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Austenitic stainless steels with a bimodal harmonic structure, in which the fine grain structure
(Shell) exists around the coarse grain structure (Core), are prepared by powder metallurgy to
improve both strength and ductility. In this study, X-ray diffraction contrast tomography, a
three-dimensional grain mapping technique for polycrystalline materials using ultrabright
synchrotron radiation X-rays, is used to reconstruct the grain shape and location and to evaluate
the average excess dislocation density of the Core and Shell structures. This technique allows
us to evaluate the excess dislocation density not only on the surface, but also inside the sample
where damage occurs in tensile tests. The results show that the excess dislocation density of the
Shell structure is higher than that of the Core structure. The excess dislocation density of
homogeneous austenitic stainless steels with grain sizes similar to the Core structure of the
harmonic structured stainless steel is higher than that at comparable stresses, indicating that the
deformation of the bimodal harmonic structured alloy is localized in the fine grain structure.
This is consistent with the results obtained from electron backscatter diffraction analysis, in

which the surface grains are evaluated.



1. Introduction

Since metallic materials are often used for mechanical and structural components subject to
high stress, various methods have been developed to obtain high-strength metallic materials.
Among them, grain refinement is effective in increasing the strength of metallic materials, but
it usually causes plastic instability and necking, resulting in the loss of ductility. To resolve this
tradeoff between strength and ductility, Ameyama et al. combined grain refinement and powder
metallurgy to create a "harmonic structured material" in which high-strength grains are arranged
in a network around coarse grains with high ductility [1-8]. The three-dimensional periodic
structure of this harmonic structured material can suppress necking and achieve high strength
and ductility [3]. Nakai et al. [9] observed, by phase contrast tomography using ultrabright
synchrotron radiation X-rays, macroscopic deformation and geometrical defect during the
tensile test of the harmonic structured materials.

Several recent studies have focused on investigating plastic deformation in harmonic structured
materials to understand the stress partitioning and deformation of fine and coarse grains [10-
14]. These studies have revealed that from the early stages of plastic deformation, stresses and
strains are divided into grains in Core and Shell structures. However, direct quantitative
measurements of stresses have not been conducted. In situ X-ray diffraction (XRD) analysis
can capture the average behavior within coarse and fine grains, making it possible to directly
determine stress partitioning.

In multiphase materials, diffraction peaks from different phases are often easily distinguished
because they appear at different diffraction angles. For single-phase materials with
heterogeneous grain sizes, however, the separation is more complex because diffraction peaks
from coarse and fine grains appear at the same diffraction angles. Mat¢j et al. [15] found large
recrystallization-free defect-free grains and ultrafine grains with high dislocation-density in
pure polycrystalline copper samples treated with an equal channel anguar pressing (ECAP).
They presented a peak-broadening-based method for separating diffraction peaks and stated
that it is a suitable method for determining the relative proportions of microstructural
components as well as other parameters (e.g., dislocation density). However, Sjogren-Levin et
al. [16,17] reported that no significant differences in size broadening can be expected between
the fractions of harmonic structured materials with average grain sizes in Shell and Core
structures significantly larger than 1 um, making the broadening-based method inapplicable.
Furthermore, as reported by Lin et al. [18], it is not possible to distinguish different fractions
from a particular textural component. Sjogren-Levin et al. [16,17] developed a procedure

tailored to the collection of XRD data for materials with heterogeneous grain sizes, along with



an algorithm to separate the average diffraction signal from grains of different sizes, determined
the strain for each grain size and evaluated the accuracy of the algorithm.

Recently, dislocation density has usually been evaluated by electron backscattering diffraction
(EBSD) analysis, which yields the dislocation density at the sample surface, where plane stress
conditions prevail, whereas damage in tensile test always occurs inside the sample, where plane
strain conditions prevail.

Ludwig et al. [19] proposed diffraction contrast tomography (DCT), which uses ultrabright
synchrotron radiation X-rays to reconstruct the shape and position of each particle in a
polycrystalline material. Nakai et al. developed a method of evaluating misorientation, defined
as the orientation spread of diffraction spots and corresponding to the number of excess
dislocations in the diffraction plane, using DCT [20]. DCT can be used to observe the
misorientation of each grain not only on the sample surface but also inside the sample, as
reported by Shiozawa et al. [21,22] and Nakai et al. [20,23,24]. It is a nondestructive
observation technique that enables the continuous observation of the local plastic deformation
of grains not only on the sample surface but also inside the sample.

In this study, we measured the excess dislocation density of grains in the Shell and Core
structures by DCT to elucidate the unique mechanical properties of harmonic structured

materials.

