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Abstract: High-purity Ni was processed by high-pressure torsion (HPT) at room temperature under
an imposed pressure of 6.0 GPa and a rotation rate of 1 rpm through 1/4 to 10 turns, and samples were
then examined using Electron Back-Scattered Diffraction (EBSD) and microhardness measurements.
The results show that the grain size and low-angle grain boundaries (LAGBs) gradually decrease with
the growth of HPT revolutions while the microhardness values gradually increase. After 10 turns
of HPT processing, ultrafine-grained (UFG) pure Ni with a reasonable microhardness value and
microstructure homogeneity can be achieved across the disk, thereby giving great potential for
applications in micro-forming. A grain refinement model for severe plastic deformation (SPD) of
pure Ni is proposed.

Keywords: HPT; UFG pure Ni; microstructure; hardness testing; grain refinement

1. Introduction

With the increasing demand for high-performance materials in industry, especially for
micro-structures and micro-components, there has been considerable interest in strengthen-
ing metal materials [1,2]. It is generally recognized that solid solution strengthening, work
hardening, phase change strengthening, precipitation strengthening, dispersion strength-
ening, and other methods need to enhance one performance at the expense of another
performance or even two performances. In particular, fine-grain strengthening shows that
a decrease in grain size can significantly improve the strength, hardness, ductility, and
toughness of the material. It not only enhances several conflicting properties at the same
time but also has the best strengthening effect [3,4]. Therefore, the use of ultrafine-grained
(UFG) materials has the potential to produce micro-miniature parts with superior proper-
ties. Compared with unprocessed coarse grain (CG) samples, UFG materials generally have
more excellent physical properties, mechanical properties, and forming properties [5–9].
For example, its flow stress during deformation at high temperatures should be significantly
reduced, and at the same time, there are also excellent applications in the field of superplas-
ticity [10,11]. Recently, a series of reports showed that SPD could produce materials that
combine high strength and high ductility [12,13]. More importantly, because UFG materials
have smaller characteristic sizes that are orders of magnitude smaller than in micro-parts,
they can significantly reduce the “scale effect” of the micro-forming processing. Therefore,
they are extremely effective in the filling of micro-parts and improving the quality of the
formed components [14,15]. It is reasonable to anticipate that the inhomogeneous shape
evolution should be significantly reduced compared with CG materials [16,17]. With the
development of SPD technology, UFG, and nanocrystalline materials have gradually been
applied to micro-forming technology, such as electronics and biomedical products that
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require more functions and smaller volumes [18]. Therefore, UFG materials have excellent
application potential in micro-forming technology.

SPD is widely used to prepare UFG materials [19,20]. SPD has the ability to result in
a very significant refinement in the grain size of various pure metals and alloys [21,22].
Because SPD makes the equivalent strain of the material generally greater than two while
the traditional plastic processing technology makes the equivalent strain of the material
generally less than two, SPD produces greater plastic deformation than the conventional
plastic deformation method. Thus, the grain size of various materials (<1 µm) can be
sufficiently refined. At the same time, the shape and size of the material before and after
forming do not change significantly because of the mold shape and hydrostatic pressure.
There are many SPD processing techniques to prepare UFG materials, but HPT is one of the
most promising processing technologies. HPT is not only simple but also has the potential to
refine the microstructures of metals and alloys to the submicrometer or even the nanometer
range [23–26]. For example, experiments on an Al–3% Mg solid solution alloy gave a grain
size of ~90 nm after HPT processing at room temperature [27], whereas a similar alloy
processed by equal-channel angular pressing (ECAP) at room temperature gave a grain
size of ~270 nm [28]. Furthermore, the proportion of high-angle grain boundaries (HAGBs)
of materials produced by HPT is higher. High pressure can generate high strain, so there
are no problems with destroying the sample, and also, there is a suppression of porosity
and defects. Thus, HPT can obtain ideal UFG materials, which greatly promotes the
development of micro-forming technology. However, there remains a lack of investigations
on the improvement of the properties of pure Ni processed by HPT.

Pure Ni is widely used in machinery, electronics, chemicals, and other industries
because of its excellent corrosion resistance and heat resistance. Thus, in order to further
improve the application performance of pure Ni, the present research attempts to use HPT
processing to prepare UFG pure Ni material with submicrometer grain size through a
combination of experiment, theory, and model research methods. This report is aimed
at exploring the manner in which the HPT processing affects the microstructure and the
microhardness of pure Ni. Meanwhile, the grain refinement mechanism was also analyzed.
As will be demonstrated, the experimental results offer a theoretical foundation for the
application of UFG materials in the field of micro-forming technology.

