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CHAPTER 8

Superconducting cryo-magnets
processed by spark plasma
sintering and texturing

J. Noudem*, L. Dupont*, P. Bernstein*, R. Retoux*, G. Chevallier",

C. Estournés’, K. Berger®, M. Higuchi®, M. Muralidhar®, M. Murakami®
"Normandie Univ, ENSICAEN, UNICAEN, CNRS, CRISMAT, Caen, France

TCIRIMAT, Université de Toulouse; CIRIMAT, CNRS, Université Toulouse III—Paul Sabatier, Toulouse,
France

*GREEN, University of Lorraine, Vandoeuvre-les-Nancy Cedex, France

SSuperconducting Materials Laboratory, Graduate School of Science & Engineering, Shibaura Institute of
Technology, Tokyo, Japan

1. Introduction

Since the discovery of high temperature superconductivity (HTS) [1], inten-
sive research has been devoted to discovering new materials [2-9], in order
to improve the superconducting properties [10—16] and/or develop difter-
ent devices such as permanent magnets, motors, and flywheel energy storage
for potential applications [17-24].

Most of the elaboration processes for polycrystalline samples are based on
classical solid-state reactions relying, basically, on conventional sintering
[25]. Powder melt process [26], melt texture growth [27] or top seed melt
texture growth [11,16,28], hot pressing [12], sinter-forging [29], and appli-
cation of a magnetic field [30] are also used to densify and/or to induce grain
orientation. Otherwise, the novel Spark Plasma Sintering (SPS) technique
has been developed, and is commonly used nowadays to prepare various
materials [31-34]. SPS is a unique sintering method combining mechanical
pressure and high current pulses or DC current as the heating source for sin-
tering [35,36]. The mixed raw material is directly poured into a die assembly
made of electrically conductive materials, without any additive or binder,
and pressed uniaxially by punches holding the powder compact, while
the current is supplied to the die assembly. One of the main advantages
of the SPS technique is the rapid densification of various materials in a very
short time (a few minutes) as compared to the Conventional Sintering

(CS) method.
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The purpose of this chapter is to describe the fabrication conditions for:
(1) texturing lamellar Bi,Sr,CaCu,Og (Bi:2212) by the spark plasma
texturing-SPT method; and (i) densifying granular MgB,; to investigate
their mechanical properties and discuss their superconducting properties
and performance.

2. Experimental procedure

The MgB, bulks were prepared with an SPS device (FCT Systeme GmbH,
HD25, Rauenstein, Germany) in DC mode. Different powders were used as
starting materials: (1) commercial MgB, powder (PAVEZY UM, Advanced
Chemicals, Turkey); (i1) the ex-situ mixing powder magnesium (Mg) and
nano boron (B) powders; and (ii1) the mixture of Mg and carbon-encapsulated
boron powders. The processing conditions are detailed elsewhere [37]. Basi-
cally, the MgB, powder is put into a graphite die of 20 mm diameter and sin-
tered for 20min in dynamic vacuum from 800°C to 950°C with current
pulses in the 2 kA range, while applying uniaxial pressure up to 100 MPa.

Additional processing was carried out using another Spark Plasma Sin-
tering system (namely Dr. Sinter SPS 2080, Sumitomo Coal Mining Co.,
Ltd., Japan) and the following steps. The powder was introduced into the
tungsten carbide (WC) die (20 mm diameter), then placed into the working
chamber under vacuum. The temperature was increased (100°C/min) up to
the chosen sintering value from 600°C to 800°C while a load of 500 MPa
was applied during 20 min with a sequence of 12on-2off pulses.

