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a b s t r a c t

Improvements to the properties of Rare Earth Permanent Magnets (REPMs) are needed to advance the

capabilities of electric motors and generators, and refinement of the microstructure by the use of

different approaches to processing may be a key means to achieving this. We report here a systematic

study into the use of Spark Plasma Sintering to process Sm2(Co, Fe, Cu, Zr)17 permanent magnets. This

unfamiliar method for Sm2(Co, Fe, Cu, Zr)17 offers the potential for efficiency savings in reduced pro-

cessing temperatures and times versus the industry standard vacuum sinter powder metallurgical route,

and also offers a refined microstructure of the materials produced. The optimised processing conditions

for achieving near-to-theoretical density are reported, and the microstructure and magnetic properties of

the materials produced are compared with conventional vacuum sintering. The results provide a basis for

further optimisation of these materials.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Rare earth permanent magnets (REPMs), such as Nd-Fe-B and
Sm2(Co, Fe, Cu, Zr)17, are critical components in applications such as
generators for the electric grid (especially in the use of renewable
energy), and electric motors with the expanding electrification of
transport. To meet the growing global energy demand, there is a
continuing drive to improve on key magnetic properties; rema-
nence, coercivity and the figure-of-merit energy product, as well as
minimising losses within the magnet during use. To meet these
engineering challenges, an optimisation and homogenisation of the
magnetic material microstructure [1] can be met with exploration
of novel processing techniques, which may also bring efficiency in
energy use and material usage.

One candidate technology; Spark Plasma Sintering (SPS, also
called Field Assisted Sintering Technology, FAST) is a powder pro-
cessing technique for metals and ceramics which utilises electric
current to generate heat within an electrically conductive die
(normally graphite) and between powder particles. The direct
application of heat to the powders, allow very large heating rates to
be achieved, especially in comparison to furnace methods which
rely on in-direct heating. With the assistance of an applied uniaxial
pressure, the SPS technique can sinter materials at lower temper-
atures [2e6] and to a high dimensional tolerance in under 30min,
compared to hours for conventional vacuum furnace sinter tech-
niques. The shorter, more efficient processing cycles also reduce
energy costs [7]. A comprehensive review of the SPS technique and
the properties of materials studied is provided by Orrù et al. [8], and
more recently Guillon et al. [9].

Short processing cycles and lower sinter temperatures are
conduit to achieving fine-grain microstructures in permanent
magnets [10e16] and the magnet's resistance to demagnetisation
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(coercivity) generally increases with decreasing grain size [17].
However, achieving nanoscale microstructures require fine milled
powders and add additional processing steps and control imple-
mentation; with issues concerning oxidation and contamination.
Few studies have been conducted utilising SPS for microcrystalline
REPM powders. Microcrystalline Nd-Fe-B-type magnets processed
by SPS measured magnetic properties comparable to those from
conventional sinter methods, but were also shown to possess
improved mechanical properties and increased corrosion and
oxidation resistance [6,18e20]. Several reports also noted SPS
processed materials possessed notably ‘cleaner’ grain boundaries;
free of contaminants [5,21,22]. Uniform and homogeneous micro-
structures improve the resistance to demagnetisation and the
overall life-cycle of REPMs operating in demanding environments,
such as those utilised in the aerospace and defence fields [23].

Sm2(Co, Fe, Cu, Zr)17-type permanent magnets are typically
processed from microcrystalline powders by a vacuum sinter
method. The consolidated Sm2(Co, Fe, Cu, Zr)17 material then
develop their magnetic properties (specifically; coercivity) only
after a multi-stage, prolonged heat treatment process. The heat
treatment precipitates a nanoscale cellular structure within grains,
which pin domain walls and resist demagnetisation even at tem-
peratures beyond 200 �C [24], and as a result their use is primarily
in aerospace and military applications with demanding environ-
ments. Unlike other REPM materials, Sm2(Co, Fe, Cu, Zr)17 magnet
development is not driven towards achieving nanocrystalline grain
size, but instead through homogenising the microcrystalline
microstructure and developing the heat treatment. Optimising the
microstructure in advance of post-processing could improve the
quality and effectiveness of the precipitated cellular nanostructure
within the grains, which is generated during a heat treatment
which can last in excess of 24 h [25].