2. Materials and Methods
2.1. High-Pressure Torsion Processing Route

High-purity Ni was selected as the material for this experiment. In order to obtain a
uniform initial structure and eliminate the internal stress generated, these samples need to
be annealed at 700 ◦C for 2 h before cutting. The annealed structure of the pure Ni sample
was observed by a Scanning Electron Microscope (SEM, Quanta 200FEG, FEI company,
Hillsboro, OR, USA20 kV), as shown in Figure 1a. It is shown that under annealing
conditions, the grain size is coarse, and the grains are obviously inhomogeneous. To
prepare specimens, the as-received plates were machined into disks with diameters of
10 mm and thicknesses of ~1.0 mm by wire cutting, and these disks were then ground on
SiC papers to final thicknesses of ~0.82 mm.

Figure 1b schematically depicts the HPT processing. The device is mainly composed
of upper and lower anvils with circular grooves. A disk is placed between two anvils, and
then the lower anvil is twisted at a high pressure of 6.0 GPa with a rotation rate of 1 rpm at
room temperature to cause shear deformation. Therefore, the HPT processing produces
both shear and normal strain in the pure Ni. The process parameters are displayed in
Table 1.
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Figure 1. HPT processing: (a) Microstructure of pure Ni annealed; (b) HPT device; (c) Samples of
different turns processed by HPT.

Table 1. Summary of HPT processing of Pure Ni.

Material

HPT Processing Annealing Conditions Grain Size

Dimensions
D × h/mm T Pressure/GPa Rotation

Rate/rpm N/Turns T/◦C t/min Final/µm

Pure Ni 10 × 0.82 RT 6.0 1 1/4, 1, 5, 10 700 120 0.21–1.42

Figure 1c shows the pure Ni samples with different turns processed by HPT. The
impact of the accumulated strain is assessed by 1/4, 1, 5, and 10 turns. The thickness of
the sample is greater than the sum of the heights of the upper and lower die grooves, and
the HPT processing is carried out under isostatic pressure. Therefore, when high pressure
is applied to the pure Ni sample, a small amount of the material will flow out due to
the compression between the two anvils. This procedure is designated quasi-constrained
HPT [29]. After the flash is removed, the shape of the sample is a relatively regular round
flat piece. HPT is processed under a large load. The frictional force generated by the upper
and lower molds on the surface represents a large torsion force that causes the disk to be
twisted and deformed. After HPT processing, the surface leaves a rotation mark, which is
helpful in determining the center position of the disk.

2.2. Microhardness Test

The original disks and the experimental disks after HPT deformation were polished
to 1200# using abrasive papers, and then they were mechanically polished to mirror-like
surfaces. A Vickers microhardness tester (HVS-1000A, Huayin company, China: Laizhou)
was used for the microhardness testing with a load of 500 g and a dwell time of 10 s. In
addition, the deformation of different positions in the disk is different, so it is necessary
to test the hardness values of different positions of the sample. Accurate microhardness
measurements were performed manually on the samples following a rectilinear grid pattern
and with incremental steps of 0.3 mm between each measurement. The average values
were calculated. To gather specific information regarding the changes in microhardness,
two different methodologies were applied. First, hardness values were extracted on two
mutually perpendicular diameters, and an average calculation was performed to obtain the
hardness value distribution along the diameter. Second, color-coded contour maps were
created based on the measured hardness values to show the direct hardness distributions
across a one-quarter area of the disks.

2.3. EBSD Measurement

In order to analyze the microstructural evolution during HPT, it is necessary to obtain
detailed information on the microstructures. Therefore, the grain structures of the UFG
Ni processed by HPT were further characterized by the electron back-scattered diffraction
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(EBSD: Quanta 200FEG field emission SEM, FEI company, Hillsboro, OR, USA) and an-
alyzed using a TSL orientation imaging microscopy (OIM) system. In order to obtain a
satisfactory surface, the micro-samples were electro-polished to mirror-like surfaces. The
edge, the mid-radius position (2.5 mm from the center), and the center of the disc were
used as test locations.

