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Materials with heterogeneous microstructures have been reported to have an attractive combination of strength
and ductility. This is attributed to synergistic strengthening effects from the difference in strength of fine- and
coarse-grained regions. Understanding the interaction of the regions is crucial for further optimization of the
microstructures. In this work, we fabricated nickel of harmonic structure (HS) and a reference with homogenous
coarse grains. The HS constitutes of an interconnected fine-grained network that surrounds regions of coarse
grains. The interplay of the regions was studied by monitoring Bragg reflections from individual grains in situ
during tensile deformation until approximately 2 % strain through synchrotron X-ray diffraction. The technique
allows grain-level assessment of the degree of plastic deformation. Two grains were followed in the reference and
two small grains (fine-grained region) and two large grains (coarse-grained region) in the HS. Three deformation
regimes were identified: elastic deformation, onset of plastic deformation and significant plastic deformation.
Our results reveal that the large grains in the harmonic structure onset plastic deformation during the macro-
scopic elastic stage. With increasing applied stress, the small grains yield plastically also and once a large fraction
of the fine-grained network deforms plastically the large grains undergo significant plastic deformation. Notably,
the onset of significant plastic deformation of large grains in the HS occurs at approximately 100 MPa higher
applied stress than in the grains in the reference. This shows that fine grains constrain the large grains from
deforming plastically in the HS.

1. Introduction heterogeneous structures produced by conventional thermomechanical

processes [5,6]. Other architectured structures such as layered struc-

Materials that are simultaneously strong and ductile are desirable in
industrial applications. Unfortunately, metals strengthened through
cold-working and grain refinement show in general a reduced ductility
[1]. This is due to grains of small sizes such as nanocrystalline and ul-
trafine grains (UFG) having limited work-hardening capability leading
to strain localization already at small strains [2,3]. To obtain materials
that are simultaneously strong and ductile, heterogeneous microstruc-
tures with multimodal grain size distributions were developed [4] with
the intention to combine the strength from small grains with the
work-hardening ability of coarse grains. However, volume fraction and
spatial distribution of small and coarse grains are difficult to control in
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tures produced through stacking of thin foils or electrodeposition have
better spatial control but are intrinsically anisotropic [7,8]. Harmonic
structure (HS) materials are among the most promising heterogeneous
microstructures produced through a route of powder metallurgy [9].
They possess an interconnected, fine-grained network (with ultrafine or
nanocrystalline grains) that encapsulates regions of coarse grains. HS
materials have homogeneous properties on the macroscopic scale as
their heterogeneous grain structure is ordered but non-directional. Such
a microstructure design has been applied on a number of pure metals
and alloys, as summarized in [6,9-11]. In general, the application of HS
has shown to be successful in terms of increasing strength without
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significant loss in ductility [6].

According to the Considere criterion, necking may occur when work-
hardening rate equals the stress (do/de = o) for strain-rate insensitive
materials [12,13]. As a reduction of grain size tends to increase the flow
stress, the criterion is met at lower strains [3]. Heterogeneous structures
are believed to delay the fulfilment of the criterion by increasing the
work-hardening rate through a combination of synergetic effects [4,11].
The differences in plastic flow between coarse- and fine-grained regions
at their common interface is expected to cause strain gradients. These
strain gradients are accommodated by geometrically necessary dislo-
cation densities [14] that increase the overall dislocation density and the
work hardening rate.

Park et al. observed in HS indeed larger plastic strains in the coarse-
grained regions than in fine grained regions and particularly steep strain
gradients at their interfaces at 10 % macroscopic strain [15]. This result
is consistent with analytical modelling [16] and finite-element simula-
tions [17].

Coarse grains surrounded by fine grains in HS are expected to have a
higher work-hardening rate than coarse grains surrounded by other
coarse grains. In a recent study, we monitored the evolution of the
average stresses along tensile direction separately for coarse-grained
and fine-grained fractions in HS nickel by in situ X-ray diffraction up
to 4.5 % strain [18]. The stress-strain curve of the coarse-grained frac-
tion was compared with the curve of homogenous coarse-grained nickel.
Yielding of coarse grains occurred at higher applied stresses than in the
absence of fine-grained regions followed by an unaltered
work-hardening rate at least up to approximately 1.5 % strain. In order
to properly assess this finding, it must be noted that the separation of
diffraction signal from fine and coarse grains in the absence of chemical
or structural heterogeneity is challenging because of overlapping
diffraction intensities. For achieving a separation between the two
fractions, we developed a special algorithm based on differences in the
integrated intensity between diffraction peaks from grains of different
sizes [19].