There has been little exploration of microcrystalline Sm2(Co, Fe,
Cu, Zr)17-type permanent magnets processed by the SPS technique.
Matsumoto et al. [4] performed a study of the relative density of
Sm2(Co, Fe, Cu, Zr)17 specimens processed by SPS in comparison to
conventional sinter method specimens. They found the SPS pro-
cessed specimens were able to achieve near-theoretical density for
hold temperatures of 950 �C and studied pressures ranging from
39e100MPa, compared to sintering temperatures in excess of
1400 �C for vacuum sintering method. However, there was no
report on the magnetic properties. Other studies have thus far
concentrated on major questions of process viability, such as the
uptake of carbon (particularly deleterious to the magnetic proper-
ties of Sm2(Co, Fe, Cu, Zr)17) from the graphite mould during pro-
cessing [26]. The adoption of the SPS technique with other REPM
materials have produced permanent magnets with unique material
andmagnetic properties. As such, this work explores the unfamiliar
processing of microcrystalline Sm2(Co, Fe, Cu, Zr)17 with SPS, and
provides a detailed investigation of the processing parameters, the
microstructure and the magnetic properties.

2. Material and experimental methods

RECOMA® 35E (Arnold Magnetic Technologies, Switzerland)
commercial grade Sm2(Co, Fe, Cu, Zr)17 powders, produced by jet-
milling and designed for high room temperature coercivity, were
processed using an FCT Systeme GmbH (Frankenblick, Germany)
SPS furnace, type HP D 25. A practical description of the SPS
apparatus is provided by Garay [2] and the powder preparation
methodology used in this work for 20mm diameter specimens is
given byMackie et al. [26]. Isotropic Sm2(Co, Fe, Cu, Zr)17 specimens
of the same material and processed by conventional, vacuum sin-
tering route (labelled to as conventional sinter or CS) were pro-
duced and provided by Arnold Magnetic Technologies.

Fig. 1 displays the main processing variables of the SPS tech-
nique: Heating Rate (HR) [A], Hold Temperature (HT) [B], Hold
Pressure (HP) [C]. The dwell time is defined by the length of time
between the dashed lines. After the dwell period, the specimens
were rapidly cooled to room temperature via removal of the
applied current and contact with water cooled pistons, with the
cooling rate fixed at around 100 �C\min.

As sintering is a thermally-activated process, the processing
variables; HR and HT, were expected to have the largest effect on
the consolidation of the Sm2(Co, Fe, Cu, Zr)17 powders, and as such
were the focus of the initial parameter study. The non-thermal
processing variables; HP and dwell time, were maintained as con-
stants throughout the investigation. The HP used (51MPa) was the
maximum value specified for the high density graphite mould
(material grade 2333, produced by Mersen, UK) and the dwell time
(5min) was selected to allow the specimen to achieve thermal
homogeneity. The range of HTs studied were from 800 �C to 1100 �C
and HRs between 50, 100 and 200 �C/min. The effectiveness of the
processing parameters was defined by the removal of porosity and
therefore determined by measurement of specimen density. This
was done using an Archimedes' water immersion method with a
commercial Mettler Toledo MS-DNY-43 and repeated three times
to derive an average.

The heat treatment used for the SPS processed Sm2(Co, Fe, Cu,
Zr)17 magnets comprised of homogenisation at 1070 �C in an argon
atmosphere for 2 h, before allowing to cool to room temperature.
An annealing stage followed at 850 �C in an argon atmosphere for
8 h, before slow cooling in an argon atmosphere at 1 �C\min to
400 �C, before quenching the specimen in oil to room temperature.
Details of the heat treatment for the commercial Sm2(Co, Fe, Cu,
Zr)17 magnet are confidential but are expected to be of a similar
structure, albeit optimised to the alloy composition and processing
history. Magnetic characterisation was performed using Magnet-
Physik GmbH hysteresisgraph after the specimens were magne-
tised using a pulsed 3.5T magnetic field.

Etching of the Sm2(Co, Fe, Cu, Zr)17 specimens was performed
using a 10% citric acid and water solution at 80 �C. Light microscopy
imaging was performed using a Nikon optical microscope, SEM
imaging was performed using an FEI Inspect F-50, with imaging in
secondary (SE) and back-scattered (BS) modes. Particle and grain
size measurements were performed using imageJ analysis software
[27].