3. Results
3.1. Microhardness Evolution of HPT-Processed Pure Ni

The Vickers microhardness distribution along the diameter and the Vickers micro-
hardness throughout the surfaces of the HPT processed samples were plotted after various
numbers of turns. It is shown in Figure 2 that the hardness values of pure Ni are symmet-
rical about the center of the sample after HPT processing. However, the distribution of
microhardness is non-uniform across the sample diameter. When the number of turns is
low, the hardness in the central region is lower than in either the mid-radius region or the
edge region of the sample. It is generally recognized that the hardness value fluctuates
greatly, which indicates that the internal structure of the material is extremely inhomoge-
neous. However, with increasing applied turns, the microhardness measured at the central
region increases significantly and gradually approaches the value at the edge. The hardness
homogenization of the disk increases. This is due to microstructure refinement, which
is strongly influenced by the region of the sample. After 10 turns of HPT treatment, the
hardness of the sample showed better uniformity, except for a slight upward trend from
the center to the edge of the disk.
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Figure 2. Values of the Vickers microhardness versus distance from the centers of the disks after HPT
processing at a pressure of 6.0 GPa for various numbers of turns.

The average microhardness value of the entire disk after HPT processing was higher
than that of the annealed sample. The hardness of the edge increased rapidly after 1/4 turn
of HPT processing. However, with the number of turns increasing, the changes in the
hardness of the edge were less. The hardness at the edge after one turn of HPT is stable
and reaches a saturation value of ~375 Hv. The hardness at the center continued to increase
with the increase in the number of turns and gradually approached the saturation value.
The increase was smaller after 1/4 t and 1 t, while there was a significant increase after 5 t
and 10 t. It was about three times the value of the annealed pure Ni after ten turns of HPT
processing. There was no obvious change across the disk surface with a hardness of ~375 Hv.
Therefore, when the hardness values of the samples become saturated, the strengthening
effect brought by further increasing the number of turns becomes very limited. The present
results are consistent with some earlier reports on the processing of high-purity Cu by
HPT [30].
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In order to further study the development of uniformity, Figure 3 provides displays
of microhardness over a one-quarter area of the disk surfaces processed by a 1/4, b 1, c 5,
and d 10 turns of HPT. Randomly selected Cartesian coordinates X and Y were placed on
the surface of each disk so that the center of each disk was at the point (0,0). The color in
Figure 3 corresponds to the color scale shown at the lower right, where the range of the
hardness values is 100 to 400 in incremental steps of 50. It can be clearly observed that the
values of the microhardness increase with increasing distance from the center of the disk.
As the number of turns increases, the size of the region with lower hardness decreases.
After HPT processing, there is a higher level of hardness values and a general hardness
homogeneity. At ten turns, the distribution of the microhardness values on the disk is very
homogeneous, and the average microhardness value is as high as 375 Hv. These results are
consistent with the results on the hardness distribution of the disk shown in Figure 2, but
they provide a more detailed description.
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3.2. Microstructure Evolution of HPT-Processed Pure Ni

Figure 4 shows the central structures of HPT-processed samples with different turns.
Under ideal conditions, there is no shear strain in the center of the disks. However, the
misorientation angles of the crystal grains change during HPT processing, resulting in
deformation in the central region of the samples. After processing through a one-quarter
turn, the micrograph shows that the shear strain is limited, so its impact on the grains is
small. As shown in Figure 4a, the grains are refined but still coarse. Measurements give
average grain sizes of 1.42 µm. Many LAGBs (yellow lines, 2–15◦) are formed inside the
large grains, indicating that substructures are produced due to the geometric requirements
of strain. There are many different colors in the large grains, indicating that the orientations
of the substructures are different. The microstructure after one turn of HPT is shown in
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Figure 4b. The grain size is greatly decreased to 0.59 µm, but the microstructure is still
inhomogeneous. There are many small grains formed by HAGBs among the coarse grains.
In Figure 4c, when the number of turns is five, the grain size is refined to 0.35 µm, and
the original grain boundaries are not visible. Finally, the grain size is slightly reduced to
0.33 µm, reaching a stable value after ten turns, as shown in Figure 4d. However, there are
still large grains in the disks.
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center position.

