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ABSTRACT

The overwhelming impact of complex-phase microstructures to mechanical response in
multiphase steels requires accurate constitutive properties of the individual phases.
However, precise prediction of individual phase properties to their mechanical response is
critical and sophisticated, and commonly requires multiscale characterizations and
numerous approximations. In this work, by employing full phase information and semi-
empirical analytical models, we accurately predict the yield strength of deformed vari-
ants of Ce-modified SAF2507 super duplex stainless steel (SDSS). High energy synchrotron
X-ray diffraction (HE-SXRD) reveals the phase fractions of major phases along with sec-
ondary phases of Cr,N and eutectic Ce,Fey. Average lattice strain/crystallite size of the
austenite and ferrite/martensite phases from the measured volume is estimated through
the Williamson-Hall method. A unique composite strengthening type analytical model is
used to estimate yield strength by taking individual strengthening contributions from all
phases, their grain sizes, stored dislocation densities, solid solution, and precipitates. Close
agreement between reconstructed and experimental yield strength is observed for several
cold and cryogenic rolled SDSS. A combination of HE-SXRD and analytical model offers a
time-effective virtual design pathway to engineer high-strength steel.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The macro-mechanical response of a typical material such as
steel is mainly determined by individual constitutive proper-
ties of microconstituents present within the material, their
crystal structure/size, defect/dislocation density, etc. Appli-
cation of external load through plastic deformation further
perturb the microstructure significantly and thereby influence
the mechanical property to a great extent. Super duplex
stainless steel (SDSS), an imperative variant of highly alloyed
structural and engineering materials, has constantly been
developed to meet the requirement of high strength and
toughness combination along with better wear resistance [1].
Nevertheless, investigation of the underlying property of such
SDSS is complicated due to the intrinsic heterogeneous mi-
crostructures leading to a different response to various de-
formations. Large varieties, compositions, and distributions of
alloying elements within SDSS further complicate the in-
depth studies of the respective mechanism. These hurdles
drive a need for the advanced suitable probe and methodology
for engineering high strength steel employing the time-
effective approach.

The virtual prediction concept simplifies and economizes
making routes of structural materials which typically involve
technical and engineering sophistication. For example, to
characterize the accommodation of loading stresses among
different phases the governing micro mechanisms associated
during the elastic—plastic deformation of dual/multi-phase
steels, several micromechanical models were used through
estimating stress/strain between different phases. Jia et al.
[2,3] and Cong et al. [4] studied the evolution of lattice strains
and load partitioning of dual phase (DP) and transformation
induced plasticity (TRIP) assisted steels using the HE-SXRD
technique. They have developed a visco-plastic self-consis-
tent (VPSC) model for two/multi-phase materials to simulate
the micromechanical behavior of the steels [2—4]. Fu et al. [5]
proposed an analytical model to characterize not only the
phase-to-phase stress interaction but also the change in the
work-hardening rate of each phase during plastic flow. The
proposed analytical model can be easily combined with a few
numerical simulation codes, such as the finite element
method (FEM), for predicting manufacturing processes and
service lives of engineering components of advanced steels
with complex multi-scale microstructures [5,6]. However, the
successful implementation of several proposed semi-
empirical analytical models to explain the observed me-
chanical performances requires complete structural details
[7,8], which needs numerous characterization techniques and
approximations of models. Furthermore, the prediction of
mechanical properties for a single-phase or even bi-phasic
alloy has been realized, however, the same for multiphase
steel is elusive due to difficulty in observing its complex
microstructure  through the conventional approach.

Moreover, determining mechanical properties, for example,
the yield strength (YS) by a tensile test is simple, however, the
estimation of individual strengthening contributions requires
multiscale microstructural characterizations. Various char-
acterization techniques such as scanning electron micro-
scopy, electron backscatter diffraction, transmission electron
microscopy (TEM), lab source X-ray diffraction (LS-XRD), and
atom-probe tomography [9—12] have been employed to obtain
necessary microstructural details, which however is time-
consuming. For example, dislocation density, a crucial fac-
tor influencing the YS, can be determined by TEM [13], how-
ever, it is difficult to estimate accurately from severely
deformed material containing dense dislocation sub-
structures due to complicated image contrasts [14]. In addi-
tion, only a shallow volume near the surface can be
investigated by aforesaid multiscale techniques, lacking
microstructural statistics from the bulk. Such an expensive
strategy can be avoided prior to designing/engineering high
strength steel through the recent advancement in Synchro-
tron Radiation (SR)-based methods, for example, high energy
synchrotron X-ray diffraction (HE-SXRD) [6,15,16], success-
fully revealing the hidden structural information and its
relationship to properties, performance, processing, and
environment.