3. Results and discussion

3.1. Powder characterisation

Measurement and distributions of Sm2(Co, Fe, Cu, Zr)17 powders

Fig. 1. Schematic detailing a typical example SPS processing scheme.
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were performed for a sample of 150 random crystallites, in mi-
crographs of which Fig. 2 was typical. The long axis diameter, a, for
each crystallite was first inferred and measured, and perpendicular
to this axis the short axis diameter, b, was measured. An example of
these axes for a Sm2(Co, Fe, Cu, Zr)17 powder crystallite is shown in
Fig. 2. The long and short axis diameters were also used to calculate
the aspect ratio (a/b) for each crystallite, which provides an
approximate quantification of crystallite geometry. Fig. 3 shows the
distribution of the crystallite diameters measured and the corre-
sponding distribution of aspect ratios. The long axis shows a main
peak around 5 mm, with a smaller peak at 15 mm. The short axis
distribution shows only a single peak centred around 3 mm. The
aspect ratio is also bimodal, with a main peak at 1.5 and a smaller
peak at 5, reflecting the distribution of the long axis diameters.

The mean long axis diameter with 95% confidence limits was
calculated to be 5.9± 0.8 mm. The mean short axis diameter was
calculated as 4.2± 0.6 mm. The mean aspect ratio was 1.9± 0.2,
which confirms a general, irregular shape of the Sm2(Co, Fe, Cu,
Zr)17 crystallites. These values were calculated with a t-distribution
value of 1.96 for a sample size of 150.

3.2. Processing by SPS and study of parameters

Several Sm2(Co, Fe, Cu, Zr)17 specimens were produced by SPS
for different HT and HR as described in the methodology chapter.
Their relative densities were calculated using their measured ab-
solute density with respect to the Sm2(Co, Fe, Cu, Zr)17 theoretical
density of 8.4 g/cm3 [28].

The data in Fig. 4 shows the strong influence of the HT on the
densification of Sm2(Co, Fe, Cu, Zr)17. For a HT of 800 �C, the relative
density of the specimen was very low and no significant effect was
observed when the HR is increased from 100 �C/min to 200 �C/min.
The high porosity of these specimens increased the variability in
the mass measurement when immersed in water, thus leading to
increased uncertainty in the calculated density via the Archimedes'
method. Increasing the HT to 1000 �C improved the density of the
Sm2(Co, Fe, Cu, Zr)17 specimens noticeably to around 90% relative to
the theoretical. A decrease in the relative density was observed as
the HR was increased from 50 �C/min to 100 �C/min and 200 �C/
min. When using a low HR, the overall processing cycle time is
longer (even though the dwell time is fixed), therefore allowing
more time for sintering to continue at a HT where the dominant
sintering mechanisms do not allow full density to be reached.

For the HT of 1050 �C, high levels of densification are again
achieved, although the trend with increasing HR is different than
before. Here, an increase in the HR from 50 �C/min to 100 �C/min
improved the final relative density of the consolidated specimens
from 94.1% to 99.1%, and a similar density is achieved using 200 �C/
min. This can be explained as 1050 �C is the critical temperature for
sintering to occur for Sm2(Co, Fe, Cu, Zr)17 under the SPS HP and
dwell time used in this study. Therefore, when processing at higher
HR, a smaller fraction of the processing cycle was spent at lower
temperatures where non-densifying mass transfer mechanisms
dominate. While not bringing particle centres closer, the surface
mass transfer mechanisms also reduce the pore surface curvatures
and lower the driving force for densifying mass transfer mecha-
nisms at higher temperatures. A significant enhancement in the
densification for alumina was reported by Zhou et al. when the HR
increased from 50 �C\min to 300 �C\min for a HT of 1150 �C [29].
However, utilising high heating rates must be balanced with suf-
ficiently large HTs and dwell times to allow the temperature over
the entire specimen to homogenise such that removal of porosity
can occur throughout the entire material volume [30].