The structures of the mid-radius position corresponding to 2.5 mm from the center
of the disks with different turns are shown in Figure 5. As shown in Figure 5a, after HPT
processing through a quarter turn, the original grains were broken and refined to 0.81 µm.
They are UFG materials, but the structure is not homogenous enough. They are composed
of coarse grains and fine grains, and many HAGBs and LAGBs are produced in the coarse
grains. The existence of many different colors indicates that there are great differences
in the misorientation angles of the substructures. Figure 5b shows that the accumulated
strain has increased sufficiently to cause noticeable microstructural changes after one turn
of HPT processing. The microstructure is refined, and the grain size is 0.39 µm. The
original grain boundaries nearly disappear, and the LAGBs are gradually transformed into
HAGBs. As shown in Figure 5c, after five turns of HPT, the strain during HPT processing
increases to a certain extent, and the average grain size decreases to 0.23 µm. The grain
distribution becomes very homogenous, terminating ultimately in an equiaxed shape.
Furthermore, the HAGBs are still increasing. As shown in Figure 5d, when it reaches ten
turns, the microstructure changes little, and the grain size is slightly decreased to 0.22 µm.
The increase in the HAGBs is small, reaching saturation. The results show a reasonable
homogeneity of the microstructure and good material properties.
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mid-radius position.

Figure 6 shows the edge structures of HPT-processed samples with different turns
obtained by EBSD, which is similar to the center of the disk. In Figure 6a, after a one-quarter
turn, the edge region is subjected to more shear strain compared to the central region and
the mid-radius region, and the grains are refined to a certain extent. At this time, the
microstructure has become refined to UFG but is not homogenous enough. The larger
crystal grains have a smooth transition in color change, indicating that there are low-angle
boundaries. Figure 6b shows the microstructure after one turn of HPT. The grain size is
further decreased to 0.26 µm, and the microstructure is relatively homogeneous. After five
turns in Figure 6c, the microstructure tends to become more uniform and with an average
grain size of 0.22 µm. Finally, as shown in Figure 6d, after ten turns of HPT processing,
UFG pure Ni with an average grain size of 0.21 µm is obtained. The grain size and the
uniformity of the microstructure have not changed much. Furthermore, the grain size is
basically uniform. The results of these structural observations show that after five or more
turns of HPT processing, the microstructure of pure Ni becomes quite homogenous.

From the comparative and qualitative analyses in Figures 4–6 the degree of grain
refinement varies at different positions of the disc after HPT processing. Table 2 provides
a detailed summary of the measurements of grain size. The grain size of the material
decreases with increasing numbers of turns during HPT processing. After 1/4 turn of HPT,
the crystal grains are fragmented to a certain extent, and the grain size is still large. When
the number of turns is one, the grain size in the center region is large, while the grains at
the edge are largely fragmented. The grains have been significantly refined after five turns
of HPT, and the average grain size at the edge of the sample is about 0.23 µm. After ten
turns of HPT, the grains at the center and edge of the sample have been sufficiently refined,
and the grain size at the edge reaches 0.22 µm. Furthermore, the mean grain size in the
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center of the sample is the largest, and the edge region is the smallest. After one-quarter
turn of HPT processing, the grain size in the center of the sample is close to three times
that of the edge area. The microstructure near the edge of the disk has a higher degree
after HPT processing of refinement, but as the number of turns increases, the difference
gradually decreases. It is readily apparent that when the number of turns reaches 5, the
difference in grain size is small, but the central position of the sample still cannot be refined
to the same extent as the edge position. The uniformity of 10 turns of HPT is the optimum,
and the microstructures at different positions of the disk are then quite similar.
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edge position.

Table 2. Microstructure parameters of HPT-Ni.

Specimen
1/4 t 1 t

Center Inter Edge Center Inter Edge

Grain size (µm) 1.42 0.81 0.53 0.59 0.39 0.26

Specimen
5 t 10 t

Center Inter Edge Center Inter Edge

Grain size (µm) 0.35 0.23 0.22 0.33 0.22 0.21

By drawing a histogram, it is possible to understand the laws of misorientation angles
during HPT processing, as shown in Figure 7, Figure 8, and Figure 9.
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Figure 7, Figure 8, and Figure 9, respectively, show histograms of the misorientation
angles in the center region, the mid-radius position corresponding to 2.5 mm from the center
of the annealed samples, and the edge position after the HPT processing with different
turns. Figure 7a,b show that there are 75.5% and 78.5% LAGBs in the microstructures of
the samples processed by one-quarter turn and one turn of HPT, and a high proportion
of LAGBs is formed in the early stages of HPT processing. However, as the number of
HPT turns increases, it gradually evolves towards HAGBs. As shown in Figure 7c,d, the
fractions of LAGBs gradually decrease to 63.6% and 44.2% after 5 t and 10 t due to the high
strain deformation.