SR empowered HE-SXRD offers a non-invasive method for
studying the structure and penetrates deeply into materials to
statistically quantify and estimate the microstructural fea-
tures in steel [17—19]. In addition to the phase fraction deter-
mination, XRD profile analysis using Williamson-Hall (W—H)
method offers an alternative route to estimate not only
dislocation densities, crystallite size, and lattice microstrain,
but also enable the prediction of YS of a bulk highly alloyed
and deformed bulk steel through an analytical model.

In this work, we present precise calculations of YS solely
by employing HE-SXRD on several cold- and cryogenic-rolled
Ce-modified SDSS. By implementing the W—H method on
HE-SXRD data, this work elucidates the microconstituents
and their individual contribution to predict YS. Taking indi-
vidual strengthening contributions from all phases, their
grain sizes, stored dislocation densities, solid solution and
precipitates, YS is estimated through a unique composite
strengthening type analytical model. Such evaluation of
strengthening contributions through an analytical model
could be a rapid verification method for the design of high-
strength steel by optimizing strengthening contributions
and tailoring the microstructures. Moreover, this work ben-
efits the idea of prediction of YS for highly alloyed complex
SDSS.

2. Experimental

The selected material for the present study is Ce-modified
SDSS (Ce-SAF2507) with a nominal composition listed in

Table 1 — Chemical composition of the test material (wt. %).

C Si Mn P S

Cr Ni Mo N Ce Fe

0.023 0.35 0.8 <0.03 <0.03

25 5.4 3.4 0.5 0.08 Bal.



https://doi.org/10.1016/j.jmrt.2022.07.066
https://doi.org/10.1016/j.jmrt.2022.07.066

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;20:485—495

487

Table 1. Details about the processing details can be found in
our other works [20—22]. The Ce-SAF2507 plates were solid-
solution treated at 1050 °C for 2 h followed by water
quenched to room temperature. The solid solution treated
plates were subjected to room temperature cold rolling (CR)
and cryogenic rolling (CGR) in liquid nitrogen (at ~ —196 °C) to
achieve ~30, 50, 70, and 90% thickness reduction (an equiva-
lent true strain of 0.4, 0.7, 1.2, and 2.3, respectively) with a
strain rate of 10725 %

Lab source (LS)-XRD measurements were performed using
a Cu—K «a radiation (Bruker D8). For HE-SXRD measurements,
rectangular blocks of SDSS with a dimension of 1 x 1 x 1.5 mm?
were measured at the Brockhouse High Energy Wiggler
Beamline, Canadian Light Source, Canada. The samples were
mounted to the sample stage with the normal direction (ND)
parallel to the beam, the rolling direction (RD) parallel to the
horizontal direction. No sample rotation was applied during
data acquisition. Slits in front of the sample were used to
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Fig. 1 —

(a) Schematic illustration of the HE-SXRD experiment; HE-SXRD 1D profiles obtained from the (b) CR, and (c) CGR

SDSS specimens, respectively. (d) and (e) are the magnified figure of (b) and (c), respectively.
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define a 200 pm x 300 pm beam size through the sample, giving
a 0.09 mm? illuminated volume. The data were collected in
transmission mode (Fig. 1a) with 60 keV photons. The refined
wavelength from a LaBg calibrant was A = 0.212561 A, and the
sample to detector distance was 740 mm. An exposure time of

