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This report is aimed at giving an overview of the significance of the novel and innovative microstructural and microscopic characterization
techniques for bulk nanostructured metals processed by severe plastic deformation, specifically high-pressure torsion (HPT). In practice, the
microstructural relaxation behavior upon heating of nanostructured 316L stainless steel and CoCrFeNi high-entropy alloy was characterized
by in-situ heating neutron diffraction measurements; the heterogeneous phase distribution of an HPT-bonded hetero-nanostructured Al-Mg
alloy was examined using synchrotron high-energy X-ray diffraction; and the microstructural evolution upon heating of a nanostructured
CoCrFeNiMn high-entropy alloy was examined by laser-scanning confocal microscopy. These novel techniques are complementary to each
other and any other in- or ex-situ testing methods, especially when nanocrystalline metals are transforming microstructurally and compositionally
with temperature and time in a hierarchical manner. The outcomes of the studies emphasize the importance of the methodologies and the

development of characterization techniques for further in-depth exploration in the research field of severe plastic deformation.
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1. Introduction

Bulk nanostructured metals and their processing tech-
niques of severe plastic deformation (SPD) have raised
awareness from the materials research community because
of their superior mechanical and functional properties and
material processing capability, respectively. A continuous
effort has been made in the research field dealing with the
processing of nanostructured materials and a significant
number of studies have been conducted to understand the
underlying mechanisms that control the mechanical behav-
iors and further functionality of such materials.!) However,
microstructural changes from and to nanostructure with time
and temperature, i.e., under heating, are evaluated based on
ex-situ type measurements, and the continuous and dynamic
changes of microstructure are often difficult to be captured
by the generally available lab facility. Moreover, while
complex nanostructures involving numerous defects have
been investigated by various microscopy techniques with
high magnifications,” it leaves a question of how the
heterogeneous nanostructure in bulk metals evolves with
time, temperature, etc. It suggests the necessity of the
application of novel characterization techniques that enable
us to understand the microstructural evolution on an
additional scale, such as time, temperature, and length (or
position).

Evolution in nanostructure can be evaluated in reciprocal
space using diffraction such as X-ray, synchrotron, and
neutron diffraction. Lab-scale X-ray diffraction (XRD) and
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their line profile analysis have been used for investigating
the microstructural evolution and phase transformation of
the SPD-processed nanocrystalline metals.*® The limited
penetration depth of the reflection-type XRD!? provided an
opportunity to reveal microstructural heterogeneity in the
nanocrystalline metals processed by SPD, especially after
high-pressure torsion (HPT). In practice, the different
information of microstructure and its evolution within the
same sample was shown on different disk surface regions
(local or global) of Mg ZK60A'D and separate disk sur-
face planes taken at different disk heights (near surface or
mid-section after mechanical removal of material) of a
TiAl intermetallic compound.'? Accordingly, the novel
diffraction techniques wusing synchrotron and neutron
radiation can be an alternative and complementary approach,
besides any microscopic characterization, for further under-
standing of heterogeneity in nanostructure over multiple-
length scales.