The histograms corresponding to the number of turns shown in Figures 8 and 9 have
basically the same appearance, which proves that the microstructures between the mid-radius
position and the edge position of the disk are similar under these experimental conditions.

Comparing Figures 7–9, the results show that at the edge, the speed of the evolution
to HAGBs is faster because of the higher strain. The law of the grain boundary angles at
different positions of the sample is roughly the same. It is apparent that with the increase
in the number of turns, the LAGBs of the sample generally decrease with an increase of the
deformation, and they turn into HAGBs. The proportion of LAGBs is high under a small
amount of deformation, while the proportion of HAGBs is high under a large amount of
deformation. When it reaches ten turns, the proportion of HAGBs at the edge of the sample
reaches 76.3%. Furthermore, the proportion of HAGBs in the center of the sample is the
smallest, while in the edge region, it is the largest after HPT processing.

3.3. Equivalent Strain vs. Microhardness of HPT-Processed Pure Ni

Independent of the number of revolutions, the HPT process results in negligible
slip and thickness loss [31]. Under ideal conditions, the effect of axial compression on
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equivalent strain can be ignored when the sample diameter is much greater than the
thickness. According to the HPT equivalent strain calculation equation [32]:

ε =
2πNr√

3h
=

θr√
3h

(1)

where N is the total number of turns, r is the distance from the disk’s center, and h is the
thickness of the disk. For simplicity, the strain was calculated by maintaining the initial
value of h in Equation (1); thus, the obtained values underestimated the actual deformation.
Figure 10 depicts the relationship between the microhardness and the equivalent strain
after varying numbers of turns. It can be seen that when the torsional strain is small, as
the strain increases so the microhardness of the sample increases rapidly. However, when
the torsional strain reaches 75, the microhardness of the sample increases very slowly to a
saturation condition with the increase of strain. This law is consistent with the result of
the SPD processing of samples. When the strain increases, the sample grain size increases;
when the strain reaches a certain level, the sample grain size reaches a stable result. This
conforms to the Hall–Petch relationship and the theory of fine-grain strengthening [33].
This is because as the number of HPT turns increases so the shear strain gradually increases,
the dislocation density continues to increase, and the average grain size decreases sharply.
The strengthening effect is very obvious. However, when the dislocation density reaches a
certain critical value, dislocation recovery will significantly affect the further strengthening
of the materials.
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4. Discussion
4.1. Reasons for Development in HPT-Ni Microstructure

The present research shows that HPT is exceptionally excellent in producing very
small grain sizes [19]. If the applied pressure is high and the number of turns is sufficient,
the HPT processing can be used to develop a uniform and reasonable microstructure
throughout the disks: In this experiment, at room temperature, it is found for pure Ni that a
pressure of 6 GPa and more than five turns can achieve homogeneous grain refinement by
HPT. It is worth noting that many of these enhanced properties are related to the increase
in HAGBs. Therefore, the ideal UFG structure has excellent application potential. High-
pressure torsion produces very large cold deformation, which makes the microstructure
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very significantly refined and finally produces UFG materials. Therefore, the microhardness
increases. It is apparent that the edge has the highest hardness value in the disks, and also,
the grain size is the smallest in this region. Hence, the dominant strengthening mechanism
is grain boundary strengthening. In addition, the application of high pressure means that
pure Ni can be treated with high pressure at room temperature without introducing any
cracks in the disks, and the grain refinement process becomes more homogeneous.

According to Equation (1), the relationship between the equivalent strain and the
distance r from the center of the specimen and the thickness h of the sample can be obtained.
It can be seen that the distance r from the center of the sample is proportional to the
equivalent strain. It is not difficult to find that at the same number of turns, the shear
strain in the center region is smaller than that in the middle region and the edge, which
is attributed to the shear strain gradient of the pure Ni disk. Because of this, the applied
strain in the mid-radius region is greater than in the central region, leading to an earlier
refined structure and the introduction of a non-uniform microstructure. Therefore, the
degree of grain refinement and the proportion of HAGBs in the center of the sample are
always smaller than the mid-radius and edge positions. Shear initially takes place at the
edge, introducing local hardening. As a result, the shear is forced to transfer to an adjacent
position and then slowly extends to the entire disk. When the number of turns is sufficiently
high, it will be able to produce a homogeneous and reasonable UFG Ni structure. Even so,
the central region of the disk cannot be refined to the same extent as the outer region.