At 1100 �C, all the analysed specimens were able to achieve full
densification; 99.8%, 99.4% and 99.8% relative densities were
measured across the increasing heating rates studied. Regardless of
how quickly the HT is reached, the Sm2(Co, Fe, Cu, Zr)17 specimens
were able to achieve full density when using a HT of 1100 �C for

Fig. 2. SEM microscopy image of Sm2(Co, Fe, Cu, Zr)17 powder. Annotated axes depict

long (a) and short (b) axis determined for crystallite size measurement.

Fig. 3. Frequency distribution of long and short axes measured for 150 Sm2(Co, Fe, Cu,

Zr)17 crystallites. Inset shows the distribution of aspect ratio for the same sample.

Fig. 4. Relative and absolute density of Sm2(Co, Fe, Cu, Zr)17 specimens after pro-

cessing with different HRs and HTs by SPS technique for 5min using HP of 51MPa.
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5min at a maximum applied pressure of 51MPa. Similar observa-
tions were made in the study of a range of titanium alloys. When
the HT was sufficiently large, all specimens achieved full densifi-
cation regardless of the HR [31]. These results were also consistent
with studies of the HR on alumina powders above 1200 �C [29,32].

The SPS processing parameters; HT and HR, were both shown to
have a noticeable effect on the densification of the Sm2(Co, Fe, Cu,
Zr)17 powders. HT in particular was strongly linked to the achiev-
able final density of the specimen, with density approximately
reaching the theoretical density for Sm2(Co, Fe, Cu, Zr)17 at hold
temperatures of 1050 �C and above. Diffusion processes are crucial
to the sinter process, and the mass transfer mechanisms that
facilitate densification are high energy and activated at higher
temperatures. For a fixedmaximum applied pressure of 51MPa, the
activation of these densification mechanisms becomes significant
at around 1050 �C.

3.3. Grain size analysis

In the following subsections, an analysis of the material and
magnetic properties of an optimally SPS processed and heat treated
isotropic Sm2(Co, Fe, Cu, Zr)17 is provided. The processing param-
eters for this magnet were 1100 �C HT, 100 �C\min HR, 51MPa HP
and 5min hold time. The etched microstructure of this specimen is
displayed in Fig. 5.

The microstructure shows Sm2(Co, Fe, Cu, Zr)17 grains and
samarium and oxygen-rich grain boundary precipitate features.
The microstructure was homogeneous throughout, with no
distinction at the surface or within the specimen centre. To mea-
sure average grain diameters, a linear intercept method [33] was
used in the horizontal and vertical axis of the image and averaged.
For each measurement direction, twenty lines across two micro-
scopy images similar to Fig. 5 of the same etched specimen were
used to measure grain diameters. The mean grain diameter, with
95% confidence limit, was 8.5± 0.3 mm. The uncertainty in these
values were calculated using a t-distribution value of 2. Compared
to the powder crystallites, the SPS processed Sm2(Co, Fe, Cu, Zr)17
magnet shows some coarsening of the granular structure. While an
alternative method was used to measure the Sm2(Co, Fe, Cu, Zr)17
powders, the long axis diameter, 5.9± 0.8 mm, can effectively be
used as an upper bound estimation.

For comparison, the microstructure of the conventional vacuum
sinter processed and heat treated Sm2(Co, Fe, Cu, Zr)17 magnet is
shown in Fig. 6. Here, dark-field imaging was able to be used to
further highlight the grain boundaries. It can be seen that a similar

microstructure and grain boundary features are observed, as in the
SPS processed sample. The average grain size in Fig. 6 was
measured using the same linear intercept method as previously
described for the SPS processed specimen. The analysis of the
microstructure shows the average grain diameter to be
54.3± 2.4 mm, using a t-value of 2.15 to calculate the 95% confidence
value, which is significantly larger than the average grain size in the
specimen produced by the SPS process. These results are in
agreement with the observations made by Matsumoto et al. [4].
These results show that the SPS technique produces a finer granular
microstructure for microcrystalline powders, while also achieving
near-theoretical density in shorter processing cycles compared to
vacuum sinter methods.

3.4. Magnetic characterisation

Key magnetic properties can be deduced from the magnet-
isation and subsequent demagnetisation of permanent magnets.
Fig. 7 displays the demagnetisation curves for the SPS processed
isotropic Sm2(Co, Fe, Cu, Zr)17 magnet, before and after heat treat-
ment, as well as the commercial isotropic Sm2(Co, Fe, Cu, Zr)17
magnet after heat treatment.