Basically, different series of samples have been prepared. The first series is
focused on the role of studying the precursor powder on the superconducting
properties. Three sets of bulk MgB, material were processed from:
(1) commercial available powder; (ii) a mixture of Mg metal and amorphous
B usingassingle-step solid-state reaction process; and (iii) a mixture of amorphous
boron coated with carbon and Mg metal. The second series was related to highly
densitying the samples using tungsten carbide molds at various temperatures and
comparing their properties to the optimized sample obtained from a graphite
mold at 950°C. The third series (Table 3) of sample are MgB, discs prepared
with different diameters and thicknesses. The final batch of samples, listed in
Table 4, was consolidated at different sintering temperatures for mechanical
property investigations. In the next section, we use the following terms:

» S1, the sample prepared by conventional sintering;
» S2a, the SPS sample consolidated from the MgB, powder using graphite
mold at 850°C;
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» S2b, the SPS sample consolidated from the MgB, powder using graphite
mold at 950°C;

* S3, the SPS sample prepared form the mixture of Mg+ B using graphite
mold at 850°C;

* S4, the SPS sample prepared form the mixture of Mg+ B/C using graph-
ite mold at 850°C;

» S5, the SPS sample made from MgB, powder densified at high pressure
using a WC mold at 800°C; and

* S6 and S7, the SPS samples made from MgB, powder densified at high
pressure using a WC mold at 700 and 750°C, respectively.

For the Bi,Sr,CaCu,Og (Bi:2212), the powder was prepared from oxides

and carbonates precursors by using conventional solid-state reaction. The

powder was cold pressed uni-directionally at 60 MPa into pellets with a

diameter of 13mm. The pellets were conventionally sintered at 700°C

for 2h in air and placed at the center of a 20mm diameter graphite

die, in order to ensure the free deformation and texturing process described

elsewhere [38, 39|. The final processing was carried out using an FCT

HD-25 Spark Plasma Sintering machine. Electric current pulses (2000 A,

4V) were passed through the sample in a vacuum (10~ bar) for a duration

of 10 min, heating the samples at 750°C, while a uniaxial pressure of 50 MPa

was applied. During this stage of the process, the temperature, the applied

pressure, and the displacement or shrinkage of the sample was recorded.

After this, the samples were heated at 750°C for 2h in air to ensure the

desired stoichiometry.

The density of the prepared samples was determined by using Archime-
des’” method (KERN & Sohn GmbH, Baligen, Germany) in de-ionized
water.

Phase identification was achieved by X-Ray diffraction using an X’Pert
Powder diffractometer in the Bragg-Brentano geometry. Microstructural
analysis was performed on fracture surfaces containing the pressing axis dur-
ing processing, with a Carl Zeiss (Supra 55, Oberkochen, Germany) scan-
ning electron microscope (SEM) in backscattering electron (BSE) mode.
Otherwise, transmission electron microscopy (TEM) was used to investigate
the finer microstructural features. The TEM study was performed using a
200kV JEOL 2010 FEG transmission electron microscope fitted with a dou-
ble tilt sample holder (tilt £42°). The cationic composition of the materials
was determined by Energy Dispersive X-ray analysis (EDX) using EDAX
analyzers coupled with the microscope. The sample was ordered to prevent
any damage.
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Cubic-shaped samples of 2 x 2 x 2mm’ were cut from the processed
samples by using a low speed diamond saw (Struers, Champigny sur Marne,
France), for physical characterization.

The magnetic moment versus temperature (M-T) and the magnetization
hysteresis loops (M-H loops) at 20K between —5 and +5T were measured
with a SQUID magnetometer (Quantum Design, model MPMS5). The
critical temperature (7)) as well as the critical current (J) of the samples were
deduced from these measurements. Using Bean’s critical model [40], the ],
values were derived from the equation:

J=AM 1)
o(1-3)

A M s the difference in magnetization between increasing and decreasing

where

magnetic field; and.

a(l — (a/3b) 1s a geometric factor related to the sample dimensions with

a<b.
Trapped field measurements were carried out at 20K on a stack of two
20 mm diameter disc-shaped samples using two Hall effect cryogenic sensors
located (i) at the center of the upper surface of the stack and (ii) between the
two pellets. The overall thickness of the stack was 20 mm. The samples were
magnetized by field cooling (FC) in a magnetic field of 3 T (superconducting
coil, Oxford Instruments IPS 120-10) and then the applied field was
decreased to —3 T at a rate of 0.10 T/min to avoid any flux jump. The aver-
age temperature of the stack was measured using two Cernox thermometers
mounted on the upper and the lower surfaces of the sample holder. Further
details on the experimental setup are reported elsewhere [41].