0.3 s was used along with 120 frames for each of these data
collections using a PerkinElmer area detector, a flat panel X-
ray detector, 200 um pixel, 40 x 40 cm?. The obtained raw 2D
diffraction patterns (Fig. la) were integrated into 1D dif-
fractograms by the GSAS-II software [23]. Quantitative
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Fig. 2 — Lab-source XRD patterns obtained from (a) CR and (b) CGR SDSS specimens, respectively; (c), (d) show magnified view
of (a) and (b), respectively; (e) TEM bright field image showing the presence of nanoscale Cr,N precipitates in the SDSS
specimens, reproduced from [14]; and (f) X-PEEM image and XAS spectra crossing Ce M, s edge at various spatial positions as
marked in the image. Inset of (f) shows the enlarged image of associated Ce spot, reproduced from [37].
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Fig. 3 — (a, b) Crystallite size, (c, d) microstrain, and (e, f) dislocation density of the austenite and ferrite/martensite phases in
the SDSS specimens after CR and CGR, respectively. In most cases, the error bars are within the symbol.

analysis using Rietveld refinement was carried out using the
Match software [24].

For microstructural analysis, a corresponding peak profile
from the original solid solution sample has been used to
eliminate the instrumental peak broadening to calculate the
broadening due to microstrain (root-mean-square strain) and
crystallite size averaged over the diffracting volume. Here, the
solid solution sample is regarded to be ‘strain-free’, which is
not the case as the solutes could distort the lattice. Therefore,
following determined dislocation densities and crystallite size

in this work are relative values to the referenced solid solu-
tion sample attributed mainly to CR and CGR. The contribu-
tion of which to the total broadening has been estimated as
follows [25]:

Br =1/ (Baps — 87) (1)

where g, is the total broadening due to the microstrain and
crystallite size, 8; and B.ps are the integral breadth at the full
width at half maxima (FWHM) of the fitted Gaussian shape
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peaks for the solid solution and deformed specimens,
respectively. For separating the contribution from microstrain
and crystallite size, the simplistic W—H method is used,
wherein, the average peak broadening of seven peaks of each
specimen has been accounted by plotting 8, cos 6 us. sin 4. The
observed line breadth is a sum of two terms:

B, =094 gy t4ctand 2

where 1 is the wavelength, ¢ is the Bragg angle, 7 is the crys-
tallite size, and ¢ is the microstrain.
The average crystallite size is given by

7=09%5 cos0 )
while the microstrain is

¢=br/4 tan g S)

The dislocation density (p4) is estimated from the average 7
and ¢ as follow [26]:

2\/§ 821/2
=

()

where, b the Burgers vector, is ~0.249 and 0.254 nm for ferrite/
martensite and austenite [27,28].

T

3. Results and discussions

Fig. 1 and Fig. 2 depict the HE-SXRD and LS-XRD patterns of
SDSS specimens along with 2D images from the SR data. Clear
differences in the relative intensities of various peaks for the
two different sources are apparent. Compared to the LS-XRD,
HE-SXRD data typically suggests a few differences for all the
deformed samples: i) relative intensity of peaks corresponding
to ferrite/martensite («/«’) and austenite (y) phase, an indi-
cation of a difference in the phase fractions; ii) observation of
several additional peaks which are not visible with lab-source
(Fig. 1d,e vs. Fig. 3). The observed differences in phase frac-
tions, estimated by Rietveld refinement implemented in GSAS
IT [23], can be attributed to the difference in the phase fraction

Table 2 — Fractions of phases within the SDSS specimens
determined by HE-SXRD profile analysis. Ry,: weighted
profile residual obtained from Rietveld refinement is also

included. In general, the deviation of fractions of Cr,N in
different samples is small, therefore, we use the median
of fractions and average size of Cr,N, taken as constants,
to simplify the model for the predictions of YS.

at the surface and bulk (Table 2 vs. Table 3). Such differences
can be because rolling gives different phases and texture
components through the thickness or along the ND [29,30]. LS-
XRD only probes microstructures within a few hundreds of um
into the specimens, the SR, on the other hand, can penetrate
the entire 1.5 mm thick steel plates, detect the phases within
the bulk and give better statistics. Further, observation of
additional peaks with HE-SXRD is attributed to the usage of SR
with high photon flux, high brilliance and low divergence
providing high penetration depth into the material (large
analysed volume) and low-noise detector [31,32]. Such a
comparison of LS vs. SR source clearly demonstrates the
importance of using HE-SXRD to reveal the difference in phase
fraction in bulk and surface along with additional minor
crystalline phases.