In the present study, we monitored individual grains of different size
in nickel samples with harmonic structure and individual coarse grains
in a homogeneous coarse-grained structure during tensile deformation.
To achieve that, we used high resolution reciprocal space mapping
(HRRSM), which allows in situ monitoring diffraction peaks from indi-
vidual grains embedded in the bulk during tensile loading [20,21]. The
technique is selected because the diffraction peaks from individual
grains can be traced in isolation from the background of very fine grains
without using any separation algorithm and even small levels of plastic
deformations can be detected at low strains. The transition from elastic
to plastic deformation in an individual grain can be studied in detail
through one of its diffraction peaks as its position in reciprocal space
changes with elastic deformation and its appearance evolves with plastic
deformation of the grain. The intensity distribution of such a diffraction
peak represents local distortions of the crystalline lattice within an in-
dividual grain and is not completely smooth due to the formation of
dislocation boundaries and subgrains [20,21]. Once yielding occurs,
plastic deformation is carried by dislocations moving through the metal.
A fraction of these dislocations becomes stored in the metal and
self-organizes into dislocation structures. For face-centered cubic metals
with medium to high stacking fault energies such as copper and nickel,
dislocations typically form dislocation-rich walls separating
dislocation-depleted regions called subgrains [21]. With HRRSM, the
mean elastic strain of a grain and the local elastic strain of resolvable
individual subgrains can be determined [20,21]. With increasing plastic
deformation, more dislocations are generated, the subgrains decrease in
size and the disorientations in the dislocation walls grow [22], which
increases the lattice distortion [23]. The current study serves two pur-
poses: (i) to investigate the behavior of individual coarse and fine grains
in HS during tensile loading, and (ii) to gain further insights on how the
behavior of coarse grains is affected by the enclosure by fine grains.
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2. Experimental procedure
2.1. Material fabrication and characterization

Nickel powder with spherical particles of a mean diameter of 149 ym
was produced through plasma rotating electrode processing (PREP). The
chemical composition of the powder is summarized in Table 1. The
spherical powder particles were mechanically milled with a planetary
ball mill to produce a heterogeneity in grain size within each powder
particle with coarse grains in the core and fine grains close to the particle
surface constituting a shell. The powder was milled with high carbon
steel balls (SUJ2, 9 mm in diameter) in a 500 ml vial made of tool steel
(SKD11). The ball to powder weight ratio was 1.8:1. Balls, powder and 1
ml heptane used as processing control agent were added to the vial in an
argon-filled glove box to assure processing in an oxygen free environ-
ment. The balls and the vial were reused from previous milling cycles of
a nickel powder of similar quality. In this manner, balls and vessel had a
nickel coating on the surface minimizing contamination. The processing
control agent minimizes cold welding between balls and powder parti-
cles as well as between powder particles to avoid particle agglomeration.
Mechanical milling was carried out at room temperature for 100 h with a
rotation speed of 150 rpm. After processing, the powder was sieved
through two meshes with opening sizes 212 pm and 100 pm to separate
out agglomerated and fine fractured particles. Only the fraction of
particles between 100 pm and 212 um was retained.

To maintain the heterogeneous grain size after mechanical milling
and to achieve fully dense compacts, spark plasma sintering (SPS) was
applied. The milled powder was consolidated in vacuum atmosphere at
800 °C under a pressure of 100 MPa held for 30 min followed by furnace
cooling from 800 °C to 525 °C in 2 min and slower subsequent cooling
from 525 °C to 332 °C in 10 min to obtain HS compacts. Additionally,
homogeneous coarse-grained compacts were fabricated from unpro-
cessed initial powder using the same processing settings except for a
higher sintering temperature of 850 °C. The final compacts were disks
approximately 15 mm in diameter and 2.5 mm in thickness. Sections of
the compacts were prepared for microstructural investigations by
grinding on SiC paper followed by polishing with diamond suspension
and finally with colloidal silica.

Microstructural observations were carried out using electron back-
scatter diffraction (EBSD) in a JEOL JSM 7100F operating at 15 kV with
15 mm working distance equipped with TSL OIM Data Collection soft-
ware, while ion channeling contrast microscopy (ICCM) was conducted
with an FEI Nova NanoLab 600 FIB/SEM.

For the synchrotron investigations, the dog-bone shaped tensile
specimens with a nominal gauge length of 5 mm and a width of 1.5 mm
were cut from the compacts by electric discharge machining. To enable
sufficient X-ray transmission, their thickness was reduced by grinding
and polishing to 0.8 mm and 0.7 mm for the HS and the reference coarse-
grained samples, respectively.

The results of the microstructural observation are shown in Fig. 1 for
the HS compact in Fig. 1a-d and for the compact produced from initial
powder in Fig. le. A light-optical micrograph in Fig. 1a presents the
periodic pattern of fine and coarse grains achieved in the HS compact at
the macroscopic scale. Since grain sizes vary substantially within and
between the compacts, different step sizes were used for acquiring the
maps for EBSD analysis. For the boundary map of the HS compact
(Fig. 1Db), a step size of 0.5 pm was used. The large step size allowed
acquiring a statistically significant representative number of larger
grains, but the fine grains were not resolved. Therefore, grains at the
periphery of powder particles (termed shell) appear black in the

Table 1
Chemical composition of pure nickel initial powder (wt %) from [24].

C Si Mn S Cu Fe Ni

0.03 0.05 0.15 0.01 0.01 0.39 99.36
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Fig. 1. The microstructure of harmonic-structure (a-d) and coarse-grained (e) nickel. The light-optical micrograph in (a) shows a rather regular, almost periodic
pattern in the spatial distribution of grain sizes. EBSD image quality maps overlaid with high angle boundaries (>15° misorientation) in (b) and (c) reveal further
details of the structure of coarse grains in the core and fine grains in the shell areas, respectively. Grains with equivalent circular diameter between 4 ym and 5 pm are
highlighted in blue in (b) and (c). Ion channeling contrast microscopy micrograph in (d) illustrates that some grains in the shell are <1 pm in size.