3. Results and discussion
3.1 MgB, superconductor SPS densified

X-ray diffraction (XRD) patterns at room temperature of the sample (S2b)
processed at 950°C has been carried out (Fig. 1). The diffraction peaks of the
samples can be indexed as a hexagonal structure in space group P6/mmm.
Lattice parameters were calculated and are shown in Table 1. The lattice
parameters do not show any significant variation with respect to the theo-
retical values. The XRD of the sample prepared at 950 °C shows that the
major peaks are related to the MgB, phase with traces of MgO, which
was already present in the as-supplied commercial MgB, powder, as can
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Fig. 1 XR-diffraction XRD patterns of sample prepared at 950°C.

Table 1 Lattice parameters

Cell parameters a (R b (A)
Theory 3.085 3.085
Measurements 3.08518(5) 3.08518(5)

be seen in Fig. 1. This figure also reveals the presence of MgBy, as reported
elsewhere [42, 43—46]. According to the phase diagram of the Mg-B system
[47] at high temperature, the Mg vapor can be in equilibrium with MgB as
well as with MgB,.

The bulk densities are 60, 68, 76, 85, and 96% from the theoretical den-
sity of 2.62 g/cm3 calculated from XRD patterns for S1, S2, S3, S4, and S5
samples, respectively. As expected, sample S5 fabricated using WC tool is
more dense. Fig. 2 shows the SEM micrographies from the fractured cross
sections of the samples S1, S2, S3, S4, and S5. The conventional sintering
(CS) specimen (Fig. 2A) contains more pores than the SPS specimens, in
accordance with the densities values reported above. However, sample
S5, prepared at high pressure, shows more compact and large grains than
the other samples processed by SPS. The grain growth under high pressure
can be clearly observed (Fig. 2D). The samples S3 and S4 show a homoge-
neous microstructure with a narrow grain size distribution (Fig. 2B and C).
In order to confirm the small grain size of the sample prepared using nano
boron powder, TEM observations, shown in Fig. 3, were carried out on an
ion sliced sample of S4. The homogeneous grain size distribution is clearly
seen, with most grains presenting a size ranging from 30 to 80 nm.

The temperature dependence of the magnetic moments of samples S1,
S2a, S2b, S3, S4, and S5 measured applying a 10 Oe field shows (Fig. 4) a
narrow transition with an onset around 38, 5K. However, for sample S4,
we have T,=35K. A possible explanation is the partial substitution of boron
by carbon in S4.
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Fig. 3 TEM micrograph of the Mg+B sample confirming the small grain size.
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Fig. 4 Normalized magnetic moment of the different samples.

Fig. 5 shows the critical current density as a function of magnetic field for
two series of samples at 20 K. It is clear that, high ], values are obtained with
samples S3 and S4, i.e., the sample with a mixture of Mg metal and amor-
phous B and the carbon-encapsulated boron one. We observe that while the
J. of S4 is slightly lower than that of S3 in the domain ranging from the self-
field to 2.5 T, above 2.5 T there is a cross over and J, for S3 is higher than J,
for S4. This cross over is important for the practical applications of the com-
pound. Now let’s compare samples S3 and S4 with sample S2a, prepared in
the same conditions using commercial powder. The J; of sample S2 is much
smaller than that of S3 and S4. There are two main explanations. Firstly,
sample S2a 1s more porous than S3 and S4. Its relative density is only
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Fig. 5 J.-H curves at 20K of the samples obtained (A) from different powders and
(B) various processing conditions.

68%, while those of S3 and S4 are 76 and 85%, respectively. The second
explanation is the enhancement of vortex pinning resulting from the narrow
grains size of $3 and S4. In self-field at 20K, we have J,=10* A/cm? for S2a,
1.=3.8.10° A/cm? for S3, and J.=5.10° A/cm” for S4.

Fig. 5B shows the real interest of high pressure processing. The J, values
increase when the processing temperature increases. The maximum temper-
ature of 800°C is due to the mechanical limit of the tungsten carbide mold.
In comparison to the sample optimized (950°C, 50 MPa) using a graphite
mold, the ], values seem to be quite close at 0 T. However, when the applied
magnetic field increases, the ], values of the samples prepared applying high
pressure are higher than that of the sample fabricated with the graphite mold.
At 3T and 20K, we measure J,=3.5.10° and J.=4. 10* A/cm? for the sam-
ples consolidated at 800°C and 500 MPa, and 950°C and 50 MPa, respec-
tively. This is probably correlated to the bulk density of the sample (see
Table 2).

