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Fig. 2. Neutron diffraction peaks at the strain (ε) of 0.2: (a) (311) austenitic peak (fcc, γ)
and (b) (211) diffraction peak. The (211) peak convoluted ferrite (bcc, α) andmartensite
(hcp,α′) phases was fitted using two-peak Gaussian fitting method. The inset of (a) is the
shape of specimen and sketched the scan sizes of EBSD, neutron diffraction (ND), and
energy selective neutron imaging (ESNI).
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where j is the multiplicity factor (jγ311 = 24, jα′
211 = 24), Nc is the

number of unit cells per cm3 (Nc = a3, a is the lattice parameter, aγ =
3.608 × 10−8 cm, aα′ = 2.860 × 10−8 cm), F is the structure factor per
unit cell (Fγ311 = 4bavg, Fα′211 = 2bavg, the bavg is the average scattering
length, which is the same for phases). Thus, one obtains K = 0.921. If
we let Vγ/Vα′=(Iγ/Iα′)/K= β, Vα+ Vα′+ Vγ=1 leads the volume frac-
tion of martensite phase, Vα′ = β (1 − Vα)/(1 + β). In this regard, the
volume fractions of the constituent phases in each strain stage were de-
termined from thediffraction peaks and the resultswere summarized in
Table 1.
Table 1
Volume fractions of ferrite (bcc, α), martensite (hcp, α′), and austenite (fcc, γ) as a func-
tion of true strain (ε) in a trip-assisted duplex stainless steel analyzed by electron back-
scatter diffraction (EBSD), in situ neutron diffraction, and energy selective neutron
imaging (ESNI). Note that EBSD is obtained from an arbitrarily selected location of the
specimen.

Strain (ε) EBSD Neutron Imaging

α + α′ γ α + α′ γ α′ α + α′ γ α′

0 0.05 0.95 0.63 0.37 0.00 0.58 0.42 0.00
0.10 0.12 0.88 0.67 0.33 0.04 0.66 0.34 0.08
0.15 0.21 0.79 0.74 0.26 0.11 0.70 0.30 0.12
0.20 0.35 0.65 0.79 0.21 0.16 0.72 0.28 0.14
Fig. 3(a) shows the total neutron cross-section (σ) of the bcc ferrite
and fcc austenite steels as a function of λ calculated by equations of the
scattering theory [23]. The neutron cross-section, which is defined as
the scattering event rates between nucleus and neutrons, abruptly
changes in the vicinity of the individual (hkl) lattice planes when satis-
fying λ=2dhkl, where dhkl is the interplanar spacing between hkl lattice
planes. Since these lattice planes no longer contribute to Bragg scatter-
ing for λ N 2dhkl, most neutrons are transmitted and this increase is re-
ferred to as Bragg edge. Here, we select a particular wavelength (λ1)
of 4.1 Å, where the σ of the bcc (110) is significantly lower than that
of the fcc (111) as shown in Fig. 3(a). Thus, the energy selected neutron
beam can significantly increase its penetration with low attenuation for
bcc (bct is the same) compared to the fcc structure and it results in a re-
markably clear image contrast between the bcc and fcc phases in crys-
talline materials.

The imaging experiments were performed at the NG-6 cold neutron
imaging instrument (CNII) at National Institute of Standards and Tech-
nology (NIST) [19]. A double crystal monochromator made of a highly
oriented pyrolytic graphite was installed for (002) reflections and the
transmission intensity changes were measured in the range of 2.2 Å to
4.3 Åwith a resolution (Δλ/λ) of about 3%. A 300 μm-thick LiF-ZnS neu-
tron scintillator and lens coupled camera detector were utilized. Fig. 3
(b) shows the variations of the transmission intensities for the bcc
phase as a function of λ. It shows the transmission intensity is low
when ε = 0 compared to the strain of ε = 0.2. The difference is maxi-
mized at the λ1 of 4.1 Å. Thus, using the wavelength, a total of nine im-
ages were taken, median filtered, and averaged from the scanning
windowwith the size of 48 (x)×3 (y)×1.6 (z)mm3 as amarked square
in Fig. 3(c). It should be mentioned that the transmission intensity data
were divided (4.1 Å/4.3 Å) individually to normalize and eliminate any
possible background influence and material inhomogeneities in each
location.

The transmission intensity data from the ESNI can be transformed to
the volume fractions of the constituent phases in the TRIP-assisted DSS
specimens. The attenuation of neutron transmission intensity (I) is
given by I = Io exp(−μt), where the Io is the incident neutron flux, the
μ is the attenuation coefficient (μ = n·σ, the n is the number density),
and t is the sample thickness [14,23]. Thus, the phase volume fraction
(V) can be related to the measured transmission intensity ratio (A);
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where the μi is the attenuation at a wavelength (i) and the σi is the total
neutron cross-section at a wavelength for each phase. As a result, Fig. 3
(c)–(f) show the distribution of the bcc/bct phase volume fraction as a
function of strain. Assuming no martensite (α′) at ε = 0, Fig. 3(c), the
initial volume fraction was analyzed as 0.58 for the ferrite (bcc, α) and
0.42 for the austenite (fcc, γ) by indexing of the imaging pixel data at
each location. Table 1 compares the imaging results with the other
methods. The sum of α and α′ volume fraction increases from 0.58 to
0.72 whereas the γ decreases from 0.42 to 0.28 with applied strain. As-
suming nomartensite (α′) initially, it shows that the volume fraction of
the α′ is 0.14 at a strain of 0.2.