boundary map, while the grains in the core are clearly visible. Fig. 1a,b
clearly display a core-shell structure characteristic for HS materials. The
shell fraction was assessed by applying a threshold value for the grain
size of 5 pm to distinguish between grains in the core and in the shell.
Based on this method, 75 % of the grain area was determined to consist
of grains larger than 5 pm and the remaining 25 % were assumed to be
shell. To resolve details of the microstructure of the shell fraction, a map
with a smaller step size of 0.1 pm was also acquired. As can be seen in the
resulting boundary map (Fig. 1c), the shell comprises of fine grains. The
map as well as the complementary ICCM micrograph (Fig. 1d) shows
that some grains are ultrafine with a grain diameter smaller than 1 pm.
When grains smaller than 5 pm are excluded, i.e. when only core regions
are considered, the area-weighted mean grain size in the overview
Fig. 1bis 21 pm. The shell in Fig. 1c predominately constitutes of grains

in the range 0.5-3 pm. Figs. 1b,c highlight all grain with equivalent
circular diameter between 4 um and 5 pm revealing that grains with such
sizes are mainly located within the network of forming the shell skel-
eton. For the compacts produced from the initial powder, an EBSD map
was acquired with a step size of 0.6 pm. A corresponding image quality
map overlaid with grain boundaries is shown in Fig. le revealing an
area-weighted mean grain size of 49 pm.

2.2. High resolution reciprocal space mapping

High resolution reciprocal space mapping was carried out in situ
during tensile testing at beamline PO7 at PETRA III with a set-up similar
to [25]. A sketch of the set-up is provided in Fig. 2. A monochromatic
beam of 52.7 keV with low bandwidth was focused to 36 pm in vertical
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X-ray beam
36x50 um?

Fig. 2. Sketch of experimental set-up. The diffraction angle 0 and the azimuthal
angles # and w are defined together with the real and reciprocal space
coordinates.

direction and 107 pm in horizontal direction. The beam was further
narrowed by slits in the horizontal direction to 50 pm so that the beam
size became 36 pm by 50 pm in z- and x-direction, respectively.
Diffraction spots were recorded on a MarCCD 165 area detector placed
3.9 m behind the sample at a horizontal position corresponding to the
400 diffraction peak of Ni from grains having their diffraction vector
close to parallel to the tensile axis.

The specimens were mounted in a custom-made screw-driven load
frame equipped with a 1 kN load cell in order to carry out interrupted in
situ tensile tests and loaded with a small preload of 10 MPa for the HS
specimen and a preload of 1 MPa for the reference specimen of homo-
geneous coarse grains. The load frame allowed for mechanical loading
while investigating individual grains in the specimens by means of
synchrotron radiation. The strain was measured by strain gauges glued
on the center of the gauge section of the specimens aligned with the
tensile axis, while the stress was determined with an integrated load cell.
The load frame was placed horizontally on top of a set of translation and
rotation stages that enabled the sample to be moved in x, y, and z, as well
as rotations around the z-axis (i.e. rocking through the w angle). The
movement in x and z enabled the investigated grains to be re-centered in
the beam when slightly displaced after each load step.

Prior to commencing the interrupted in situ tensile test, grains suit-
able for HRRSM needed to be identified based on the criteria specified in
[23]. The grains have to be smaller than the beam to ensure that they are
completely illuminated. The grains need to have their diffraction vector
close to parallel to the tensile axis and no overlapping reflections from
other grains must appear. Moreover, grains that have a too large
orientation spread were excluded to minimize acquisition time when
rocking around the z-axis. Suitable grains were found by rotating the
load frame by an @ angle +10° around the z-axis at different positions
within the specimen by moving the specimen with the translation stages.
When a suitable grain had been found, the grain was centered in the
beam by scanning the sample in x- and z-direction. These centering scans
also allowed the estimation of the grain size according to the procedure
in appendix A.

Table 2 summarizes the details of grains selected for HRRSM. Two
suitable grains (G1 and G2) were identified in the reference coarse-
grained specimen. Similarly, two grains (LG1 and LG2) larger than 20
um were selected in the harmonic structured specimen. Judging from
their size, these grains must be located in the core of original powder
particles despite being slightly smaller than the ones selected in the
coarse-grained specimen. Furthermore, two more grains (SG1 and SG2)
in the HS specimen were investigated. Their diffraction signals were
identified in the detector images containing the diffraction peak of LG1.
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Table 2
Overview of the selected grains in different specimens and their estimated grain
size.

Specimen Grain Estimated grain size (um)
Homogeneous coarse-grained Gl 37.3

G2 39.1
Harmonic structured LG1 21.0

LG2 22.9

SG1 3.9

SG2 4.8

Compared to the LG1 and LG2, SG1 and SG2 are small with sizes below
5 um implying that they are within or in close proximity to the fine-
grained network (cf. Fig. 1b, c) but still too big to be representative of
it. Consequently, for the HS specimens two different types of grains are
investigated, two large (LG1 and LG2) from the coarse-grained cores and
two small (§G1 and SG2) from the fine-grained network.

After identification of suitable grains and their mapping by HRRSM,
in situ tensile testing was carried out. Each specimen was stepwise
loaded in tension with stress increments of approximately 20 MPa. After
each load step, each large grain (G1 and G2 in the reference and LG1 and
LG2 in the HS) was centered in the beam by translating in x, z and
rocking the angle @ to achieve maximum intensity of the diffracted
signal prior to the acquisition of HRRSM data and to ensure that the
grains are fully illuminated.

High resolution reciprocal space maps were acquired by rocking the
sample around the z-axis with constant rotation speed over narrow in-
tervals of Aw = 0.01°. The intensity on the detector was recorded during
an exposure time of 5 s. Adjacent w intervals were stacked to gather
reciprocal space maps in 3D. Each point in the 3D data set is assigned the
rocking angle w defined as the average w-angle of its Aw interval as well
as two further angles defined by the pixel position on the detector: the
diffraction angle 6 (along the radial direction), and the angle 5 along the
azimuthal direction [21].