By excluding the peak (marked by ‘+’ in Fig. 1d and e)
corresponding to the second harmonic, the additional rela-
tively weak new crystalline peaks in the HE-SXRD patterns
can be attributed to Cr,N precipitates (Fig. 1). The formation
of Cr,N secondary phase, as illustrated in Fig. 2e, is ascribed
to the addition of N element, which substitutes the expensive
Ni content, making the SDSS more cost-effective [33]. The
diffraction peaks of Cr,N overlap with peaks of ferrite and
austenite, which could be the reason for the emergence of
shoulder peaks in the HE-SXRD patterns. The phase fraction
(wt.%) of Cr,N, determined by HE-SXRD data (Table 2), is quite
low that cannot be detected by LS-XRD. Further, the extra
hidden minor peaks agree with the Ce,Fe, phases, as shown
by arrows in Fig. 1d, e. In general, Ce or other rare earth (RE)
elements is added to purify molten steel and modify the in-
clusions [34], which could form solid solution, inclusions,
and/or secondary phases, such as RE-Fe(-P) eutectic phase
and Fe-RE intermetallic compounds [35]. These results also
match the observation of RE clustering phase in one of the CR
samples obtained through X-PEEM [36], as also reproduced in
Fig. 2f [37].

Following the phase fraction determination, the micro-
structural details such as crystallite size, microstrain and
dislocation density, are estimated through a simple W—H
method considering the average peak broadening of seven
peaks both for austenite and ferrite/martensite of each con-
dition, are summarized in Fig. 3 and Table 4. The width of the

Table 3 — Fraction of phases within the steel specimens
determined by LS-XRD profiles. R,,,: weighted profile
residual obtained from Rietveld refinement is also
included.

Sample Phase fraction (wt.%) R Materials Phase fraction (wt.%) R
Austenite Ferrite/Martensite Cr,N Austenite Ferrite/Martensite
Solid solution 433 52.9 3.8 7.737 Solid solution 30.8 69.2 9.451
CR 30% 34.1 62.2 3.7 8.998 CR 30% 23.8 76.2 9.366
CR 50% 31.1 65.3 3.6 8.276 CR 50% 29.4 70.6 8.467
CR 70% 29.3 67.2 3.5 9.320 CR 70% 39.1 60.9 9.643
CR 90% 26.3 70.4 3.3 7.874 CR 90% 48.8 51.2 9.844
CGR 30% 33.5 63.1 3.3 8.741 CGR 30% 26.4 73.8 9.684
CGR 50% 31.4 65.3 3.3 8.389 CGR 50% 26.3 73.9 8.984
CGR 70% 27.5 69.3 3.2 7.336 CGR 70% 28.6 71.4 8.592
CGR 90% 33.0 63.7 3.3 8.660 CGR 90% 33.5 66.5 9.467



https://doi.org/10.1016/j.jmrt.2022.07.066
https://doi.org/10.1016/j.jmrt.2022.07.066

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;20:485—495 491

Table 4 — Quantitative microstructural features, i.e., grain size, microstrain, and dislocation density of the steel.

Material Crystallite Size (nm) Microstrain (x 10~3) Dislocation density (x 10'* m~?)
Y o Y o Y o
CR 30% 121( 0.3) 113(2 0.7) 4.7(x 0.07) 1.9( 0.09) 5.2(+ 0.09) 2.3(+ 0.02)
CR 50% 96 (+ 0.7) 101(+ 0.1) 5.4(x 0.04) 2.7(x 0.03) 7.6(x 0.09) 4.1(x 0.03)
CR 70% 91 (+ 0.8) 75 (+ 0.8) 6.9(+ 0.09) 2.8(+ 0.07) 10.2(x 0.01) 5.1(+ 0.04)
CR 90% 82 (+0.7) 60 (+ 0.7) 7. 2(+ 0.02) 3.2(+ 0.02) 11.9(+ 0.01) 7. 3(+ 0.04)
CGR 30% 107(+ 0.1) 90 (+ 0.9) 4.6(+ 0.06) 2.3( 0.03) 5.8(+ 0.06) 3.5(+ 0.02)
CGR 50% 90 (+ 0.9) 72 (+0.7) 5.8(x 0.08) 2.5(x 0.05) 8.7(+ 0.01) 4.7(x 0.08)
CGR 70% 86 (+ 0.6) 59 (+ 0.1) 6.7(+ 0.07) 2.6(+ 0.06) 10.6(x 0.01) 6.1(x 0.02)
CGR 90% 79 (+0.1) 55 (+ 0.3) 7.2(+ 0.02) 3.3(+ 0.03) 12.4(+ 0.01) 8.3(+ 0.03)