Synchrotron X-ray and neutron diffraction techniques are
complementary to each other, where one can measure what
the other cannot, while both provide essential structural and
dynamic microstructural changes.'®) Especially high-energy
X-rays can penetrate millimeters of metals and probe locally
with a fine beam,'® while neutrons integrate over a large
volume. Moreover, neutrons show different diffraction
contrasts, which may be sensitive to order and disorder,
particularly in titanium alloys.'>!>) Representative examples
of utilizing the synchrotron X-ray and neutron diffraction
techniques on SPD-processed nanostructured materials'>!6-46)
are listed in Table 1. Specifically, the benefits of employing
these diffraction techniques on bulk nanocrystalline materials
are:
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Table 1 Representative examples of utilizing the synchrotron X-ray and neutron diffraction techniques on SPD-processed nanostructured
materials.
Technique | Test sample SPD techniques® / processing condition Measurement /outcome Additional measurement conditions Reference
Synchrotron | Ti-47Al Back-pressure ECAP powder consolidation Phase transformation, In-situ heating & cooling (300-1075 | Liss et al.
(903K, 200 MPa) thermal lattice expansion K at 3 & 5 K/min) 2009'9
Synchrotron | Cu-2.5Ni- - ECAP (8 passes, route B¢ at 423 K) Precipitation kinetics In-situ aging (823 and 973 K up to Azzeddine et al.
0.6Si - HPT (10 turns, 6 GPa, RT, 1 rpm) 1080 min) 2014'"
Synchrotron | Ti-16.1Nb HPT (0, 1, 5 and 10 turns at 4 and 8 GPa, RT) | Phase change - Panigrahi et al.
with and without annealing (623 and 793 K) 2015
Synchrotron | Al6061-T6 ECAP (1 pass, RT) Texture, residual stress - Reyes-Ruiz et al.
2016'”
Synchrotron | Pure Ni ARB (equivalent strain = 4.8) Lattice plane strain, In-situ tensile (8.3 x 10 s, RT) Adachi et al.
Dislocation density 2016°”
Synchrotron | Ti HPT (up to 6 GPa, shear strain of 0.5, 2.7, 6.4 | Phase transformation, In-situ HPT Schafler et al.
and ~21) microstructural parameters 201729
Synchrotron | Cu-Ag, HPT powder consolidation (5-100 turns, 7.8 Phase change - Kormout et al.
Cu-Co GPa, 0.2 and 0.6 rpm, RT and 373-573 K) 20182
Synchrotron | TiZrNbHfTa HPT (5 turns, 7.8 GPa, 0.2) rpm, RT) + Phase change - Schuh et al.
annealing (1 h at 573-1373 K, or 5 min — 100 2018%
hat 773 K)
Synchrotron | Cu-Ag, HPT (5 turns, 6 GPa, 0.9 s') + annealing Phase change, lattice - Straumal et al.
Cu-Sn (773, 873 and 1073 K) parameter 2020%Y
Synchrotron | Cu-Co, HPT powder consolidation (100 turns for ¢8 Texture, In-situ heating (up to 763 K) Waurster et al.
Cu-Fe mm, 250 turns for $30 mm, RT) phase transformation 20207
Synchrotron | CoCuFeMnNi | HPT (0.1, 0.5, 1 and 5 turns, 5 GPa, RT) Texture Position-sensitive (1 mm step size Sonkusare et al.
along HPT disk radius) 2020%
Synchrotron | Ti-15Mo HPT (1 turn, 7 GPa, RT) Phase transformation In-situ heating (5 K/min to 923 K) Bartha et al.
202127
Synchrotron | Si (100) wafer | HPT (10 turns, 24 GPa, RT, 1 rpm) Phase transformation Position-sensitive (HPT disk center Ikoma et al.
& edge), in-situ heating (10 K/min at | 2021%
RT-433 K and 2 K/min at 433-473 K)
Synchrotron | Fe-Mn-Al-Si Multi-pass cold-rolling (RT, equivalent strain | Dislocation density In-situ tensile (8.3 x 10 s°!, RT) Bai et al. 2021%%
TWIP steel =2.87) + annealing (923-1373 K for 300-
3600 sec)
Synchrotron | Ti/Nb ARB (~8 passes with equivalent strain = 9.6, Lattice strain In-situ tensile (1.0 x 107 s, RT) Jiang et al.
composite RT, 1 m/s, annealing at 848 K for 1 h between 202139
passes)
Synchrotron | Al/Mg HPT solid-state bonding (100 turns, <6 GPa, Microstructural parameters’, | Position-sensitive (0.65 mm step size | Han et al.
RT, | rpm) phase fraction for overall HPT disk surface) 20223
Synchrotron | Commercial- BM (150 rpm, up to 150 h) + SPS (1073 K, 30 | Lattice strain In-situ tensile loading (loading up to | Sjogren-Levin et
purity Ni min, 100 MPa) 355 MPa with 10-20 MPa loading al. 20233
increment)
Synchrotron | Fe-Mn-C-Al HPT (0, 1, 2, 3, and 5 turns, 6 GPa, RT, 1 rpm) | Texture, phase Position-sensitive (0.2 mm step size Yan et al. 2014
TWIP steel transformation (strain- along HPT disk diameter)
Neutron dependent)
Neutron Al6061-T6 FSP (4.7 mm/s TR speed, 1250 rpm rotating Texture - Woo et al.
speed, 12.4 MPa) 2006°9
Neutron High-purity ECAP (4 passes, route B¢ at RT) & Creep Texture - Kawasaki et al.
(99.99%) Al (473 K under 10-50 MPa) 2008
Neutron High-purity Zr | ECAP (1 pass, 107 s, RT) Texture - Yapici et al.
2009°¢
Neutron Al6061-T6 FSP (0.42 mm/s TR speed, 156 rpm rotating Microstructural parameters’ | In-situ FSP Woo et al.
speed) 2010°7
Neutron High-purity ECAP (1 and 8 p, route Bc) Texture In-situ annealing (573 K) Ishibashi et al.
(99.99%) Cu 20133
Neutron Cu/Nb ARB (RT until layer thicknesses down to 10- | Texture - Zheng et al.
composite 200 nm) 2013392014 40
Neutron OFHC Cu ECAP (1 pass, route B¢, RT) Residual stress - Lee et al. 20174V
Neutron TiAl HPT (0, 5, and 10 turns, 6 GPa, RT, 1 rpm) Order parameter, - Liet al. 2019'
intermetallic texture
Compound
Neutron TiAl HPT (5 turns, 6 GPa, RT, 1 rpm) Order parameter, phase In-situ heating-cooling cycle Liss et al.
intermetallic transformation, texture (between 300-1350 K) 20214
Compound
Neutron FeCo HPT (1 and 4 turns, RT and 473-673 K, 6 Order parameter - Glezer et al.
GPa) 20214
Neutron 316 SS HPT (5 turns, 6 GPa, RT, 0.5 rpm) & Phase change - Liu et al. 2022*%
annealing at 400-1173 K for 10 min
Neutron 316L SS Additive manufacturing & HPT (15 turns, 6 Microstructural parameters’, | In-situ heating (300-1240 K at 4 Kawasaki et al.
GPa, RT, 1 rpm) linear thermal expansion K/min) & cooling 20224
Neutron CoCrFeNi Additive manufacturing & HPT (15 turns, 6 Texture, microstructural In-situ heating (300-1240 K at 4 Liu et al. 20234
GPa, RT, 1 rpm) parameters’, linear thermal K/min) & cooling
expansion