Based on the diffraction angle 6, the length of the diffraction vector q
is calculated by

ar
g = lq| = sin(6)

with a resolution of Ag = 5.5 x 10~* A1 determined in [25].

By integrating the intensity along the diffraction vector for each
(n,0), an azimuthal map is obtained. The angles are converted to
reciprocal space coordinates based on [26,27]

21 .
G = —(n—"n) TSM(ZH)

4r .
g. = (0~ w0) - sin(0)

where 7, and wo are defined, when the diffraction vector of 400
diffraction peak is parallel to the tensile axis. The map reflects the
orientation spread and mosaicity within the grain [23]. Furthermore,
the average position of the intensity distribution from the grain in the
azimuthal map reflects the angle between the tensile axis and the [100]
direction [21]. Radial peak profiles are obtained by integrating the in-
tensity perpendicular to the diffraction vector, i.e., along 7, and wo, onto
the diffraction vector. Such a projection results in a radial peak profile
(showing the intensity in dependence of the diffraction angle 6)
reflecting the distribution of distances between lattice planes within the
grain and hence the elastic strains [25].



E. Sjogren-Levin et al.
3. Results
3.1. Macroscopic mechanical behavior

True stress-strain curves of HS and coarse-grained Ni pulled at a
strain rate of 3.6 x 102 s~! from [28] are shown in Fig. 3 overlain with
the interrupted crosshead position-controlled measurements at the
synchrotron facility during the acquisition of HRRSM data. The me-
chanical behavior of the studied specimens is consistent with the pre-
vious studies, as shown in Fig. 3. However, the strain gauge initially
detected compressive strains for the HS specimen while pulling up to 92
MPa. This is regarded as a consequence of the specimen probably
becoming slightly bent during mounting. Therefore, the strains were
extrapolated for load step less than 92 MPa of the HS specimen based on
the linear behavior between the loads of 125 MPa and 175 MPa to be
able to compare the deformation behavior of the grains in both speci-
mens at equivalent macroscopic strains. Table B.1 and B.2 in appendix B
summarize the strains at the individual load steps shown in Fig. 3 for
both specimens.

3.2. Evolution of individual grains

The 3D intensity distribution of the reflections is difficult to visu-
alize, but the information of the distribution in orientation space can be
presented in terms of azimuthal maps, and the distribution of elastic
strains can be quantified through radial profiles. Fig. 4 displays the
azimuthal maps of the reflection from LG1 with increasing applied load.

In order to enhance fine details, magnified contour maps of the
reflection are shown in the series of insets at the lower part of each row.
The contour map acquired at an applied load of 10 MPa shows that the
intensity distribution is clearly heterogeneous with several peaks of
high, but varying intensity. Each individual peak, i.e. each local
maximum in reciprocal space, represents an individual dislocation-free
subgrain [20,21,29]. The integrated intensity of such a peak scales
with the size of the subgrain [20]. The change in total intensity between
the full azimuthal maps is compensated for by scaling. The upper limits
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Fig. 3. True stress-strain curves during the elasto-plastic transition of HS Ni
and the reference material of homogenous coarse grains. The inset displays
stress-strain curves from the full tensile test. The curves with solid dots show
the in situ experiment at the synchrotron facility, while the continuous curves
show laboratory tests with the same settings of another specimen batch pro-
duced in the very same manner for comparison confirming the consistency of
mechanical testing results.
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of the color scales of the contour maps are set to reveal the structure of
the peaks of lower intensity levels. The limits are kept as fixed as
possible to facilitate comparison of the maps.

Comparison of the contour maps indicates that the overall azimuthal
intensity distribution of the reflection is unchanged between stress levels
from 10 to 92 MPa. During stress levels from 92 to 175 MPa small but
clear changes are visible as those highlighted by black and red arrows.
The highest intensity peak indicated by the black arrow splits into two
peaks between 92 and 142 MPa which then move relative to each other
when loading to 175 MPa. The peak indicated by red arrow displays
similar behavior. The overall azimuthal intensity distribution changes
considerably between 175 and 208 MPa and expands in the azimuthal
directions as evident from the overview maps.

Inspection of the overview maps between 10 and 208 MPa shows
that the intensity of the reflection outside the individual sharp peak
increases. This part of the intensity distribution, also known as the cloud
component, represents dislocation-rich walls that separate subgrains
[21]. The increasing intensity of the cloud component indicates that the
volume fraction of dislocation walls increases at the expense of the
subgrain component. Using the algorithm described in references [23,
30,31], itis possible to partition the azimuthal map into a subgrain and a
cloud component for further quantification.

Azimuthal maps of SG1 constructed with the same method as for LG1
are shown in Fig. 5. The magnified contour maps indicate that the
azimuthal intensity distribution does not change between 10 and 175
MPa. The reflection expands slightly in g, at 191 MPa and clearly
changes shape during subsequent stress increments. Interestingly, the
peak splits into three at 252 MPa suggesting that subgrains do form even
in relatively small grains.

The most suitable grains identified in the reference sample with
homogenous coarse grains had a large orientation spread of 1.0° in @ (or
0.125 A~1) already prior to loading. In order to reduce the acquisition
time, the full range in @ was captured with wide intervals Aw = 0.2° and
only a selected range in ® was mapped with narrow intervals Aw =
0.01°. Fig. 6 shows azimuthal maps of the part of G2 acquired with
narrow Aw intervals. The figure is constructed with the same method as
for LG1.