peak steadily increases with an increase in the amount of
reduction in both CR and CGR conditions. This is attributed to
the increase in microstrain and the decrease in the crystallite
size with an increased amount of thickness reduction from 30
to 90%. Overall, a relatively higher level of microstrain is
noticed within austenite phase as compared to ferrite/
martensite phase (Fig. 3a, b). This is due to the high strain
hardening ability of austenite compared to ferrite/martensite
[38]. With increasing thickness reduction during both CR/CGR,
strain induced martensitic transformation occurred from
metastable austenitic phase, resulting in a higher concen-
tration of microstrain within austenite phase. In CR speci-
mens, the average lattice microstrain in austenite increased
from 4.7 x 1072 to 7.2 x 102 and in martensite the same has
increased from 1.9 x 1073 and 3.2 x 10> with an increament in
rolling reduction from 30 to 90% along with a concomitant
decrease in the crystallite size from ~122 to 82 nm and 113 to
61 nm (Fig. 3a, c), respectively. Similar trend was observed in
the case of CGR specimens (Fig. 3b, d and Table 4). Accumu-
lation of a large amount of microstrain in the austenite results
in the formation of high-density dislocation substructures
within the grains. The dislocation density in 90% rolled
specimens was found to be markedly higher than that of the
30% rolled alloys (Fig. 3e, f). The observed non-monotonic
behavior could be due to the simple W—H method applied in
this study. Furthermore, these microstructural details are
deployed to theoretically explore the YS of the selected steel,
which is the primary focus of this work.

To estimate the overall contribution of both austenite and
ferrite/martensite to the mechanical response, a composite
strengthening model was applied [39]. The rule of mixtures
was used to compute the yield of two primary phases as
follows:

oy = Z(uy X 0y + Uy X 0) (6)

where v, and v, are the phase fraction of austenite (y) and
ferrite/martensite («) phases, o, and g, are the yield strength
of v and « phases, respectively.

According to the Taylor hardening theory, the strength-
ening contribution from dislocations (s¢p) can be estimated as
follows [40,41]:

op=aMGbp,* 7)

where, M is the Taylor factor (3 for non-textured poly-
crystalline materials), G is the shear modulus (82 GPa) [27], a

~0.3 is a constant [42,43], b is the Burgers vector, and p, is the
dislocation density.

The grain sizes are significantly refined after CR and CGR
(Fig. 3). The contribution of grain refinement to the overall
strengthening can be given by [40]:

JH:00+KHd71/2 (8)

where d is the average grain size and taken the same as r in Eq.
(2), and Ky is the Hall-Petch (HP) constant. Ky is reported to be
0.11-0.31 MN m~*?2[27,42,43]. In this study, we have taken this
value as 0.3 MN m~¥?2. Furthermore, in order to calculate the
grain size strengthening contribution, an appropriate defini-
tion of grain is important. Generally, HP relationship is valid
with an average grain size of over 1 um and a negligible number
of dislocations [40]. However, our previous studies showed
evaluation of nano-size grains along with dense dislocation
substructures in CR and CGR specimens [20,21]. Recently,
Hasen et al. [40] reported that HP relationship derived from
annealed or undeformed microstructure should be modified
prior to extending in nanostructured materials containing high
dislocation substructures. Therefore, based on the assumption
of an identical strengthening mechanism, as recommended by
Hasen et al. the relationship combining the HP and Taylor
strengthening is considered by Eq. (9) as follows [40],

Op+H =00 + OlGMb(,OD)l/z + KHd71/2 (9)

Other possible contributions are from solid solution
strengthening and Cr,N/Ce precipitation strengthening,
which are assumed to distribute uniformly in the two phases
and can be evaluated by Egs. (10) [44] and (11) [45],
respectively:

)0.75

+70(x )"

+61(x2)"7

73 =0.686 [110(xg§ + 14(X25)°'75}

(10)

where, X; is the atomic concentration in wt.% of element i
(i = Si, Mn, Ni, Cr).