When the radius is r = 0, the shear strain of the material processed by HPT is zero.
That means there is no shear strain in the center of the specimen and no deformation in the
center of the disks. However, the microstructure evolution shows that after HPT processing,
the microstructure in the center of the sample gradually refines and becomes homogenous.
This is because there is a strain gradient at the center of the sample. There are statistically
stored dislocations and geometrically necessary dislocations in the material. As the number
of turns increases, the density of geometrically necessary dislocations gradually increases,
so the crystal grains in the center of the sample are gradually refined.

4.2. Analysis of HPT-Ni Grain Refinement Mechanism

There are numerous reports analyzing the grain refinement mechanism in SPD with
an emphasis on HPT [34,35]. HPT processing uses the principle of plastic shear defor-
mation of the material to refine the microstructure of the pure Ni sample. In this report,
the microstructure evolution law of pure Ni during HPT is examined. According to the
microstructure changes observed and the parameter values measured, a model was pro-
posed to demonstrate the direct grain refinement method in HPT processing, as shown in
Figure 11. The grain refinement process can be divided into four stages:
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Figure 11. Pure nickel grain refinement model during HPT processing: (a) Phase 1; (b) Phase 2;
(c) Phase 3; (d) Phase 4.

In the first stage, the original annealed structure is regular equiaxed grains, and the
grains are relatively coarse. Because Ni has a face-centered cubic structure and has more
independent slip systems, the material deforms by dislocation slip in the initial stage
of plastic deformation. The main method is that dislocations accumulate at the grain
boundaries, and a small amount of shear strain occurs.
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In the second stage, dislocations interact and gather together to produce sub-grain
boundaries in the coarse grains. The density of dislocations continues to increase. The
dislocations are entangled in the grains and accumulate at the sub-grain boundaries.

In the third stage, as the deformation continues, the dislocations are absorbed by the
sub-grain boundaries and converted into LAGBs. At this time, the sub-grain boundaries
become clear, and their number increases. Furthermore, the differences in orientation
between the sub-grains further increase.

In the fourth stage, the sub-grain size is reduced to form small grains so that the grain
size continues to decrease and the difference in grain boundary orientations continues
to increase. At this time, the dislocations generated by the shear deformation and the
annihilated dislocations at the grain boundary reach equilibrium. It is the stable stage.
This interpretation of grain refinement in HPT processing is consistent with the models
developed using strain gradient plasticity [35].

5. Conclusions

This report examines an ideal UFG pure Ni material for plastic micro-forming through
HPT processing. The microstructures and micro-hardness values of the material through
various numbers of turns are studied. The main research results are as follows:

(1) The microhardness measurement results show that the hardness values of Ni are
symmetrical about the center of the sample, which in the central region is low and
in the edge region is high. The hardness value gradually increases with an increase
in the number of turns. Furthermore, each hardness value is directly related to the
equivalent strain, so all points fall on or about one curve.

(2) As shown in the EBSD measurements, the grain size gradually decreases, and the
LAGBs are continuously transformed into HAGBs with an increase in the number
of turns. The grain size and the fraction of HAGBs in the edge of the sample are
smaller than the grain size at the center, which is due to the shear strain gradient of
the sample.

(3) As the number of HPT turns increases, the disk reaches a reasonable level of mi-
crostructure and hardness homogeneity, and its microstructure parameters and hard-
ness value become saturated, indicating that strain processing parameters are very
important for HPT processing.

(4) It is concluded that the essence of HPT is the refinement of the microstructure caused
by the shear strain, and a simple model of pure Ni grain refinement is proposed based
on the evolution of the microstructure and grain boundary distribution.

(5) The ultrafine-grained pure nickel materials processed using HPT processing have
excellent mechanical properties and high cost-effectiveness in practical applications.
Furthermore, applications involving mass production should be the focus of the
development of this method and material. In order to efficiently prepare ultrafine
pure nickel with large size, quick speed, and optimal microstructure, a more thor-
ough investigation of the grain refinement mechanism is also being carried out at
the same time. This material can also be used in other forming processes, such as
current-aided microforming, to offer fresh approaches for minimizing size effects and
other problems.
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