Fig. 6 shows the field trapped by sample S2b at 20K as a function of the
applied external magnetic field. The measurements were achieved with

Table 2 Processing conditions and bulk density versus pressure

Sample S2b S5 S6 S7
mold Graphite WC WwWC WwWC
Temperature (°C) 950 800 750 700
Pressure (MPa) 50 500 500 500
Bulk density (%) 80 96 89 64
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Fig. 6 Trapped field measurements of sample S2b on the top of a 20 mm diameter disk-
shaped stack (A) and between them (B).

sensors located (i) on the top of the stack (Fig. 6A) and (ii) between the two
disks (Fig. 6B). The results show that the maximal fields (By,p) trapped on
the top and between the disks are 2.88 T and 3.92 T under negative support-
ing field of —1.8 T and —1.98 T, respectively. The remanent magnetic fields
B,em, defined as the trapped magnet field when the applied field is zero, are
equal to 1.95T and 2.40T, respectively. Similar results have been reported
in the literature and are very promising for the intended applications of bulk
MgB, magnets.

Another main functional property for applications is the magnetic levi-
tation force (Fr). A new set of disk samples (Table 3) was prepared using the
commercial powder.

The samples were measured according to the experimental procedure
described elsewhere [48]. However, it should be noted that all measure-
ments were made with a gap ~8 mm between the superconductor (located

Table 3 MgB, discs with various diameters and thicknesses

Sample H715 H706 H713 H714 H705 H716
Diameter (mm) 20 30 30 30 40 50
Thickness (mm) 10 10 5 3 10 10

The samples were all sintered at 1000°C, 50 MPa, 20 min
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inside the cryostat) and the permanent magnet (located outside). The levi-
tation force is a consequence of the Meissner effect [49]. Basically, the mea-
sured levitation is proportional to the magnetic moment, m, generated by
the currents flowing in the sample and to the magnetic field gradient along
the axis of the superconductor, according to the equation reported below:

0B
FL = m—_ (2)
0z

For this study, two main parameters were investigated: (i) the magnetic
levitation force versus the sample diameter, and (i1) the effect of the thickness
of the superconductor. The measurements were made in zero field cooling.

Fig. 7A shows the magnetic levitation force, F; (2) at 20K for disks with
diameters: 20, 30, 40, and 50 mm with a given sample thickness of 10 mm.
We observe that Fy increases when the sample diameter increases. This is
clearly related to the larger current loops in the larger samples, which is
related to their magnetic moment [50]. The levitation force of 90 N is mea-
sured at a distance of superconductor-permanent magnet of 10 mm. Extrap-
olating the results after fitting the experimental data, we have calculated
F;=175N at 4mm, corresponding to a magnetic levitation pressure of
9N/cm?. This value is comparable to the pressure of 7N/cm? reported else-
where [51] and shows that bulk MgB, could be a viable variant for magnetic
levitation applications. Otherwise, Fig. 7B shows the levitation force of sam-
ples with different thicknesses. The figure shows clearly that there is no sig-
nificant effect of the thickness, the same values of about 30 N at 20K being
measured on disks with thicknesses of 3, 5, and 10 mm respectively. We can
conclude that, for levitation applications, thick samples will not be necessary,
but large diameters will increase the size of the current loops and, conse-
quently, the values of the levitation forces.

10 9()
— 50 ~HT16 (H50) Z 80 | « H706 - Thickness 10mm
Z—\ 80 '"}:732::{23; '.:' 70 F ~~H713 - Thickness Smm
u; £l | —n71s (@20) | = 60 ~-H714 - Thickness 3mm
g o £ 5ot ZFC
< 9 ZFC €40 | At 20K
£ _ At 20K E30 |
E | . E 20 F
T HM E 10
52 0 e - 0t —

-10 . . . -10 — -

0 10 20 30 40 0 10 20 k]1] 40
Vertical Distance, z [mm] z (mm)

Fig. 7 Magnetic levitation forces at 20K for (A) samples with different diameters and
(B) various thicknesses.
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Table 4 Samples prepared at different sintering temperatures, during 20 min
and 50 MPa pressure

Sample H668 H669 H670 E117
Sintering temperature (°C) 950 1000 1100 1200
Density (%) 68.9 78.3 98 98.7

Finally, a last batch of samples was prepared (Table 4) for estimating the
mechanical properties.

