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Abstract
Conventional material developments have emphasized ultrafine grain refinement and homogenization; however,
“nano and homo” materials do not usually satisfy the need to be both strong and ductile, which are of course rather
contradictory characteristics. On the other hand, "Harmonic Structure Materials Design" creates a "nano- and
heterogeneous microstructure", and the harmonic structure materials can overcome that antinomy through its unique
microstructure. The procedure to create the harmonic structure is accomplished by using one of the non-equilibrium
powder metallurgy (PM) processes called the Severe Plastic Deformation (SPD) PM process. The harmonic
structure materials consist of Ultra-Fine Grain (UFG) and coarse grain structures known as “shell” and “core”,
respectively. They have a network structure of continuously connected shells, and simultaneously demonstrate both
high strength and elongation, especially a large uniform elongation. In the present study, pure Ni powder is
processed so as to produce the harmonic structure materials. The deformation mechanism is analyzed based on the
strain hardening behavior.

Keywords: Microstructure; Severe plastic deformation; Strength;
Ductility; Toughness

Introduction
Grain size is a quite important element that affects macroscopic
mechanical properties, and thus the grain refinement strengthening of
the materials is a major area of research, aimed at improving
mechanical properties. The Severe Plastic Deformation (SPD) process
[1] is an effective method of grain refinement. Mechanical Milling
(MM) via ball milling [2-8] is a SPD-Powder Metallurgy (PM) process
which can easily produce Ultra-Fine Grains (UFGs). However,
materials with homogeneous UFG structure show limited ductility,
along with high strength, due to their plastic instability. To improve
such a trade-off relationship in strength and ductility, we proposed
“harmonic microstructure” design which is a heterogeneous
microstructure with bimodal grain size distribution and unique spatial
distribution of coarse and fine grained areas. It has been demonstrated
that the harmonic structure materials enable strengthening without
any significant decrease in the ductility. The outstanding mechanical
properties of the harmonic structure materials were found to be
strongly influenced by the microstructural characteristics such as grain
size, volume fraction, and size of the fine-grained areas [7,8]. However,
deformation mechanism of harmonic structure, which results in such
an interesting set of mechanical properties, has not been investigated
in detail as yet.
In the present research, we focused on relationship between
microstructure and mechanical properties of the harmonic structure
designed pure Ni compact. The deformation mechanism of harmonic
structure Nickel under quasi-static tensile loading conditions is also
investigated and discussed.
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Experimental Procedure
Pure Ni alloy powder (C: 0.03, Si: 0.05, Mn: 0.15, S: 0.01, Cu: 0.01,
Fe: 0.39, Ni: bal. (mass %)), prepared by Plasma Rotating Electrode
Process (PREP), was used in the present work. Figure 1 shows powder
particle size distribution measured by a Shimadzu SALD-2300 laser
diffraction particle size analyzer, and the mean powder particle size
was 152.4 μm. The Powder was Mechanically Milled (MM) for various
periods of time by a Fritsch P-5 planetary ball mill with 500 ml vials.
The mechanical milling was carried out using SUJ2 steel balls in an Ar
atmosphere at room temperature. The ball-to-powder weight ratio was
1.8: 1, and the rotation speed was 150 rpm. Prior to the milling
process, commercially pure Ni powder (<45 μm) was milled to make a
nickel-coating layer on the surface of both vial and balls, in order to
avoid contamination caused by the milling media. Powders were
sintered by Spark Plasma Sintering (SPS) process at 1073 K for 1.8 ks
under the pressure of 100 MPa in vacuum.
The MM powders and sintered compacts were characterized by
means of optical microscopy and SEM/EBSD. The mechanical
properties of the materials were examined using hardness and tensile
tests. The load of the micro-Vickers hardness test was 98.07 Mn.
Tensile tests were carried out using a Shimadzu AGS-10kND tensile
testing machine at an initial strain rate of 5.6×10-4 s-1. Tensile tests
were performed on specimens with 3 mm gauge length, 1 mm gauge
width, and 1 mm gauge thickness.
Strain Hardening Rate (SHR) evaluation was applied to analyze
deformation behavior. The SHR, dσ/dε, was calculated by the moving
average values of true stress and true strain,
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Results and Discussion
Microstructure formation
Figure 2 demonstrates the fabrication process of the harmonic
structure materials. It can be noticed that the mechanical milling is
used to create a peculiar bimodal grain structure in the milled powder,
with a severely deformed powder surface region which is termed as
“Shell” and an inner region which is termed as “Core”. It has also been
demonstrated that the shell and core microstructure in the milled
powder can be maintained even after sintering. As a result, the
microstructure of the sintered materials consists of a shell-and-core
bimodal microstructure. Because severe plastic deformation mainly
concentrates to the shell region, a Nano-grained structure forms in the
shell, while a coarse grain structure is retained in the core. The
sintered materials with the shell and the core have a network structure
of continuously connected strong fine-grained shell region, which we
refer to as a harmonic structure.