2. Experimental Procedures

2.1. DCT imaging

Figure 1 shows an overview of the DCT imaging geometry. When the sample is irradiated with
X-rays, diffraction occurs at the grains that satisfy the Bragg condition. Diffraction spots appear

in the direction of the diffraction angle, and dark extinction spots appear behind the sample.

Transmitted beam

Extinction spot
(dark)

Debye-Scherrer ring

i Diffraction spot
I Grain aligned (bright)
for diffraction

Figure 1 Overview of DCT imaging geometry.
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Figure 2 Geometrical relation between misorientation, spread of rotation angle, diffraction
angle, and Debye-Scherrer ring angle for grains satisfying Bragg condition.

The total misorientation n be calculated by measuring the spread of the rotation angle Awuitt,
diffraction angle 6, and Debye-Scherrer ring angle y of the grain satisfying the Bragg condition
for each diffraction spot, as shown in Figure 2 [22,24].

[ =Awyg; sing (1)

Here, ¢ is the angle between the normal of the diffraction plane and the rotation axes, and is

given by
¢=cos™ (cosfcosy). )
Excess dislocation density p can be estimated as [25]
p
S 3
P=0 €)

where b is Burger’s vector and d is grain size.

DCT imaging was performed using the BL46XU beamline of the synchrotron radiation facility
of Super Photon ring 8 GeV (SPring-8), which uses an undulator beam and provides an X-ray
beam with ultrabright high spatial coherence, enabling microtomography with high spatial
resolution in the um range. The polychromatic synchrotron radiation beam was
monochromatized to an energy of 37 keV using a Si{111} double-crystal monochromator. 2-D
projected images were recorded with a high-resolution detector system with a transparent
luminescent screen, light optics, and a charge-coupled device (CCD) camera. The distance
between the sample and the detector must be sufficiently short to detect as many diffraction
spots as possible, so it was set to 10 mm. An effective pixel size of 2.7 um was used for the

experimental projection images. To detect diffraction spots, the beam size at the sample position
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Figure 3 Stepping motor-driven tensile testing machine.
was limited to 1.0 mm X 1.0 mm by using an X-ray slit. The projection images were acquired
at 0.05° intervals over 360°. The acquisition time of each DCT data was 75 min. The imaging
apparatus of DCT is given by Nakai et al. elsewhere [24].
The stepping-motor-driven tensile test machine shown in Figure 3 was used for inline test [25].
The machine used was small enough to be placed on a rotating stage for tomographic imaging.

The displacement rate of the tensile test was 1.0 pm/min.

2.2. Materials and specimen

Austenitic stainless steels JIS-SUS304L and SUS316L powder were used to prepare the
samples. First, JIS-SUJ2 balls and stainless steel powder were placed in the carbide container
of a planetary ball mill, and the surface particles of the initial powder were refined by
mechanical milling. Milling was performed at room temperature in an argon environment at a
pot speed of 200 rpm with a processing time of 50 or 20 h, as shown in Table 1, where the
diameter of the powder used for Compact B is larger than that for Compact A. The mechanically

milled powder was then pressed by spark plasma sintering (SPS) to produce a harmonic

Table 1. Conditions for preparation of samples.

Spark plasma sintering

Powder .
Compact  Diameter Mechanical Temperature  Pressure  Duration iﬁ?r;?zi

[um] milling [h] [°C] [MPa] [h] ]
Compact A SU182384L 50 950 50 1 25
Compact B >U>316L 20 1000 50 I 30

170
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Figure 4 Shapes and dimensions of the tensile test specimens (Dimensions in mm).
structured material (Harmonic series). Details of the SPS conditions are shown in Table 1. SPS
was followed by furnace cooling. For comparison, a homogeneous coarse-grained material was
prepared by sintering the initial powder without mechanical milling (Homogeneous series).
Hereafter, the sintered material prepared from SUS304L is referred to as Compact A and that
prepared from SUS316L powder is referred to as Compact B. Only the Harmonic series of
Compact A (Harmonic-A) was measured for relative density, which was 99.6%, indicating that
there was almost no porosity.

Harmonic-A is a standard harmonic structured material; however, DCT cannot be conducted
for grains smaller than 10 pm, so only grains in the Core structure could be measured. Then, a
special harmonic structured material of Compact B (Harmonic-B), in which the grains in the
Shell and Core structures were sufficiently large, was fabricated for the DCT of grains in both
structures.

The shapes and dimensions of the tensile test specimens cut by electrical discharge machining
(EDM) from the sintered material are shown in Figure 4, where the smallest cross section of

each specimen is 0.3 mm x 0.3 mm square and the length of the parallel section is 0.25 mm.