§ SPD techniques include equal-channel angular pressing (ECAP), high-pressure torsion (HPT), accumulative roll-bonding (ARB), friction stair processing (FSP), and ball
milling followed by spark plasma sintering (BM + SPS).
 Microstructural parameters include coherent crystallite size, microstrain, dislocation density.

(1) A reduced beam size of high-energy synchrotron X-rays
to micro- to nano-scales is available for probing local
regions of interest with a high reciprocal space
resolution providing the through-thickness microstruc-

tural information. Thus, this technique allows the
mapping of heterogeneous microstructure by a series
of local microstructure information for the whole bulk
sample volume. An additional mechanical testing setup
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gives further benefit to measure the local micro-
structural changes during the straining of the
nanocrystalline samples.

(i) Characterization by neutron diffraction can provide
time-resolved structural changes yielding structural
evolution mechanisms and clarifying their transitions
in bulk samples.*” It is further beneficial with the
addition of other parameters including heating or
cooling to characterize the real-time crystallographic
changes with varying temperatures.

Accordingly, this overview paper provides, by describing
several recent experimental results of the authors, an
important insight into the microstructural transitions over
temperature, time, and multiple-length scales and the
characterization techniques for understanding such in-situ
structural changes of bulk nanostructured materials processed
by SPD. A special emphasis is placed on the ability and
complementarity of in-situ observation of macro-scale
microstructural evolution for hetero-nanostructured metals
utilizing high-temperature laser-scanning confocal microsco-

py.

2. General Observations After SPD: Hardness and
Structural Changes

This chapter describes the general hardness and micro-
structural evolution of one of the common engineering alloys,
316L stainless steel (SS), processed by HPT. Such HPT-
processed materials including the 316L SS are the base
materials for describing the application of novel in-situ
microstructural examinations in the following chapters. In
general, these fundamental features of microstructure and
mechanical properties for the HPT-processed metals are often
examined and measured ex-situ through the combination
of the Vickers microhardness tests, optical and electron
microscopy, and lab-scale XRD. Figure 1 shows (a) the
Vickers microhardness evolution across the steel disk
diameter with increasing numbers of HPT rotations through
8 turns,**® and (b) the hardness change of the steel against
shear strain, y, introduced by HPT through 15 turns, which is
given by

2nNr
= 1
Y N ()

where N is the number of HPT turn, 7 is the distance from the
disk center of » = 0mm, and % is the thickness of the disk
sample.*” A hardness gradation within the disk diameter is
visible in the alloy, especially in an early stage of HPT up to
2—4 turns, which reaches an upper limit of hardness for the
steel across the disk diameter of Hy > 500 through 4-8 turns.
The maximum hardness achieved in the alloy is about twice
the initial hardness of Hy = 233. The hardness change
regarding shear strain in Fig. 1(b) demonstrates that the
hardness development of the steel during HPT follows a
strain hardening model without microstructural recovery.>”
As represented by the 316L stainless steel, most engineering
metals and alloys demonstrate a notable hardness increase
after HPT due mainly to significant grain refinement. It is
well recognized by the Hall-Petch relationship®” and a
representative example of such hardness-grain refinement
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Fig. 1 (a) Vickers microhardness evolution across the steel disk diameter
with increasing numbers of HPT rotations through 8 turns**®) and (b) the
hardness changes of the steel against shear strain, y, introduced by HPT
through 15 turns.*>

relationship through HPT was reported for a CoCrFeNiMn
high-entropy alloy (HEA) processed under 6 GPa through
2 turns.’? A recent report discusses the significance of
different strengthening mechanisms in general engineering
alloys after severe plastic deformation and the strategy to
further strengthen the materials.>®

It should be noted that the stainless steel was manufactured
by an additive manufacturing (AM) approach using a laser
powder bed fusion (L-PBF) technique, and the initial as-built
sample had a subgrain size of 300 nm within several tens
of micron-sized grains.*® A measurement by transmission
electron microscopy (TEM) revealed that the microstructure
of the AM 316L steel disks achieved an average grain size
of 60nm in the equiaxed shape after 8 and higher HPT
turns,*>*® which is consistent with earlier reports on the
HPT-processed 316L-grade SS regardless of manufactured
conventionally by casting®*>> or through AM.’® The
aforementioned microstructure changes, such as nano-
structuring, in bulk metals during HPT can be
systematically examined ex-sifu using a series of separate
XRD measurements.” The XRD line profile taken on the
surfaces of the as-built and slightly polished steel disks after
HPT for different numbers of turns is shown in Fig. 2(a).*>*®)
Except for a very strong 220 texture of the as-built sample,
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Fig. 2 (a) The XRD line profile taken on the surfaces of the as-built and
slightly polished steel disks after HPT for different numbers of turns*>-4$)
and (b) the quantitative estimation of the structural parameters of
crystallite size, microstrain and dislocation density with increasing HPT
turns.*>)