that the shell is formed due to controlled severe plastic deformation of
the powder particles, which was limited to the near surface region. The
controlled milling leads to severe plastic deformation in the shell
region, resulting in fine-grained structure with high hardness values.
These results are in conformity with the results obtained in the case of
pure titanium milled powders wherein the shell region was found to
consist of a nanocrystalline structure [8]. Therefore, a shell-and-core
bimodal structure was formed in the pure Ni powders via MM process
wherein a fine-grained shell developed in the milled powders owing to
the controlled severe plastic deformation near the surface of the
powder particles.

Figure 1: Powder particle size distribution. Average particle size is
152.4 μm
Figures 3 (a) – (d): show typical SEM micrographs of a pure Ni
powder before and after Mechanical Milling (MM) for 180 ks. Figures
3(a) and 3(b) show the appearance of powders and Figures 3(c) and
3(d) show the cross sectional microstructure (etched) of powders,
respectively. As can be seen, the MM process leads to an irregular
shape on powder surface. However, it would be worth emphasizing
that neither fragmentation nor cohesion of the powders occurred as a
result of controlled mechanical milling.
Figure 4 shows an enlarged image of the cross section of MM
powder represented in Figure 3. It is noteworthy that a smooth layer,
like a “shell”, was formed in the surface region surrounding the
undeformed initial microstructure remained in the center of the
powder (termed as “core”). The interface boundary is indicated by
white arrows. Average Vickers hardness of the initial powder was 289
Hv. On the other hand, average hardness of the shell and core regions
were 349 Hv and 294 Hv, respectively, in a 180 ks milled powder. The
significantly higher hardness values of the shell region demonstrate
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Figure 2: Schematic of process of creating harmonic structure
design
Subsequently, initial and milled powders were consolidated by
spark plasma sintering. Figure 5 shows the microstructure of (a): an
initial powder compact and (b): a MM 180 ks powder compact. It can
be seen that the initial powder compact has a homogeneous grain
structure with average grain size of 26.2 μm. On the other hand, the
MM powder compact has a heterogeneous microstructure. As can be
seen in Figure 5(a), many pores, indicated by arrows, were observed in
the initial powder compact, while almost no pore was observed in the
MM 180 ks compact. Such a difference in the relative density implies
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that enhanced sintering took place through a superplastic deformation
of Nano grains formed in the surface region of the milled powder.

Figure 3: Appearance and cross sectional microstructures of a Pure
Ni alloy powder: (a & c) initial powder, and (b & d) mechanically
milled (MM) for 180 ks.

Figures 6(a) and (b) show EBSD image quality maps of grain
boundary areas of the MM compact. Figure 6 (b) is an enlarged image
of the white box area indicated in Figure 6(a). As seen in Figures 6 (a)
and (b), a shell structure with ultra-fine equiaxed grains and a core
structure with coarse homogeneous grains, which was also observed in
the initial powder compact, were formed in the compact. It can also be
noted that the shell region forms a three-dimensional network. In
other words, a harmonic structure was successfully obtained in the Ni
milled powder in a similar manner to the previous studies [8-14]. The
average grain size of the shell and the core regions were 3.6 μm and
12.6 μm, respectively. In addition, area fraction of the shell was 21.4%.

Figure 6: EBSD grain boundary maps of the MM180 ks compact
shown in Figure 5(b) & Figure 6 (b) shows an enlarged image of the
boxed area in (a).
Figure 7 indicates the distribution of Vickers hardness of an initial
powder compact and a harmonic structure compact (i.e., MM 180 ks
powder compact). In the harmonic compact, hardness measurements
were carried out separately in shell and core regions. The average
hardness of the initial powder compact and the MM compact were Hv:
106 and Hv: 148, respectively. Moreover, the average hardness of shell
was Hv: 175 and that of core was Hv: 121. It can be clearly noticed that
the initial powder compact shows single peak hardness distribution,
while the MM powder compact shows different hardness distribution
in shell and core, because the shell region with an ultra-fine grain
structure has higher strength than the core region.

Figure 4: Enlarged cross sectional image of an MM 180 ks powder.
Shell and core bimodal structure is observed and marked.

Figure 7: Hardness distribution of Pure Ni compacts. (a): an initial
powder compact, (b): shell region and (c): core region in a
harmonic compact.