The magnetic properties for the Sm2(Co, Fe, Cu, Zr)17 magnet
after processing by SPS are underdeveloped, but typical for the as-
cast/processed state [34,35]. After the heat treatment, both the

Fig. 5. Light microscopy image of citric acid etched (10% solution with water at 80 �C)

Sm2(Co, Fe, Cu, Zr)17 processed by SPS. Inset shows magnified region for clarity.

Fig. 6. Light microscopy image of citric acid etched (10% solution with water at 80 �C)

Sm2(Co, Fe, Cu, Zr)17 processed by CS method. Grain boundaries have been emphasised

by imaging in dark-field imaging mode. Inset shows magnified region for clarity.

Fig. 7. Demagnetisation curves for the isotropic SPS processed Sm2(Co, Fe, Cu, Zr)17
magnet before and after heat treatment and the isotropic commercial Sm2(Co, Fe, Cu,

Zr)17 magnet.
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remanence and coercivity in the SPS processed Sm2(Co, Fe, Cu, Zr)17
magnet improved prominently; with the latter within definition of
a hard magnetic material [1]. The heat treatment process is crucial
to Sm2(Co, Fe, Cu, Zr)17 permanent magnets as it facilitates the
microstructural changes within grains, which are the basis for the
hard magnetic properties. The precipitation of a cellular structure,
comprised of nanoscale rhombohedral 2:17 Fe-rich cells and hex-
agonal 1:5 Cu-rich cell boundaries, crossed with Zr rich lamellar
phase [24,36], during ageing, and a redistribution of elements
during slow cooling, is the basis for the coercivity and remanence
enhancement respectively. In particular, the coercivity is propor-
tional to the pinning strength of magnetic domains at the cell-cell
wall boundaries [24,25,37]. The conventional sinter processed
and optimally heat treated commercial Sm2(Co, Fe, Cu, Zr)17magnet
demonstrated the largest coercivity and was therefore the hardest
to demagnetise. In fact, its coercivity exceeded the reversal field of
the hysteresisgraph measurement device and therefore never
crossed the x-axis.

Table 1 catalogues the remanence (remanent polarisation), Jr,
intrinsic coercivity, JHc, coercive force, BHc, and energy product,
(BH)max, for these specimens. The SPS processed Sm2(Co, Fe, Cu,
Zr)17 magnet has a similar relative density and remanence to the
conventional sinter processed magnet. Both types of magnet are
isotropic and have not received alignment of the magnetic powders
before processing. The remanence of 0.54T is approximately half of
would be expected of an anisotropic commercial Sm2(Co, Fe, Cu,
Zr)17 permanent magnet [37,38]. Isotropic, microcrystalline mag-
nets are approximately described by the Stoner-Wohlfarth model,
where Jr¼ 0.5Js, (Js is the saturation polarisation and it is assumed
for fully aligned anisotropic magnets Jsz Jr) [39,40].

The effects of the heat treatment were reflected through the
significant increase of the coercivity from 66.8 to 592.0 kA/m in the
SPS processed Sm2(Co, Fe, Cu, Zr)17 magnet.

There is potential to further improve the coercivity, highlighted
by the coercivity achieved in the commercial and optimally heat
treated Sm2(Co, Fe, Cu, Zr)17 magnet. Optimisation of the heat
treatment applicable to SPS processed Sm2(Co, Fe, Cu, Zr)17 mag-
nets will be necessary to be able to identify any clear effect from the
reduced grain size on the magnetic properties of SPS processed
Sm2(Co, Fe, Cu, Zr)17 magnets.

The residual flux and coercive force combine to give the energy
product of a permanent magnet. This is an indication of the energy
density of the magnet and is an important figure of merit for the
commercial capabilities of permanent magnets. In comparison of
the two Sm2(Co, Fe, Cu, Zr)17 magnets processed and heat treated
by different methods, the lower coercivity of the SPS processed
Sm2(Co, Fe, Cu, Zr)17 magnet inevitably results in a lower (BH)max

for the SPS processed magnet. It is also worth noting, for both
magnets studied, the energy product can be greatly improved if
alignment of the magnetic powder particles using a magnetic field
was performed prior to processing. Alternatively, texture could be
induced using a hot deformation process after the SPS process
[15,41]. Introducing alignment or texture of the magnetic grains, as
well as optimising the heat treatment process, are processing steps
which would significantly enhance the energy density for Sm2(Co,
Fe, Cu, Zr)17 magnets processed under the SPS parameters studied

in this work.