3. Experimental Results

3.1. Microstructural analysis

Prior to DCT imaging, the microstructure of the Harmonic series was analyzed using EBSD.
Figures 5 and 6 are the inverse pole figure (IPF) and grain size maps of Harmonic series,
respectively. Grain boundaries were defined as boundaries with an orientation difference of 15°
or greater and are indicated by black lines, where twins were considered as individual grains in
the evaluation of grain size and dislocation density. It can be seen that fine grains are formed
around the coarse grains. The average grain sizes of the materials measured by EBSD analysis
are shown in Table 2, where grains smaller than 10 pum for Compact A and 40 pm for Compact
B were defined as Shell grains. The fraction of number of grains in Shell in Compact A and

Compact B are 42 % and 65 %, respectively.



(a)CompactA [8]

Figure 5 Inverse pole figure (IPF) maps obtained from the EBSD analysis for Harmonic
series.
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Figure 6 Grain size maps obtained from the EBSD analysis for Harmonic series.



Table 2. Average grain sizes.

Compact A Compact B
Homogeneous Harmonic series | Homogeneous Harmonic series
series Core  Shell series Core  Shell
Grain size [um] 33 16.8 2.1 33 77.6 15.4

3.2. Stress—elongation relationships

Because of the small size of the specimen, it was not possible to measure the elongation of the

parallel part of the specimen. Therefore, the distance between grips was measured by a stroke

sensor (see Figure 3), and anomalous curve was obtained for a Homogeneous series as shown

in Figure 7(a). This could be due to imperfect gripping. As shown in Figure 7, for both
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Figure 7 Stress-elongation relationships, where elongation is the displacement between

grips.
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Figure 8 Examples of DCT reconstructions of grains in Homogeneous series and Harmonic
series before tensile test (Compact A).

compacts, the strength of the Harmonic series is higher than that of the Homogeneous series.
The elongation at fracture is also significantly greater for the Harmonic series than
Homogeneous series.

3.3. Reconstruction of grains

Figure 8 shows examples of DCT reconstructions of grains in Homogeneous series and
Harmonic series of Compact A before the tensile test. The color indicates the degree of
misorientation of each grain. In the Homogeneous series, most of the grains are successfully
reconstructed, while in the Harmonic series, only the grains of the Core structure are

reconstructed.

3.4. Misorientation and excess dislocation density

The change in total misorientation for each diffraction plane during the tensile test is shown in
Figure 9, where the values are averaged for all grains. For either diffraction plane, the average
total misorientation Save is almost unchanged in the elastic region, but increases significantly in
the plastic deformation region. For commercially pure iron, the change in average total
misorientation is reported to be the greatest in the slip plane [21], while the change is similar
for all diffraction planes in the present material.

Figure 10 shows the change in the average excess dislocation density of Harmonic series and
Homogeneous series in the tensile test for Compact A, where the values for Harmonic series
are those for grains in the Core structure; averaging was conducted for all diffraction planes

including all grains. The change in excess dislocation density is smaller for the Core structure
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Figure 9 Change in total misorientation for each diffraction plane during the tensile test

(Compact A, Hamonic series).
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Figure 10 Change in excess dislocation density in the Core structure of Harmonic series
and Homogeneous series in tensile test for Compact A, where po is the initial
dislocation density.

in Harmonic series than for that in Homogeneous series at a comparable stress. This result
suggests that the Core structure is less deformable than the Shell structure in the Harmonic

series and that the deformation is localized in the Shell structure.
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Figure 11 Change in excess dislocation density of grains in the Core structure and those in
the Shell structure of Harmonic series in tensile test for Compact B, where po is
the initial dislocation density.

The change in the average excess dislocation density of grains in the Core structure and those
in the Shell structure of Harmonic series obtained from Compact B is shown in Figure 11. The
excess dislocation density increases monotonically with stress for the grains in the Core
structure, but decreases at the end of the test for the grains in the Shell structure. This is because
the diffraction spots become too dark to observe when the excess dislocation density is very
high, and the diffraction spots were averaged only for the grains with low excess dislocation
density. Except for such data, the change in excess dislocation density is smaller for grains in
the Core structure than for grains in the Shell structure at the same applied stress. This result
also indicates that the deformation of harmonic structured materials is localized in the Shell
structure.

On the basis of the results of EBSD analysis, Ameyama et al. [26] reported that for harmonic
structured materials, microdeformation mainly occurs in the network of fine grains and
suppresses the deformation of the Core structure. In the present study, we could directly
measure the dislocation density in the Shell structure, and could clarify the deformation

mechanism unique to harmonic structural materials.