Comparing the magnified contour maps from selected stress levels,
the general structure of the intensity distribution is unchanged until a
stress level of 69 MPa. The cluster of subgrains on the left side of the map
subdivides into several subgrains at 118 MPa. The azimuthal intensity
distribution changes completely at 157 MPa as shown in the overview
maps.

Azimuthal maps constructed in the same manner are presented for
grains LG2, SG2 and G1 in appendix C.

Radial profiles of the 400 reflection acquired at different load steps
for the large grain LG2 of the HS specimen and for G2 in the reference
specimen are shown in Fig. 7a and b, respectively. It reflects the dis-
tribution of lattice plane spacings between {100} planes perpendicular
to a (100) direction. The profiles are fitted with a split pseudo-Voigt
function and are characterized through average peak position gmean
and integral width f8. The average peak position is defined as the
average diffraction vector length weighted by intensity for all intensities
above 1/50 of the maximum. The integral width is defined as the area
under the radial profile for intensities above 1/50 of the maximum
divided by the maximum intensity. The average peak position reflects
the average elastic strain of the grain, while the integral width is a
measure of the heterogeneous elastic strains and their distribution [26].
Dislocations within the subgrains, but predominately in the walls [26]
are a source of the elastic strain distribution as well as differences in
elastic strain among subgrains [26,27].

Fig. 8 shows the evolution of the characteristic, quantitative mea-
sures of the radial profiles in each investigated grain as well as that of the
macroscopic strain with applied stress. Combination of changes in the
azimuthal maps and integral width are indications whether a grain is
deforming through elastic or plastic deformation. G1 and G2 in the
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175 MPa
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Fig. 4. Azimuthal maps of large grain LG1 in HS specimen. The colored maps represent the same region in reciprocal space to reveal changes in position and extent.
They are scaled to 90 % of the maximum pixel intensity in the map. The contour maps in the insets reveal more details of the pole distribution and the presence of
individual subgrains. The large insets at the lower part for the loads 10 MPa to 208 MPa are scaled to a fraction of the integrated intensity in the reflection. A fixed
color scale is used for the applied loads of 10 to 175 MPa to facilitate identification of individual subgrains and monitoring their evolution. The smaller insets at the
upper-right corners of the maps for applied loads 10 MPa and 92 MPa reveal the intensities above the threshold value.

reference specimen display the same behavior without any change in the
azimuthal distribution and no increase of the integral width until 69
MPa, followed by clear changes in the azimuthal distribution and an
increase of integral width. LG1 and LG2 in the HS specimen display
similar behavior in the evolution of azimuthal intensity distribution
with no obvious change between 10 MPa and 92 MPa, minor changes
between 92 MPa and 175 MPa, and a clear change in appearance and
expansion in the azimuthal directions thereafter. The integral width of
LG1 remains almost constant until 175 MPa and increases clearly
thereafter. LG2 has a similar behavior except that the integral width
increases slightly during the sequence of stress increments until 175
MPa. For SG1, neither the intensity distribution of the reflection in the
azimuthal map, nor the integral width change significantly until 175
MPa. The azimuthal intensity distribution changes slightly at 191 MPa,
while the integral width clearly increases. Both measures clearly change
from 191 MPa. Similar to SG1, SG2 neither changes its azimuthal in-
tensity distribution, nor increases its integral width significantly until
92 MPa. However afterwards, its azimuthal distribution changes slightly
until 142 MPa, and the integral width increases. The azimuthal distri-
bution does not change significantly between 142 MPa and 175 MPa
while the integral width continues to increase. In contrast to SG1, both
the azimuthal distribution and the integral width of SG2 clearly change
already from 175 MPa.

Summarizing the combination of qualitative (Figs. 4-7) and quan-
titative (Fig. 8) changes with increasing applied stress can be divided
into three categories:

I. No change in azimuthal intensity distribution and no increase of
integral width, which is interpreted as purely elastic deformation.
II. Minor change in azimuthal intensity distribution without clear
increase of integral width. This is interpreted as small levels of
plastic deformation.
III. Clear change in the appearance of azimuthal intensity distribu-
tion combined with an expansion in the azimuthal directions and
a clear increase of the integral width. This is understood as sig-
nificant plastic deformation.

The interpretations above are consistent with previous HRRSM
studies on high purity copper showing that subgrains with an equivalent
sphere diameter of 1.4 pm form after straining to 2 % [21]. Peak splitting
into two subpeaks can be caused by a single dislocation in a subgrain
[20,32]. Accordingly, the split of individual peaks from individual
subgrains such as between the stress levels of 92 and 142 MPa for LG1 in
Fig. 4 is considered to be associated with dislocation activity. Moreover,
a similar sharp transition of the integral width as a function of applied
stress as in Fig. 8a and b was observed for copper subjected to strain path
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Fig. 5. Azimuthal maps of small grain SG1 in HS specimen. The upper series of maps represent a fixed region in reciprocal space to reveal changes in position and
extent. They are scaled to 90 % of the maximum pixel intensity in the map. The bottom row of contour maps reveals more details of the pole distribution and the
presence of individual subgrains. The contour maps are scaled to a fraction of the integrated intensity in the reflection.

changes [30]. The slowly increasing width at the small stresses was
interpreted to originate from increasing variation of the intra-granular
stresses among subgrains and the sharp increase from increasing dislo-
cation density in the dislocation walls (due to dislocation accumulation).