which is associated with the AM procedure with the selected
parameters,’” the nanostructured steel after HPT tends to
evolve the texture towards 111 through even after 1/2 turn.
The developed texture is then maintained by showing visible
peak broadening through 15 turns, implying severe grain
refinement has occurred during HPT. The overall surface
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volume demonstrated the simple f.c.c. structure without any
martensitic secondary phase in the as-built sample and after
HPT. A visible peak shift between the samples before and
after HPT implies a lattice expansion of the fc.c. lattices
that is attributed to the introduction of excess vacancies and
dislocations.*> Analysis using the Williamson-Hall meth-
0d3? enabling the quantitative estimation of the structural
parameters of crystallite size dygzp, microstrain &, and
dislocation density pxgp computed by the relationship®® of
p =232 /bd where b is the Burgers vector and
2.58 x 107'%m for y-Fe®V are applied in the estimation with
increasing HPT turns as shown in Fig. 2(b), where N =0
is equivalent to the sample in an as-built condition.*> A
consistent trend of significant change even after 1/2 HPT
turn can be seen in the microstructural parameters of the AM
316 stainless steel through HPT for 15 turns.

3. In-Situ Heating Neutron Diffraction Analysis on
Nanocrystalline Metals

3.1 Ultrafine-grained 316L stainless steel

Microstructural recovery of the AM 316L SS upon heating
was examined in-situ upon heating from an ultrafine-grained
microstructure after HPT processing by applying a neutron
diffraction technique for the first time. The method of in-situ
neutron scattering provided a large data set of time-resolved
neutron diffractgrams during a heating-cooling cycle, which
enabled the quantitative visualization of continuous micro-
structural parameter changes. The measurements were
conducted at the iMATERIA beamline BL20°? in the
Materials and Life Science Experimental Facility at the
Japan Proton Accelerator Research Complex (J-PARC).%%
The experimental setup and data correction and analysis are
described in the report. The obtained neutron diffraction
contour map (from Bank 1) together with a temperature
change at a heating rate of 4K/min through 1240K are
shown in Fig. 3 for the AM 316L SS after HPT for 15
turns.*®)

Continuous changes in peak intensity and peak position
and width at each diffraction coordinate can be visible with
time, thus temperature. The high relative peak intensity is
shown in red on the white profile lines in the blue
background, so that the crystallographic preferred orientation,
known as texture, can be estimated by the ratios of the
relative peak intensities. The observed texture at = 0 min
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Fig. 3 Contour plots showing variation in neutron diffraction patterns of Bank 1 with time and temperature for the AM 316L SS after

HPT for 15 turns.*>
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Fig. 4 Relative lattice expansion upon heating in red lines and lattice
contraction upon cooling in blue lines for the HPT-processed AM 316L
SS. 4

of heating is equivalent to that shown in Fig. 2(a) for the
nanostructured AM steel. Through heating followed by
cooling, the alloy maintained its f.c.c. structure without any
transformation.

Apparent peak shifting upon heating and cooling indicates
the lattice expansion and contraction, respectively. The
relative lattice expansion and contraction through heating
and cooling estimated at the strongest texture plane
coordinate of 111 are shown in red and blue lines,
respectively, in Fig. 4 for the HPT-processed AM 316L
SS.%) The relative values were estimated using the base value
of lattice parameter, a,, of 3.60 A under the minimum strain
condition after completion of the heating-cooling cycle. Both
thermal lattice expansion of 18.530 x 107°K~' and con-
traction of 17.641 x 107K~ upon heating and cooling,
respectively, show reasonably consistent linear relationships,
and the values are consistent with the same class of steels,
which typically exhibit a coefficient of thermal expansion
ranging from 10 x 107°-20 x 107K 1.4

The relative peak width measured at the strongest texture
plane coordinate of 111 with increasing temperature during
the in-situ neutron measurement is shown in Fig. 5 (upper)
for the HPT-processed AM 316L SS. A reduction in peak
width with increasing temperature implies relaxation in
microstrain and growth in crystallite size, thereby estimating
the microstructural stability of the ultrafine-grained AM steel.
In practice, a continuous narrowing in peak width occurred
up to ~920K, a significant drop followed between 920 and
1020 K, and it saturated at the minimum value over 1020 K.
Figure 5 (upper) correlates these changes in relative peak
width with the Vickers microhardness that was measured
ex-situ after heating in a consistent way as the neutron
measurements of the HPT-processed AM steel samples,
followed by quench.* The hardness value of Hy > 500 at
300K, which is consistent with the hardness immediately
after HPT of the steel shown in Fig. 1 (a) and (b), reaches the
highest value of Hy =620 at 873K and decreases
dramatically up to 1300K in the nanostructured AM SS.
Such hardness increase is consistent with earlier reports on
conventionally manufactured 316L SS after HPT when they
are heated at up to 773-873 K.>*639) Thus, Fig. 5 (upper)
can clarify the following sequential microstructural thermal
behavior at different stages of heating on the HPT-processed
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Fig. 5 (upper) Relative peak width measured at a plane coordinate of 111
and Vickers microhardness changes with increasing temperature, and
(lower) structural evolution in the nanostructured AM 316L SS with
heating through 1300 K.+