4. Discussion
The radius of the Debye-Scherrer rings obtained by the XRD analysis of polycrystalline

materials is inversely proportional to the distance between the diffraction planes. From this



difference in radius, elastic strain or stress can be measured. This measurement is usually
performed with a one-dimensional detector. In this case, it is necessary to obtain a continuous
Debye-Scherrer ring because of the presence of many grains in the X-ray-irradiated area in
order to obtain consistent results independent of the measurement position in the Debye-
Scherrer ring. Then, the measured elastic strain would be the average of the strain of each grain,
and the elastic strain of individual grains would not be measurable.

On the other hand, the atomic spacing within a single grain changes owing to the presence of
dislocations, resulting in the radial spread of the Debye-Sherrer ring. This spread can be used
to determine the average dislocation density. It has been reported that the dislocation density
measured by this method agrees well with transmission electron microscopy (TEM) results [27].
With an X-ray microbeam and a two-dimensional detector, the number of grains in the X-ray-
irradiated area is found to be small and individual diffraction spots are separated, making it
possible to measure micro—lattice strain from the radial spread of the Debye-Sherrer ring and
excess dislocation density from the circumferential spread of the ring [28,29]. The excess
dislocation density is the difference between the positive and negative dislocation densities, and
is different from the total dislocation density measured by the radial spread of Debye-Sherrer
ring method and TEM.

Since DCT utilizes diffraction spots from transmitted X-rays, the number of grains in the X-
ray-irradiated area is small because a small sample is employed, and separated diffraction spots
similar to those produced by X-ray microbeams are obtained. With an X-ray microbeam, only
diffraction from grains on the sample surface is observed, so the distance between the diffracted
grains and the detector can be accurately measured. On the other hand, diffraction from internal
grains is also observed for DCT, so the position of the grains must be accurately evaluated.
However, at present, the positional accuracy of the grains in DCT is insufficient for measuring
lattice strain.

In this study, we classified the grains in the Shell and Core structures in accordance with the
size of diffraction spots. The average excess dislocation density of grains belonging to each
structure was evaluated from the average misorientation of each structure. The results show that
the average dislocation density of grains in the Shell structure is higher than that of grains in
the Core structure, indicating that it is important to understand the deformation behavior within
the Shell structure. However, even within the Shell structure, the deformation behavior should
be different between grains adjacent to and away from the Core/Shell boundary. At present, the
analysis of the dislocation density of individual grains within the Shell and Core structures has

not been completed, but this will be accomplished in future studies.
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Figure 12 Deformation mode of grain.

The relationship between misorientation and dislocation density in Equation (3) depends on the
deformation mode of the grains, as shown in Figure 12 [25,28], but it is not expected to affect
the comparison between the excess dislocation densities of the Core and Shell structures
because the deformation mode is considered to be the same for single-phase materials with
different grain sizes.

In the future, we would like to develop a method for the precise evaluation of the location of
grains so that we can evaluate not only the three-dimensional shape of each grain but also both
excess dislocation density and lattice strain, in order to elucidate the deformation mechanism

specific to harmonic structured materials in greater detail.

4. Conclusions

In the present study, tensile tests were performed on austenitic stainless steels with harmonic

structures. At the same time, DCT using ultrabright synchrotron radiation X-rays was

successfully performed to measure the excess dislocation density of fine grains in the Shell
structure and that of coarse grains in the Core structure separately. The following results were
obtained:

1. The trend of change in total misorientation owing to plastic deformation was similar
regardless of the diffraction plane.

2. The excess dislocation density of the grains in the Core structure of the harmonic structured
material was lower than that of the grains in the homogeneous material without a harmonic
structure.

3. The excess dislocation density of grains in the Core structure of the harmonic structured
material was lower than that in the Shell structure.

4. The fact that the excess dislocation density in the Shell structure consisting of fine grains is
lower than that in the Core structure consisting of coarse grains indicates that the

deformation of the bimodal harmonic structured material is localized in the Shell structure.
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Examples of DCT reconstructions of grains in Homogeneous series and Harmonic
series before tensile test (Compact A).

Change in total misorientation for each diffraction plane during the tensile test
(Harmonic-A).

10 Change in excess dislocation density in the Core structure of Harmonic series
and Homogeneous series in tensile test for Compact A, where po is the initial
dislocation density.

Change in excess dislocation density of grains in the Core structure and those in the
Shell structure of Harmonic series in tensile test for Compact B, where po is the
initial dislocation density.

Deformation mode of grain.
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