Precipitation strengthening can be attributed through
shearing/bowing out between precipitates and cross slip/
climb [45]. The hard particles increase the strength signifi-
cantly by the Orowan strengthening mechanism and a critical
size and incoherency of particle is required for an effective
strengthening of the alloys [46]. The Ashby — Orowan rela-
tionship describes the effect of hard particles on the
strengthening of alloys as follows [45—47]:
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Table 5 — Individual strengthening mechanism's contribution to YS and experimentally measured YS for CR and CGR SDSS.
gss: strengthening contribution from solutes using Eq. (10); op: strengthening contribution from secondary phase particles
using Eq. (11); the fraction and average diameter of precipitates are taken as constants to simplify the calculation; oy p:

strengthening combining the HP and Taylor strengthening using Eq. (9); oy: > RMS of overall strengthening combining the

oss, op and op,n, predicted separately for primary « and y phases using Eq. (13); oy :

predicted YS using Eq. (6).

composite strengthening model

ass (MPa) ap (MPa) Phases op+u (MPa) oy (MPa) oy (MPa)

CR 30% 330(+ 0.7) 569 + 0.5 ¥ 997(+ 0.7) 1195(+ 0.5) 1131(+ 0.7)
P 966(< 0.4) 1169(x 0.7)

CR 50% 330 £ 0.7 569 + 0.5 ¥ 1139(+ 0.3) 1316( 0.5) 1215(+ 0.6)
a 1053(+ 0.1) 1242(+ 0.3)

CR 70% 330(+ 0.7) 569(+ 0.5) ¥ 1199(+ 0.1) 1368(+ 0.7) 1320(+ 0.3)
a 1210(+ 0.5) 1378(x 0.2)

CR 90% 330(+ 0.7) 569(x 0.5) ¥ 1272(+ 0.4) 1432(+ 0.7) 1434(+ 0.3)
o 1366(+ 0.5) 1516(x 0.9)

CGR 30% 330(+ 0.7) 569(x 0.5) ¥ 1059( 0.6) 1247(+ 0.7) 1265(+ 0.2)
a 1091(x 0.9) 1274(x 0.9)

CGR 50% 330(+ 0.7) 569(+ 0.5) ¥ 1179(+ 0.5) 1350( 0.9) 1378(+ 0.1)
" 1227(x 0.2) 1392(x 0.2)

CGR 70% 330(+ 0.7) 569(+ 0.5) ¥ 1231(+ 0.7) 1396(+ 0.1) 1479(+ 0.6)
a 1364(x 0.1) 1515(x 0.4)

CGR 90% 330(+ 0.7) 569(x 0.5) ¥ 1301(+ 0.7) 1458(+ 0.2) 1540(+ 0.5)
a 1436(x 0.3) 1580( 0.3)

.o (o 538§b\/ﬁ> <2b> 1)

where G is the shear modulus (MPa), b is Burger's vector, d’' is
the diameter of the precipitates and f is the volume fraction of
the precipitates. The average diameter of Cr,N and Ce pre-
cipitates was estimated from TEM and PEEM investigation, as
shown in Fig. 2e and f. Using Eq. (11) we have estimated the
combined precipitation strengthening contribution due to
Cr,N and Ce as follows:

e (el (Eel) oo

where K and K' are the product of Gb for Cr,N and Ce,
respectively. In this work, the solutes, size and fractions of the
precipitates are considered to be constant, i.e., the oss and op
are constant in the CR and CGR samples to simplify the model.
In combination with Egs. (6—12), the overall YS can be calcu-
lated as follows:

oy =1/ 05+ 0% + 03 + 0h,4 (13)

where, ‘oo’ is flow stress (for austenite, ¢p = 25 MPa, and for
martensite/ferrite oo = 30 MPa [48,49]).