AM 316L SS, which is supported by the microstructure-
property relationship: (I) microstructural recovery involving
micro-strain relaxation up to 873K, (II) recrystallization
with accelerated micro-strain release at 873-973 K, and (III)
grain growth above 973 K including (III') completing strain
relaxation in lattices up to 1023 K.

These sequential changes in the microstructural thermal
behavior observed by the in-situ heating neutron diffraction
measurements can be further analyzed by applying the
Williamson-Hall method, for which the summary is shown
in Fig. 5 (lower) including the (I)-(Ill) temperature regimes,
showing separate microstructural thermal behavior of the
HPT-processed AM 316L SS.*5 The microstructural parame-
ters of coherent crystallite size from the neutron measurement
dnp, micro-strain &, and the dislocation density pnp were
computed by the earlier described Williamson-Hall analysis
and a relationship between these parameters. With this plot,
three temperature regimes with different microstructural
relaxation behavior are clearly divided by the changes in
these spate microstructural parameters. Thus, stage (I) at
T = 300-873 K maintains the crystallite size and dislocation
density, while a significant reduction in microstrain occurs,
thereby confirming microstructural recovery. It is followed by
stage (IT) through 973 K showing microstructural recrystalli-
zation, where the microstrain reached the minimum value
without major changes in crystallite size and a small
reduction in dislocation density. Above 973K, stage (III),
grain growth is apparent by the significant increase in
crystallite size, whereas stage (III') at 973-1023K in the
carly stage of (III) shows the completion of structural
relaxation by a significant reduction in dislocation density.
The novel characterization technique of in-situ heating
neutron diffraction enables a comprehensive understanding
of the continuous microstructural relaxation processes of bulk
nanocrystalline materials. This finding supports the similar
hardening behavior observed in tensile testing of a nano-
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structured 316 SS after 5 HPT turns under 6 GPa at 0.5 rpm,
where yield stress increases up to a testing temperature of
723K followed by softening over 723 K.*¥

The annealing-induced hardening for the SPD-processed
nanomaterials is documented in a recent review article, and
the following three can be the core reasons for the extra
hardening during annealing and heating: (i) annihilation of
mobile dislocations inside the nanograins with clustering
into low energy configurations, such as low-angle grain
boundaries, (ii) relaxation of non-equilibrium grain bounda-
ries leading to a difficult emission of dislocations, and (iii)
clustering of excess vacancies impeding the motion of
dislocations.®” The current in-situ heating neutron diffraction
experiments capture the microstructural relaxation for
annealing-induced hardening favorably. The annealing-
induced hardening should be differentiated from the harden-
ing caused by phase transformations including age hardening
by nucleation of precipitates.

3.2 Ultrafine-grained CoCrFeNi high-entropy alloy
Continuous microstructural recovery and relaxation behav-
ior can be observed in any bulk nanocrystalline metals
processed by severe plastic deformation under in-situ heating
experiments. As another example of the in-situ heating
measurement, an f.c.c. single-phase nearly-equiatomic 24Cr—
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26Cr-25Fe-25Ni high-entropy alloy was examined by the
same procedure using neutron diffraction*® after production
by an AM approach®® followed by severe plastic deformation
through HPT.®” The ultrafine-grained high-entropy alloy
after HPT for 8 or higher numbers of turns under 6 GPa
provided homogeneously distributed nanograins with average
sizes of 50~60nm.

The obtained neutron diffraction contour maps from three
detector banks 1-3 with temperature and time are shown in
Fig. 6.40 The experiments were terminated for some time
that reflected the neutron diffraction peaks of the alloy, but
enough data was achieved for determining the thermal
behavior of the alloy. The different detector banks orienting
at peculiar scattering angles provide distinct reciprocal space
probings. Except for the visible texture development during
heating, the ultrafine-grained CoCrFeNi high-entropy alloy
demonstrated a similar set of microstructural changes with
the 316L SS, such as maintenance of fc.c. single phase
structure, an apparent reduction in the broadened peak widths
during heating due to microstructural relaxation, and peak
shifting describing thermal expansion and contraction with
heating and cooling, respectively. After the heating-cooling
cycle, a lattice parameter of ag = 3.57 A of the f.c.c. unit cell
was estimated for the high-entropy alloy, that is used for the
following analysis.
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Fig. 6 Contour plots showing variation in neutron diffraction patterns from three detector banks 1-3 with time and temperature for the AM

CoCrFeNi HEA after HPT for 15 turns.*®
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The neutron diffraction data for the CoCrFeNi alloy
prepared by AM followed by HPT (AM-HPT) was examined
in the consistent manner that was applied for the 316L steel
in the previous section, and the results are summarized in
Fig. 7 for the changes in, from top, relative peak width,
relative lattice expansion, and Vickers microstructure with
temperature. For comparison purposes, the AM sample in an
as-built condition was also examined and the results are listed
in the plots. While the actual numerical values are different,
a consistent thermal relaxation behavior and the hardness
changes during heating can be observed between the f.c.c.
single-phase alloys of 316L SS and CoCrFeNi high-entropy
alloy when comparing the plots in Figs. 4, 5(upper) and 7.