The knowledge of their mechanical properties is essential for the estima-
tion of the reliability of MgB, bulk materials for practical applications. We
tested the hardness (Hv) of the samples. Basically, the hardness of the samples
for an indentation depth, /, can be calculated from the following equation:

Pmax
A

where P,,,. refers to the load measured at the maximum penetration depth,

Hv=

)

Hv,,., while A refers to the projected contact area (see the insert, Fig. 8)
between the indenter and the sample at P,,,,.

Fig. 8 shows the Vickers hardness, Hv, of the samples (diameter 20 mm)
elaborated by applying 50 MPa during 20min at 950, 1000, 1100, and
1200°C, respectively. The load was applied parallel to SPS compression
direction. The Vickers hardness, Hv, rises from 200HV for the sample

Vertical

Hardness (HV)

0

900 950 1000 1050 1100 1150 1200 1250
Sintering Temperature (°C)

Fig. 8 Vickers hardness of the samples prepared at different temperatures. (Insert)
pattern of the indentation on top surface of the disc sample.
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prepared at 950°C to 1100HV for the disc consolidated at 1200°C. The
hardness is more than 5 times larger when the bulk density increases from
69% to 99%, as a consequence of a higher processing temperature. This value
of 1100 HYV is significantly larger than the hardness of steel, demonstrating
that MgB, bulk material is a good candidate for high-speed superconducting
flywheels.

3.2 Bi,Ca,Sr,CuOg superconductor ceramics SPS densified

The SEM image in Fig. 9 shows the fractured cross section of one of the
Bi2212 samples. As could be expected from the diffraction patterns, we
observe a high degree of orientation of large platelets compactly stacked
(98% relative density) along the compression direction of SPT (Fig. 9A) that
corresponds to the mean crystallographic c-axis. This is in contrast to non-
pressed samples (Fig. 9B) in which much smaller platelets appear to be ran-
domly distributed [12] and loosely assembled, resulting in a weak relative
density (60%). From magnetic moment and electrical resistivity measure-
ments, the superconducting critical temperature was found equal to
85 K. Magnetic hysteresis cycles were measured at 20 K.

g 1 o
| Bt 4 s Apemurs Size = 30.00 =

Fig. 9 (A) Spark plasma sintering and (B) texturing versus SEM images.
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Fig. 10 Magnetic moment hysteresis cycles at 20K, the magnetic field, H is applied
in-planes (H//c) or out-of-planes (H.1c) showing an anisotropy of the magnetic
moment.

Fig. 10 shows the magnetic moment hysteresis cycles measured carried
outona2 X 2x2mm> specimen cut out from a bulk sample. The excitation
field, H, is either parallel or perpendicular to the direction of the pressure, P,
applied during processing. The hysteresis of the cycle measured with
H parallel to the stress direction is larger than that of the other cycle
(AMyy/ /e >AMpg, ). At 1T; the magnetic moment anisotropy ratio is
around 2.

4. Conclusion and outlook

The conclusions that can be drawn from this work are as follows:

¢ Fast heating spark plasma sintering/texturing (SPS/SPT) allows prepara-
tion of dense and textured bulk materials with good superconducting
properties.

* The control of the starting powder allowed us to improve the critical cur-
rent density. At 20K, J,=210° A/cm2in selffield and J.~ 10> A/cm® with
1T applied fields have been measured.

* An encouraging trapped field value of 3.9T at 20K was obtained on
20mm diameter disc.
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* The levitation force did not depend on the thickness of the samples mea-
sured and increased with their diameter. Extrapolating the result of the
measurements suggests that a 175N levitation force can be obtained at
4mm from a permanent magnet at 20K with a 50 mm diameter sample.
This levitation force corresponds to a 9N/cm® pressure.

* First measurements of the mechanical properties of MgB, samples have
shown that their hardness is almost twice that of steel.
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