4. Conclusions

An investigation has been performed studying the optimal SPS
processing parameters required to achieve full densification for
Sm2(Co, Fe, Cu, Zr)17 permanentmagnet specimens. Particular focus
has been given to the heating rate and hold temperature, with a
justification given for fixing the maximum hold pressure and dwell
time. Using a 20mm diameter mould, Sm2(Co, Fe, Cu, Zr)17 speci-
menswere produced by SPSwith density of at least 8.32 g/cm3 (99%
relative to the theoretical density) using the following SPS pro-
cessing parameters: 1050e1100 �C hold temperature, 100e200 �C/
min heating rate, 51MPa pressure, and 5-minute dwell time. These
densities were comparable to the 99.2% relative density measured
in a commercial Sm2(Co, Fe, Cu, Zr)17 sample produced by vacuum
sinter method. However, the total processing cycle time using SPS
was under 20min and occurred at dwell temperatures approxi-
mately 200 �C lower than those required for the hour long pro-
cessing cycles of the conventional sinter methodology. Minimal
grain growth during the sinter process in the SPS processed
microcrystalline material was a consequence of the lower sinter
temperature and process cycle. However, until the heat treatment
for the SPS processed Sm2(Co, Fe, Cu, Zr)17magnets are optimised, it
cannot be said whether the smaller grain size is directly responsible
for the lower measured coercivity.

Hard magnetic properties were developed in the SPS processed
magnets after undergoing a multi-stage heat treatment based upon
commercially produced Sm2(Co, Fe, Cu, Zr)17 permanent magnets.
The magnetic properties, particularly the coercivity, increased
significantly, from 66.8 kA/m to 592 kA/m after a heat treatment. In
comparison, a commercial Sm2(Co, Fe, Cu, Zr)17 magnet measured a
coercivity of at least 1214 kA/m. With further work, it is believed an
optimised heat treatment for SPS produced Sm2(Co, Fe, Cu, Zr)17
magnets could be established to enhance the coercivity to similar
values of the commercially produced magnet. Aligning the mag-
netic grains before or utilising hot deformation during the SPS
process are future methods which require investigation as methods
to maximise the energy product and improve the potential of the
SPS processed Sm2(Co, Fe, Cu, Zr)17 magnets.

There is much potential for Sm2(Co, Fe, Cu, Zr)17, and permanent
magnets in general, to be processed by the SPS technique. Shorter
processing cycles and finer, more uniform microstructures are
some of the properties that have been demonstrated. With little
precedence using the SPS technique with microcrystalline Sm2(Co,
Fe, Cu, Zr)17 powders, the work presented in this article provides
the framework for further study of particular properties and high-
temperature performance of full density SPS processed Sm2(Co, Fe,
Cu, Zr)17 permanent magnets. The SPS technique may demonstrate
itself as a production method for Sm2(Co, Fe, Cu, Zr)17 permanent
magnets with desirable properties for bespoke high-temperature
applications.
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Table 1

Magnetic properties of Sm2(Co, Fe, Cu, Zr)17 magnets after processing by SPS and by conventional sinter (CS) method, followed by a heat treatment.

Sm2(Co, Fe, Cu, Zr)17
processing method

Density (g/cm3) Relative density (% relative

to theoretical density of 8.4 g/cm3
Remanent

polarisation, Jr (T)

Intrinsic coercivity,

JHc (kA/m)

Coercive force, BHc

(kA/m)

Energy product,

(BH)max (kJ/m
3)

SPS 8.35± 0.02 99.4± 0.2 0.37± 0.02 66.80± 3.44 60.20± 3.01 7.10± 0.36

SPS and heat treatment 8.39± 0.01 99.9± 0.1 0.53± 0.03 592.00± 29.63 288.50± 14.43 42.00± 2.10

CS and heat treatment 8.33± 0.03 99.2± 0.4 0.56± 0.03 �1214.00 ± 60.70 400.50± 20.00 56.00± 2.80
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