Detailed results and understanding of the thermal
relaxation behavior of the ultrafine-grained high-entropy
alloy in bulk volume can be found in an earlier publication.*®
Thus, the present overview should rather emphasize the
significance of the application of the novel in-situ heating
diffraction technique for better understanding the micro-
structural relaxation behavior of the nanostructured material
over multiple-length scales. A fine microstructure of the as-
built CoCrFeNi high entropy alloy had a duplex micro-
structure consisting of elongated phases with 50-55 um
lengths which are associated with the laser spot diameter,
together with equiaxed grains having <10pum observed
between neighboring tracks.’” The alloy without nano-
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crystalline microstructure failed to show any visible structural
relaxation behavior, which kept the low hardness value
constant through heating up to 1300K. By contrast, as
was seen in the ultrafine-grained 316L SS, continuous
microstructural relaxation behaviors including the transitions
of recovery, recrystallization and grain growth are captured
successfully through the application of in-sifu heating
neutron diffraction measurements. Thus, micro-stress relax-
ation upon heating up to 873K resulted in the hardness
increase to the highest value of Hy = 643 through the
microstructural recovery and recrystallization stages of the
nanostructured alloy. A similar hardness increase was
observed after post-HPT annealing of cast CoCrFeNiMn
HEA through 723K7Y and cast Aly3CoCrFeNi HEA
through 773 K,” but it is the consequence of the formation
of nano-scale precipitates, which has to be differentiated from
the annealing-induced hardening.%” In summary, the novel
in-situ heating neutron diffraction technique is effective and
practical for comprehending the microstructure-property
relationships of bulk nanocrystalline materials. It lays the
road-maps for making nanostructured materials not only
enhancing their mechanical properties, but furthermore
establishing a novel playground for drastically changed
functional properties based on these heterogeneous nano-
structures, such as recently observed on the inverted
magnetic response in the same-reported CoCrFeNi HEA.”

4. Position and Strain-Dependent Phase Transformation
Mapping of Diffusion-Bonded Nanocrystalline Metals
by High-Energy Synchrotron X-rays

A recent success in the application of HPT technique"
includes the synthesis of bulk metastable nanocrystalline
alloy through solid-state mechanical bonding of separate
simple metal sheets, such as Al and Mg, by HPT at room
temperature.”*’® However, the true nano-scale grain
structures with an average size of 30-40nm together with
polymorphous phase transformation under HPT and composi-
tional heterogeneity remain challenging to observe the
heterogeneous nanostructure evolution in a position-depend-
ent manner. In practice, computer simulation and imaging
techniques can visualize the microstructural evolution under
HPT on dissimilar metal sheets,”” the quantitative informa-
tion of compositional transition attributing to the imposed
shear strain that varies with the position » within the sample
given by eq. (1) is unclear with the currently available lab-
scale measurement techniques.

Accordingly, a measurement of texture and structural
mapping of a heterogeneously phase-transformed nano-
crystalline Al-Mg metastable alloy was initiated using
high-energy synchrotron X-ray diffraction®" as a sophisti-
cated tool for bulk studies.'® The material was processed
by HPT for 100 turns under <6 GPa on separate Al and
Mg sheets by the stacking in the order of Al/Mg/Al The
synchrotron X-ray experiment was conducted at the beamline
BLO02B1, SPring-8, Japan. A series of measurements taken at
a separate local area of 0.2 x 0.3 mm? using micro-beam of
high-energy X-rays provides numbers of separate diffraction
peak profiles over the sample volume, where the schematic
drawing of the sample setup and measurement locations over
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the sample surface are shown in Fig. 8(a). High-energy X-ray
diffractograms (HEXD) mapped all over the sample volume
provide the feasibility of capturing gradual yet significant
changes in microstructure, composition, and phases within
the HPT-bonded AI-Mg nanocrystalline alloy (Fig. 8(b)).
Each HEXD describes a Debye-Scherrer diffractogram along
azimuth 5 with scattering vector Q. An enlarged HEXD
pattern taken at the mid-radius of the HPT-processed disk
provides an example of a mixture of fc.c. Al-rich and Z.c.p.
Mg-rich phases, and a unique set of azimuthal intensity
distributions exhibit the formation of ultrafine grains having
complex preferred crystallographic orientations. Pretreating
the instrumental broadening, observed broadening of the
diffractogram along |Q| implies broadening due to grain
refinement as well as gradients in chemical composition.”