Given the above arguments, it is concluded that all the investigated
grains in the HS material deform by elastic deformation until 92 MPa.
Thereafter, both large grains and the small grain SG2 display signs of
small levels of plastic deformation while SG1 continues to deform
elastically only. All the investigated grains show signs of significant
plastic deformation from an applied stress of 175 MPa. The three
different behaviors of the diffraction peaks are associated with three
deformation regimes:

A Solely elastic deformation
B Onset of plastic deformation and
C Significant plastic deformation.

These regimes are identified in Fig. 8 by vertical black lines of con-
stant stress levels. From regime C, a further regime D is distinguished,
which will be explained later.

Grains in the sample with homogenous coarse grains deform through
elastic deformation until 69 MPa and through significant plastic defor-
mation onwards indicating the occurrence of regimes A and C only.

To further investigate the variation between the grains with respect
to the onset of plastic deformation, the evolution of the mean radial peak
position (given by the diffraction vector) with applied stress is discussed
based on Fig. 8c and d. Relative differences in the diffraction vector gq-qo
are related to elastic strain:

_d—dy
-

_90—49
q

€el

The strain-free diffraction vector go= 7.14 Al (based on the lattice
constant of pure nickel a = 3.52 A) is shown by dotted lines, and the
average initial g,; of several grains in the respective sample after
mounting in dashed lines. g,,; was estimated by summing radial profiles
from several grains acquired prior to loading. (Such radial profiles were
obtained when locating grains in the specimen suitable for HRRSM.
During the process of finding suitable grains, the specimen was rotated
in @ and the beam was scanned in x and z over the specimen in large
steps. By adding the radial profiles from all of these coarse scans and
fitting the summarized peak with a split pseudo-Voigt function, the
mean g of the peaks a g,.s of 7.1382 A~'and 7.1409 A~! was obtained for
the HS and the homogenous coarse-grained sample, respectively).

The variation between the initial mean peak positions among the
grains in the HS materials reveals significant internal stresses in the
initial state. LG2 and SG2 show compressive strains compared to g,,s and
LGl and SG1 show tensile strains. The internal stresses may have
developed either during the fabrication of the material or during spec-
imen mounting. As a general trend, the mean positions of all grains shift
to lower values with increasing applied stress due to the increasing
lattice spacing along the [100] direction, which is close to the tensile
axis. The slope of the solid black line corresponds to the expected
decrease of the mean position with increasing applied stress based on the
directional Young’s modulus along the [100] direction (assuming uni-
directional loading). Interestingly, none of the mean grain positions
decrease linearly with applied stress. An apparent incremental elastic
modulus E* = |Aoc|/|Acg| can be determined for each grain for the
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more details of the pole distribution and the presence of individual subgrains. The contour maps are scaled to a fraction of the integrated intensity in the reflection.
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Fig. 7. Evolution of radial profiles with applied load for (a) LG2 and (b) G2.

different ranges Ao of applied stress. Such apparent incremental elastic
moduli are estimated in different ranges and summarized in Table 3 and
4 for each grain based on clear transitions in the trends of decreasing
diffraction vector lengths with increasing applied stress. During signif-
icant plastic deformation a clear change in the E* of the large grains can
be found, which motivates further subdivision into regimes C and D in
the HS material.

4. Discussion
4.1. Variation of grain behavior in HS material

In regime A showing elastic deformation only, a clear correlation
between the initial strain state and the apparent incremental elastic
modulus (E*) is observed. Grains with an initial compressive strain state
have low E*, while the grains with an initial tensile strain have high E*.
Fig. 8c shows that all four investigated grains in the HS specimen
develop a similar absolute elastic strain at a stress level of 125 MPa, i.e.
at the transition into regime B. The variation in E* indicates that the
applied load does not distribute homogenously through the sample
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during regime A. The load rather seems to redistribute among the grains
such that the stress homogenizes over the sample. At the border between
regimes A and B, the stresses are similar among the grains.

Regime B shows signs of small levels of plastic deformation becoming
visible for the large grains and the SG2. Notably, the grains have the
most similar response to applied stress (in terms of E*) between 125 and
142 MPa. When the plastic deformation becomes more pronounced
between 142 and 175 MPa, E* changes again. This is especially clear for
LG2 which develops a particularly high E* (see Table 3). The difference
in E* between LG1 and LG2 in the stress range indicates that the grains
have very different neighborhoods (see appendix C) [33]. LG2 may have
a plastically softer orientation than its close neighborhood and therefore
yields before its surrounding. To deform compatibly with its neighbor-
hood, LG2 develops back stresses compared to the applied load. This
results in an extremely low slope in the stress range between 142 MPa
and 175 MPa, i.e. a high E* in Fig. 8c. Assuming that the Hall-Petch
relation [3] holds for individual grains, small grains are in general
inherently stronger than large grains and also have other small grains in
their neighborhood due to the HS topology. Large grains can be either
surrounded by other large grains (center of the core) or by small grains

(core-shell interface). Forward stresses working opposite to back stresses
develop in large grains and add to the applied stress in the small grains
giving them higher elastic strain in regime B. Note, the small grains are
not the smallest grains in the shell and may still develop back stresses in
comparison with its smallest or stiffest neighbors. Note, SG2 shows small
signs of plastic deformation, while SG1 does not. A higher resistance of
SG1 against plastic yielding can be justified by its slightly smaller size.