Fig. 4 compares the volume fraction changes as a function of strain
analyzed by the three different methods (EBSD, neutron diffraction,
and ESNI). The EBSD is suitable and important for the qualitative
analysis though, the volume fraction can lead to be misleading due
to an arbitrary selection of the localized region for investigation. In-
deed, one can select a location (0.3 mm scanning size) having the
volume fraction of 0.95 for γ and 0.05 for α as shown in Fig. 1(a),
even though the typical volume fraction is known as about 0.35 for
γ and 0.65 for α initially [8]. Thus, significant discrepancies are
shown in Fig. 4 between EBSD and neutron diffraction/imaging re-
sults. A modified analysis of the EBSD result (EBSDM) can be



Fig. 3. (a) Total neutron cross section (σ) of the bcc ferrite and fcc austenite as a function ofwavelength (λ).Marked indices (hkl) of several Bragg edges at the correspondingwavelengths.
Themarked λ1 (4.1 Å) and λ2 (4.3 Å) is the selected and backgroundwavelength for current ESNI analysis, respectively, (b) transmission intensity variations as a function of λwhen strain
(ε) is 0 and 0.2, and two dimensional distribution of the volume fraction by ESNI as a function of ε; (c) 0, (d) 0.1, (e) 0.15, and (f) 0.2. Index is the volume fraction of bcc ferrite or bct
martensite phases.

Fig. 4. Evolutions of the volume fraction of ferrite (α), martensite (α′), and austenite (γ)
phases as s function of strain measured by EBSD, in situ neutron diffraction, and energy
selective imaging methods. The marked values of EBSDM are a modified result combined
between the neutron diffraction result for the initial fractions and EBSD values for the
changes as straining.
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suggested. The volume fraction of each loading stage of a constituent
phase, Vi

ε, can be described by Ai
ε/A = (Ai

o + ΔAi
ε)/A (i = α, γ), where

A is the total scan area of the EBSD and Ai
ε is the scan area of a phase at

each strain stage. The Ai
ε is composed of the initial scan area (Ai

o) and
changes of the scan area (ΔAi

ε) at a strain stage of a constituent phase.
Note that we adopt the Ai

o for the neutron diffraction results (i.e., 0.63 of
α+α′ and 0.37 of γ, Table 1) and theΔAiε for the EBSD, Fig. 1. As a result,
the volume fraction of the EBSDM is obviously comparable to the neutron
and imaging results as shown in Fig. 4. This methodology can be applied
for the prediction of the volume fractions using EBSD (ΔAiε parts) com-
bined with the initial value of the neutron diffraction.

Finally, let us discuss about the advantages of the ESNI method com-
pared to the EBSD and in situ neutron diffraction. The ESNI can provide
the volume fraction of a phase over the cm-scale from the entire speci-
men. For example, in the current study, the scan length was 4.8 cm,
which is 100 times longer than EBSD as shown in Fig. 2(a). Furthermore,
the deep penetration nature of neutrons can provide the spatial average
through the thickness (e.g., 1.6mm) of the specimen. Thus, it shows the
two dimensional distributions of constituent phases with μm-scale spa-
tial resolution (e.g., 65 μm). Fig. 3(f) shows that themartensite was con-
centrated on the necking region (marked with an arrow), where is
known to be located near the center of the gauge parallel length during
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plastic deformation in ductile metals [20]. The discrepancy of the mar-
tensite volume fraction between ESNI (0.14) and neutron diffraction
(0.16) at ε=0.2 in Table 1 is likely due to due to the higher volume frac-
tion ofα andα′ volume fraction in thenecking region and thedifference
of averaging volume between neutron diffraction and ESNI as shown in
Fig. 3(f).

In summary, the volume fractions of the constituent phaseswere de-
termined as a function of strain (ε = 0, 0.1, 0.15, and 0.2) in a TRIP-
assisted duplex stainless steel by using EBSD, in situ neutron diffraction,
and ESNImethods. The imagingmethod utilized the transmission inten-
sity difference at the Bragg edge between bcc (110) and fcc (111) using
the selected wavelength (4.1 Å). It determines the volume fractions of
the martensite and austenite through the thickness of the specimen
along the cm-scale scanning coverage. More importantly, two dimen-
sional distributions of constituent phases enable us to show the mar-
tensite distribution concentrated on the necking region of the tensile
specimen with the 65 μm spatial resolution.
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