Considering the radially symmetric microstructural devel-
opment of HPT samples as implied in Fig. 1(a), a set of
strain/position sensitive HEXD patterns at lower |Q|
(upper row) and diffractograms for a primary fc.c. phase at
higher |Q] (lower row) are shown in Fig. 8(c) along an
arbitrarily selected disk radius. Peaks at higher |Q| range
can highlight peak broadening of the phase better than at
lower |Q|. The HEXD plots show the co-existence of f.c.c.
and h.c.p. phases up to r ~ 3 mm. At the disk edge of r >
3 mm, phases with only fc.c. structure are observed, and the
microstructure involves nano-scale grains with high composi-
tional gradients.

By connecting the measurement position and the HPT-
induced shear strain y expressed by eq. (1), this measurement
can evaluate the processing-microstructure relationship of
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Fig. 9 Phase fractions of the fic.c. and h.c.p. phases observed by the
HEXD experiments evaluated along the disk diameter of the HPT-bonded
Al-Mg alloy.>"

the severely deformed nanocrystalline AI-Mg alloy involving
significant phase transformation. Specifically, compositional
broadening of the HEXD diffractogram was quantitatively
analyzed across the HPT disk diameter, and the results are
plotted in phase fraction of the fc.c. and A.c.p. phases vs.
distance from disk center, which stands for the imposed shear
strain during HPT (Fig. 9).>) The results summarize the
dependence of the HPT-induced Al/Mg mechanical bonding
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on position-sensitive accumulated shear strain leading to
different degrees of phase transformation from separate
ficc. and h.cp. phases up to y=2500 to ultimately a
supersaturate solid solution fc.c. phase with 14-15at% Mg
in Al at 3000 < y < 4000. This study demonstrates the
excellent potential of the characterization technique using
high-energy synchrotron X-ray diffraction for visualizing
gradual microstructural changes and phase transformation in
heterogeneously nanostructured metallic materials. It is worth
noting that the first position-sensitive high-energy synchro-
tron X-ray measurement on an HPT-processed sample was
conducted along the disk diameter after 1 turn of an Fe-Mn—
C-Al TWIP steel that was further examined by neutron
diffraction to evaluate phase transformation with increasing
HPT turns to 5 turns at 6 GPa.>¥

5. In-Situ Laser-Scanning Confocal Microscopy for
Observing Macro-Scale Microstructural Changes
Upon Heating

Besides the novel diffraction techniques explained in
earlier sections, optical microscopy and electron microscopy
have been serving as indispensable and complementary
techniques for metallurgy and materials science research.
Various microscopy techniques have been accepted to date
for advancing nanocrystalline materials research,”> and the
ability to analyze at higher resolution is essential to examine
a variety of planar defects in nanocrystalline materials.
Accordingly, appropriate microscopy techniques have to be
selected by considering not only the objects of investigation
(grain size, morphology and grain boundary, twin boundaries,
dislocations, texture, etc.) but also the time-dependent
evolution of the objects under specific conditions (temper-
ature, pressure, stress, corrosion, etc.). Thus, considering
the correlation between in-situ heating (Section 3) and
heterogeneous structural evolution and phase transformation
(Section 4) observed in the bulk nanocrystalline metals
processed by HPT, this section describes a novel microscopy
technique of laser-scanning confocal microscopy (LSCM)
used with a heating facility that allows in-sifu observations of
micron-scale heterogeneous microstructural evolution.

LSCM uses laser as a light source and applies pin-hole
technology enabling high-resolution observation at high
temperatures not being affected by thermal radiation.
However, when it comes to the visual observation made at
the surface, unlike other techniques that use a signal from
bulk, an effort should be made to ensure the surface
observation of an event is representative of bulk behavior.”®
For instance, avoiding oxidation on the surface of the HEA
specimen is essential, which requires an extra level of the
protective environment in order not to obtain misleading
information. Nevertheless, some oxidation may still occur
at higher temperatures, but in the present case, it was
sensitive to the underlying phase structure, still suitable to
determine the different regimes of microstructure and phase
evolution.

The thermal behavior of a nanocrystalline CoCrFeNiMn
HEA after HPT was examined in-situ by LSCM with a
heating system. High-temperature LSCM has been widely
used to make observations of solidification morphology,
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phase transformation, microstructural relaxation, precipita-
tion, etc., and to examine the mechanism and kinetics of
such. A schematic drawing and principles of confocal optics
and infrared heating system as well as examples of earlier
studies on metallic materials are found elsewhere.””%" An
HPT-processed nanocrystalline CoCrFeNiMn HEA disk
having 10mm diameter and ~0.7mm thickness was cut
vertically and mirror polished, to examine the microstructure
close to the disk edge on the vertical cross-section. Using
a high-temperature LSCM (Model VL2000DX-SVF18SP)
observations were made during heating from 373K to 923K
at a rate of 10K/min followed by rapid cooling with a
quenching gas.