Interestingly, SG2 shows signs of plastic deformation between 92 and
142 MPa, but the E* is still low, Fig. 8. This may indicate that the SG2
changes shape slightly but is constrained by its neighbors such that
continued deformation is possible through elastic deformation only. To
summarize, regime B seems to be a transitional stage where the grains
start to undergo varying levels of plastic deformation at different applied
stresses depending on grain size and neighborhood.

The behaviors of the analyzed grains become more similar in regime
C, as all grains show clear signs of significant plastic deformation.
Nevertheless, there is a clear difference between the behavior of the
large grains having high E* and the small grains having low ones. This is
reasonable given the different macroscopically averaged strain hard-
ening rates of fine and coarse grains. Assuming that the strain is ho-
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Table 3

Apparent incremental elastic moduli for grains in HS. Note that stress ranges
with the same E* appear because the presented value is the average E* of that
particular range. For highlighting the different values, the boxes are shaded
according their relative values with green, yellow and red representing

maximum, median, and minimum, respectively.

Regime Stress *LGI *LGZ *SGl *SGZ
(MPa) | E* (GPa) | E* (GPa) | E* (GPa) | E* (GPa)
10
22 217 178 - 115
35 217 178 206 115
A 43 217 178 206 115
59 817 73 206 77
76 817 73 206 77
92 817 73 206 77
125 817 73 92 77
B 142 137 73 92 77
158 137 968 92 284
175 137 968 - 284
191 443 301 68 133
C 208 443 301 68 133
241 443 301 68 133
D 252 84 75
285 84 75
Table 4

Apparent incremental elastic moduli for grains in sample of homogenous coarse
grains. For highlighting the different values, the boxes are shaded following the

same color scale as in Table 3.

Stress G1 G2
Regime (MPa) E* (GPa) E* (GPa)
1

A 39 409 231

69 409 231

C 118 632 466

D 157 108 129
196 108 129

mogenous over the core and the shell in a representative volume
element in the sample up to 2 to 3 % strain [28,34], the small grains
should attain higher stresses under the same level of plastic deformation.
The small grains work harden faster than the large grains and therefore
reach higher stresses, which results in lower E*. The E* are high for the
LGs because back stresses continue to develop.

In regime D, the large grains have low E*, and the intensity of the
small grains becomes too smeared out in the azimuthal directions due to
the plastic deformation to construct a characterizable radial profile. The
lowering of E* indicates that a larger part of the applied load concen-
trates in the large grains compared to the previous regimes of plastic
deformation (B and C).

4.2. Difference in large-grain behaviors in HS and homogenous coarse
grain materials

The investigated grains in the coarse-grained reference material
show behavior different from the large grains of comparable size in the
HS counterpart. The grains in the coarse-grained specimen deform
through elastic deformation only up to 69 MPa, compared to 92 MPa in
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HS. Evident activity corresponding to regime B was not found but also
cannot be excluded, as it might be hidden in the large stress increment
from 69 MPa to 118 MPa. The most prominent difference between the
materials is the onset of significant plastic deformation, which occurs
already from 69 MPa in the coarse-grained material, compared to 175
MPa in HS. Comparing the mean peak position (or diffraction vector
length) in Fig. 8, it is evident that the large grains in the HS specimen
reach significantly higher stresses (manifested by smaller diffraction
vector length) at the onset of regime C. This can be explained by the
constriction of the large grains in the cores by the fine-grained network
in the HS material. Under less constrained conditions in the CG material,
the grains undergo plastic deformation at a lower applied stress.

Due to constriction by the network of hard fine grains, the large
grains in HS material cannot deform freely and have to deform together
with the surrounding matrix elastically. The elastic region therefore
becomes extended to higher stresses as few, or no, surrounding grains
deform plastically. In regime B, the large grains yield and deform plas-
tically albeit to only a certain extent limited by still elastic deformation
of most of the fine-grained network. This is particularly clear for LG1,
which displays minor changes in the azimuthal map in 142 — 175 MPa
range but a low E* compared to LG2 in the same stress range and to both
large grains in regime C. The low E* suggests that LG1 deforms through
elastic deformation or through plastic deformation with high strain-
hardening in the range 142 — 175 MPa. Nevertheless, clearer changes
in azimuthal maps and integral width similar to G2 (Fig. 6 and C.2)
would be expected from high strain-hardening. When a large fraction of
the fine-grained network deforms plastically, the constriction of the
large grains decrease and they gain freedom for significant plastic
deformation. At the same time, one must note that the smallest grains of
the fine-grained network were not monitored individually meaning that
at the onset of significant plastic deformation, grains of about 4 ym
diameter and above certainly begin deforming plastically, while smaller
grains in the network may still remain elastic.

The effects of neighboring grains are still visible in the coarse-
grained material, although at a smaller stress range than in the HS
one. G1 and G2 have high apparent incremental elastic moduli in regime
C since back stresses develop due to their softer orientation compared to
neighboring grains. In regime D, grains of most orientations (in the
coarse-grained material), and also sizes (in the HS material), undergo
plastic flow meaning that the individual grains are less affected by
neighbors, which makes E* in both the coarse-grained and the HS ma-
terials less different. More accurate comparison is difficult due to (i) still
substantial differences in grain sizes and (ii) different evolution of local
strains according to [28,34]

4.3. Comparison with average behavior of coarse-grained and fine-
grained fractions in HS material

This study focusing on the behavior of individual grains agrees well
with our previous study of the averaged behavior of the coarse and the
fine-grained fractions in HS nickel [18]. Four stages of deformation were
identified during the increase of applied stress:

e a stage of solely elastic deformation of fine and coarse grains until
130 MPa,

o followed by stress partitioning due to a mix of elastic and plastic
deformation in the fine grains until 185 MPa simultaneous to plastic
deformation in the coarse grains,

o then most fine grains also deform plastically, and stress partitioning
continues due to a difference in strain-hardening rates between fine
and coarse grains.

e Finally, at 240 MPa, the difference in local stresses between coarse
and fine grains decreases [28,34] since strains and thus stresses start
concentrating in the coarse grains.