Deformation behavior
Figure 5: Microstructure of SPS compacts. (a): an initial powder
compact (b): an MM 180 ks compact. Arrows in (a) indicate pores
in the compact.
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Figure 8 indicates the tensile test results of a harmonic structure
compact (MM 180 ks compact) and homogeneous grain structure
compact, which were described above. The average values of 0.2%
proof stress, ultimate tensile stress, uniform elongation, and total
elongation to fracture are also provided in Table 1. As indicated, the
harmonic structure compact has higher 0.2% proof strength and UTS,
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compared to the homogeneous compact. Although the total and the
uniform elongations slightly decreased in the harmonic structure
compact, a remarkable high strengthening by harmonic structure
resulted in 30% larger value of “stress x strain”, i.e., toughness,
compared to the homogeneous compact. These results are typical
characteristics of the harmonic structure materials [8-14]. It would be
worth emphasizing that Dirras et al. [15] have also created harmonic
bimodal microstructure in pure Ni using a mixture of microcrystalline
and nanocrystalline powders as starting materials, wherein it has been
demonstrated that such a peculiar topographical distribution of coarse
and fine grain areas provides excellent combination of strength and
ductility under not only quasi-static loading but also dynamic loading
[15,16].
0.2% Proof Strength UTS
(Mpa)
(Mpa)

Uniform

Total

Elongation
(%)

Elongation
(%)

Harmonic

171.9

387.2

41.7

61

Homogeneo
us

132.3

339.9

45.9

62.4

Figure 8: Nominal stress-strain curves of pure Ni compacts with
different microstructures

Table 1: Mechanical properties of Pure Ni compacts indicated in
Figure 8.
To reveal the deformation mechanism of these harmonic materials,
SHR (strain hardening rate) curves were obtained from the true stresstrue strain (s-s) curves of the compacts. Figure 9 indicates the SHR
curves and the s-s curves of pure Ni compacts. In the figure,
homogeneous-structure compact (an initial powder compact) is
marked as “Homogeneous”. The strain hardening rate, dσ/dε,
decreases with true strain, and the strain hardening continues under
the condition of dσ/dε > σ. Plastic instability occurs at condition of
dσ/dε ≤ σ, and thus the necking of specimen starts. In these two
materials, it is obvious that the SHR curve of "Harmonic" structure
indicates higher strain hardening since the beginning of the
deformation. Extraordinary is that the harmonic structure compact
has high strength, σ, and maintain dσ/dε > σ condition till large strain.
The same tendency in SHR and s-s curves was also observed in other
harmonic structure materials. Such a unique deformation behavior
implies that deformation mechanism of harmonic structure materials
is different from that of homogeneous UFG materials, in which high
strength but rapid plastic instability occurs.
The unusual deformation behavior such as a wide strain hardening
range is attributed to a three-dimensional shell/core network structure.
Moreover, it can be assumed that each shell-and-core unit plays very
important role in the deformation. The strong ultra-fine-grained shell
provides strengthening while the coarse-grained core provides
accommodation to the plastic deformation and takes care of strain
hardening. As a result, the deformation of those network units leads to
a large uniform elongation.
Figure 10 demonstrates a schematic of deformation behavior of the
harmonic structure materials. It is considered that yield takes place at
first in the shells and, subsequently, strain hardening of the units
occurs. The networked-unit deformation propagates to a large extent
in the specimen, and it results in large uniform elongation.

J Powder Metall Min
ISSN:2168-9806 JPMM, an open access journal

Figure 9: True stress – true strain curves and the strain hardening
rate (SHR) curves of the SPS compacts. (a) Homogeneous structure
compact (b) Harmonic structure compact

Figure 10: Schematic illustration of deformation behavior of a
harmonic structure material

Conclusion
Harmonic structure design was applied to a pure Ni powder by
mechanical milling and SPS sintering processes. The following
conclusion can be drawn on the basis of the present work:
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A shell-and-core bimodal grain structure was formed in the
powders after controlled mechanical milling. After sintering process of
the milled powders, harmonic structured compacts were obtained.
In a harmonic compact, average shell grain size was 3.6 μm, average
core grain size was 12.6 μm and the shell fraction was 21.4%.

6.
7.

Harmonic structure Ni compacts exhibited superior mechanical
properties, such as UTS, proof strength and toughness, as compared to
the homogeneous coarse-grained counterparts.

8.

Unique deformation behavior of the harmonic structured material
implies that the shell and core unit in the material plays very
important role in facilitating an excellent combination of mechanical
properties, especially in maintaining the wider strain hardening range.

9.
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