Table 5 lists the contribution of different strengthening
mechanisms to the overall YS. The difference between the
experimental (Fig. 4) and predicted values of the overall YS is
insignificant (Fig. 5), where these data fluctuate near a straight
line with a slope of one, and the deviation is less than 10%.
This proves the rationality of the current prediction via
microconstituents determination using HE-SXRD and analytic
models. The observed small difference between the calculated
and measured values could be due to the most simplistic W—H
method used here. Simple W—H method ignores the effect of
the dislocation arrangement and the dislocation contrast

factors, i.e., the strain anisotropy, which is displayed in the
non-monotonic behavior of the W—H plots (Fig. 3). Such
dislocation arrangement and density together define the
microstrain in the lattice. A few possible improvements have
recently been suggested via the modified W—H approach and
full pattern fitting methods [48], which is not within the scope
of the present study. Moreover, XRD data do not provide in-
formation on deformation twin density and other defects [50].
Further, the current SDSS is modeled as isotropic, which is
highly unlikely in practice and thus might be contributing to
the discrepancy in the predicted and experimental YS values.
However, it is interesting to note that even a simple W—H

1800
——CR30%
1600 | —— CR 50%
= ——CR70%
Q 1400 —— CR 90%
& 1200
(/)]
o
% 1000
2
£ 800
[0]
2
£ 600
= |
H 400 Y
200 f
0 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Engineering strain (%)

Fig. 4 — Representative engineering stress vs. stain curve of
the CR SDSS samples. Corresponding extracted yield
strength values are given in [12] for CR samples [13] for CGR
samples.
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Fig. 5 — The summary of predicted and experimental YS
values. Experimental values are extracted from [12—-14],
and the representative experimental stress vs. strain
curves are shown in Fig. 4. A magenta straight line with a
slope of one is given to reveal the deviation, less than 10%,
of the predicted yield strength from the experimental one.

method provides a close agreement with the experimental
results (Fig. 5), a pioneering result from this work.

Through analyzing by employing HE-SXRD data and an
analytical model, the YS of the present SDSS is understood to
be mainly controlled by the grain refinement and the stored
dislocations due to plastic deformation. This also indicates a
correlation between the deformation modes, strain levels, and
YS of SDSS. Despite the fact that complex microstructures can
be developed in such SDSS after deformation [20—22], a
combination of quick HE-SXRD measurement and analytical
model can be applied to predict the microstructural features
and corresponding YS after thermomechanical processing,
which provides unique pathways for designing high strength
steel prior to multiscale characterizations. Prediction of YS for
single phase alloy is common to achieve, however, the same
for multiphase steel is lacking. This work, on the other hand,
benefits the idea of highly alloyed multiphase steels for the
precise prediction of YS using composite type analytical
model to estimate the exact contribution of different phases
(austenite, ferrite/martensite, cementite, and precipitations,
etc.).

4, Conclusion

In summary, HE-SXRD experiments and an analytical model
were employed to predict the yield strength of Ce-modified
SDSS subjected to various cold- and cryo-deformation. In
addition to microstructural details, HE-SXRD data identifies
major as well as minor phases e.g., Cr,N and rare earth based
eutectic phases. Implementation of complete structural in-
formations in semi-empirical analytical model results in
similar YS values as experimentally measured. Such close
agreement of predicted results compared to measured ones

establishes a pioneer outcome obtained solely from HE-SXRD
data. The following conclusions can be drawn from the pre-
sent investigation:

(a) Clear differences in the relative intensities of various
peaks of the major phases («/a’ and v) for the two
different sources (LS-XRD and HE-XRD) are apparent.
Several additional peaks correspond to secondary pha-
ses of Cr,N and eutectic Ce,-Fe, are not revealed
through LS-XRD.
The average lattice microstrain in austenite increased
from 4.7x10 % to 7.2x10° and in martensite increased
from 1.9x10> and 3.2x10~> with an increase in rolling
reduction from 30 to 90% along with a concomitant
decrease in the grain size from ~122 to 82 nm and 113 to
61 nm, respectively. A similar trend was observed in the
case of CGR specimen. A relatively higher level of
microstrain within austenite as compared to ferrite/
martensite phase could be attributed to the high strain
hardening ability of austenite compared to ferrite/
martensite.
Among different strengthening mechanisms, grain size
strengthening mechanism was found to play a pivotal
role in high strength levels.
(d) Theoretical YS based on a unique composite strength-
ening model correlated well with experimentally eval-
uated yield strength.

G

—
n
~

Overall, this study provides new pathways for highly
alloyed complex multiphase structural and engineering ma-
terials to predict the yield strength of steels which would help
to design/engineer high strength steel by better understand-
ing the relationship of individual phase properties to their
mechanical response.
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