The CoCrFeNiMn HEA is one of the well-studied fc.c.
single-phase HEA, and it has reasonably similar nanocrystal-
line microstructure and hardness to a four-element CoCrFeNi
HEA after HPT processing.®" Saturated nano-scale grains
with an average size of 40-50nm are observed in the
CoCrFeNiMn HEA earlier,>7%? and a phase transformation
is expected when isothermally held at 723K for 1-10
hours,”%71:83) while such phase transformation has not been
observed in the four-element CoCrFeNi alloy through
1000 K3 and 1300K as shown in Fig. 6.49

Figure 10 shows a series of LSCM micrographs taken
at a consistent disk edge region of the HPT-processed
CoCrFeNiMn HEA at arbitrarily selected temperatures. At
373-580K the overall microstructure was homogenous
without any trace of large-scale microstructural change at
the measurement scale, while above 580 K a multi-phase and
elongated microstructure that follows a shear direction was
developed in the regions of 150-200 um from the top and
bottom disk surfaces except for the disk middle-section. The
developed multi-phase regions near the top and bottom of the
disk surfaces were clearly recognized in the observation
thanks to the contrast difference between neighboring phases.
This structure - the combination of multi-phase close to the
disk surfaces and single-phase type microstructure at the
middle of the disk section - was maintained reasonably up to
680K. Over 680K up to 900K, the disk middle-section
appears to adopt the multi-phase microstructure, but the
morphology of the multi-phases appears rather equiaxed at
the middle-section than elongated along the shear pattern that
is found at the disk surface regions. This difference can be
clearly confirmed in the higher magnification micrograph
taken around the border (denoted with a yellow dot line) of
these two regions at 793.2 K, where the upper half shows
more equiaxed phases while the lower half displays the
elongated phases. At temperatures over 900K the overall
multi-phase microstructure appeared homogeneous with
reasonably coarse and equiaxed phase morphology and the
structure was maintained toward room temperature after rapid
cooling.

This preliminary experiment obtained by the high-temper-
ature LSCM shows the heterogeneous microstructural
evolution within the nanostructured HEA disk upon heating
for the first time. It is well consistent and anticipated by the
nature of HPT creating heterogeneous straining not only
along the disk perimeter but also along the disk height®>
leading to microstructural heterogeneity between the regions
close to the disk surfaces and the middle-section.'” The
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temperatures between 373 K and 923 K. A yellow dot line in a micrograph taken at 793.2 K denotes a border separating the regions with

different phase morphology.

hierarchical formation of multi-phase microstructure in the
nanostructured HEA upon heating implies that the peak
hardness for the CoCrFeNiMn HEA’%7!83) for which the
reported phase transformation temperature of 723K is
responsible, might have been measured within the middle-
section of the disk samples.

Although the applied magnification in the present study is
impracticable in resolving the nano-scale grain and phase
sizes, visualization of heterogeneous microstructural evolu-
tion upon heating over such a large area of the sample brings
a significant contribution to understanding the thermal
stability of the bulk nanostructured and hetero-structured
metals. In addition to this benefit, by complementing this
technique with other techniques, the journey of investigation
can be made efficient. While the high-temperature LSCM has
been utilized to support the results achieved by in-sifu heating
neutron diffraction analysis often for identifying the phase
transformation of metallic materials,'>3%%7) it can be used in a
way and vice versa as a preliminary step prior to employing
time-intensive techniques such as TEM, atom probe
tomography, nanoindentation, etc. which essentially involve
dedicated sample preparations and efforts for identifying the
regions of interest.

6. Summary and Conclusion

This overview paper is aimed to provide several recent
examples of utilizing novel diffraction and microscopy
techniques that can be utilized complementarily for the
characterization of bulk nanostructured metals processed by
severe plastic deformation, specifically HPT. In practice, the
following findings and conclusions are derived from the
described techniques and analysis methods.

(1) In-situ heating neutron diffraction examinations were
conducted to examine the microstructural relaxation of
the nanostructured 316L SS and CoCrFeNi HEA after
HPT. Sequential microstructural relaxation features
can be paired with the mechanical testing results for a
better understanding of the minutely changing micro-
structure-property relationship of the nanocrystalline
metals.

Micro-beam of synchrotron high-energy X-rays enabled
the localized microstructural measurements over the
sample volume of an HPT-bonded Al-Mg nanocrystal-
line alloy. Mapping of the local HEXD peaks over the
sample exhibits detailed compositional changes with
different imposed strains leading to the comprehension

@
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of the processing-microstructure relationship for nano-
crystalline and hetero-structured metals.

(3) High-temperature laser-scanning confocal microscopy
(LSCM) provided in-situ heating microscopic observa-
tion on a CoCrFeNiMn HEA after HPT. The
observations made with the variation of temperature
enabled the visualization of hierarchical phase trans-
formation which is dependent on the location within the
bulk nanostructured sample. This characterization
method may be an excellent preliminary character-
ization technique for more involved in- and ex-situ
nano-scale microstructural and mechanical testing.
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