In the current study, stress partitioning between large and small
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grains occurs at a slightly lower applied stress of 125 MPa. At 191 MPa,
all grains larger than 4 pm including SG2 are clearly in plastic defor-
mation regime, while at least SG1 (smaller than 4 pm) might still be in
the elastic deformation regime. From 175 MPa to 241 MPa, some dif-
ferences in the amount of stress concentrated in the grains depending on
size can be found. These are believed to be controlled by differences in
strain hardening rates. After 241 MPa, stresses concentrate increasingly
more in the large grains.

Comparison of the behavior of individual grains in this study with
the separated behavior of the coarse-grained and the fine-grained frac-
tions in the earlier investigation [18] reveals an impressive consistency.
Such a consistency suggests that findings of this study on the example of
just a few individual grains are sufficiently representative and can
therefore be considered typical for the analysis of plastic deformation
mechanisms in HS materials.

4.4. Relation to polycrystal modelling

The experimental findings obtained here shall briefly be discussed in
the context of crystal plasticity based approaches used within solid
mechanics for analytical modelling, e.g. [35]: HS must be considered as
a dual-phase material with a single unit as representative volume
element consisting of two phases (analogous to [36]), a coarse-grained
core surrounded by a fine-grained shell. At the scale of such a unit,
the elevated flow stress of HS at the elastic-plastic transition can be
attributed to kinematic hardening at a single-grain level in both phases
irrespective of scale. Namely, the formation of back stresses in the soft
coarse grains leads to the translation of yield surface for each grain
within the core, while the formation of forward stresses in the hard fine
grains leads to a translation of yield surface of the grains in the shell.
Although the directions of these translations are of opposite sign for the
two phases and may vary from grain to grain within each phase, their net
effect will be kinematic hardening as observed during regime B in the HS
material.

It should be noted that recent results of crystal plasticity modelling
on grain structures with grain size gradients or bimodal grains size
distributions rationalize their mechanical behavior even without
involving kinematic hardening [37,38]. In gradient-structured copper,
isotropic hardening from forest dislocations has a stronger effect than
the kinematic hardening [37], which agrees well with our observations
at the developing regime D. Simulations of AISI 316 L steel with bimodal
grain size distribution also showed an increase in the yield strength of
the coarse-grained fraction compared to the homogenous counterpart
[38].

An interesting similarity arises between the experimental results
presented here and the thick yield surface concept [39]. Utilizing a
cellular-automata based micro-mechanical model, it was proposed to
model a polycrystalline material by a combination of multiple yield
surfaces, i.e. a so-called thick yield surface, leading to a diffuse yield in
varying combinations of principal stresses in the each grain of a poly-
crystal. The evolution of the stress cloud obtained in [39] closely re-
sembles the evolution of internal stresses in our present study which
advocates for the validity of arguments in both the works.

These comparisons suggest that the grain-level mechanisms of
deformation in each phase of HS materials are neither unique, nor fully
consistent with earlier experimental and theoretical findings. Concom-
itantly, the unique mechanical properties of HS material are a synergetic
consequence of co-deformation of the fine- and coarse-grained phase at
meso-scale within the unique architecture.

5. Conclusions

Reciprocal space maps of 400 reflections from four bulk grains in
harmonic structure nickel and two in a coarse-grained sample with
homogenous grain size were obtained in several steps until 1.7 and 2.6
% tensile strain, respectively. The two large grains with sizes of
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approximately 20 pm belong to the coarse grains in the core of the
harmonic structure, and the small grains of sizes 3.9 and 4.8 pm
represent the bigger grains in the fine-grained network. The two grains
in the coarse-grained sample had a size of 40 pm. Reciprocal space maps
allow tracking the mode of deformation in individual grain. The main
results regarding the mode of deformation are:

e A transitional macroscopic regime of deformation is identified in the
HS material where the individual grains switch from elastic to plastic
deformation and undergo varying levels of plastic deformation at
different applied stresses depending on grain size and neighborhood.
The initial small levels of plastic deformation of the large grains
transition to significant plastic deformation once a large fraction of
the fine-grained network deforms plastically.

o After the onset of significant plastic deformation, the initial work-
hardening rates increase with decreasing grain size for the small
grains.
Compatible deformation of the grains is ensured by the development
of back stresses in the large grains and forward stresses in the small
grains.
The onset of significant plastic deformation of large grains in the HS
material occurs at approximately 100 MPa higher stress than in the
coarse-grained sample grains. This gap cannot be solely attributed to
the difference in grain size and is attributed to the fact that fine
grains constrain the large grains from deforming plastically in the HS
material.

The latter finding exemplifies the potential of increasing the flow
stress of coarse (large) grains in materials with micro-architected het-
erogeneous structures. Further studies are necessary to clarify the effect
at later stages of plastic deformation of HS materials as well as those
with other architecture designs.
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