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Effect of Grain Size and Doping Level of SiC on the
Superconductivity and Critical Current Density In
MgB, Superconductor

Saeid Soltanian, Xiaolin Wang, Joseph Horvat, Mengjun Qin, Huakun Liu, Paul R. Munroe, and Shi X. Dou

Abstract—SiC doped MgB, polycrystalline samples were fabri- ~ either has a better value only in low fields or a high,tonly at
cated by in-situ reaction using dn‘fer_ent grain sizes (20 nm, 100 nm, |ow temperatures [11], [12]. Very recently, Detial.reported a
and 37 um) of SiC and different doping levels (0, 8, 10, 12, 15 wt%). significant improvement of H, at both high and low tempera-

Phases, microstructures, superconductivity, critical current den- . - . .
sity and flux pinning have been systematically investigated using tures in nano-SiC doped MgBbulk samples with only a slight

XRD, SEM, TEM, and magnetic measurements. Results show that reduction ofT. up to a doping level as high as 40% of boron

grain sizes of the starting precursors of SiC have a strong effect on [13]-[15]. It has been shown that both nano-inclusions and pos-
the critical current density and its field dependence. The smaller gjple co-substitution of Si and C in the crystal lattice lead to this
the SiC grains are, the better theJ. field performance is. Signifi- significant improvement. The objective of this paper is to study

cant enhancement ofJ. and the irreversibility field H ;... were re- S .
vealed for all the SiC doped MgB, with additions up to 15 wt%. A the grain size effect of the precursor SiC on the superconduc-

J. as high as 20,000 A/cthin 8 Tesla at 5 K was achieved for the tivity and flux pinning and to further investigate the origin of
sample doped with 10 wt% SiC with a grain size of 20 nm. Results the enhanced pinning. It was found that the particle size of SiC

indicate that the nano-inclusions and substitution inside MgB are plays a critical role in controlling the reaction between M2B

responsible for the enhancement of flux pinning. and SiC resulting in both substitution and nano-inclusions.
Index Terms—Critical current density, doping, magnesium di-
boride, silicon carbide. Il. EXPERIMENTAL

It has been reported that the MgBan be formed by in-situ
. INTRODUCTION reaction between magnesium and amorphous boron in a very
ANY groups have attempted to improve the critical curshort time, as little as a few minutes at temperatures just above

rent density in the newly discovered MgBupercon- the melting point of magnesium [16], [17]. Furthermore, the
ductor [1] as it has a lower H and H,, than the commer- samples sintered at temperatures above’€50r only a few
cial low temperature superconductors4$in and NbTi. High minutes are as good as those sintered for a long time. Therefore,
critical current density values of 1@o 10° A/lcm? have been MgB, pellet samples used in the present study were prepared
achieved in MgB in both pellets and in tapes and wires [2]_[6]py an in-situ reaction method, which has been described in de-
Despite the strong link grain boundary effects on critical cufail previously [16]. Magnesium (99%) and amorphous boron
rent density [7], the/,. drops rapidly with increasing magnetic(99%) were well mixed with commercial SiC (0, 8, 10, 12, 15
field due to poor flux pinning. Therefore, extensive research hé%). Powders having three different grain sizes were used; a
been done on introducing pinning centers into this supercof@ry fine powder with particle sizes smaller than 20 nm (powder
ductor. Effective pinning centers can be induced by high eh), powder 2 which has particle sizes ranging up to 300 nm and
ergy ion irradiation [8]. Producing pinning centers via chemRowder 3, a coarse crystalline SiC with particle sizes around 35
ical doping is another effective method and more practical comth- These particle sizes were determined by TEM and SEM
pared to physical techniques. It has been found that inclusici¥d will be explained in Section IIl. Pellets 10 mm in diam-
of oxygen or precipitates of nano-MgO can act as effective piter and 2 mm in thickness were made under uniaxial pressure
ning centers in MgB thin films [9]. Nano-sized chemical in- sealed in an Fe tube and then heated at temperatures ranging be-
clusions such as O3 were reported to enhance flux pinningiween 700-900C for 1 hour in flowing high purity Ar. This was

[10]. However, each of the improvements.in reported so far followed by furnace cooling to room temperature. The particles
and crystallinity of the SiC powders, phases and microstructures
, _ _ , in the samples were determined and investigated by SEM, TEM
Manuscript received August 6, 2002. This work was supported in part by the .
Australia Research Council, Hyper Tech Research Inc., U.S., Alphatech int82d XRD. The magnetization of samples was measured over a
national Ltd., and the Department of Physics, University of Kurdistan, Iran. temperature range of 5 to 30 K using a Physical Property Mea-

S. Soltanian, X. L. Wang, J. Horvat, M. J. Qin, H. K. Liu, and Sgyrement System (PPMS) in a time-varying magnetic field of

X. Dou are with the Institute for Superconducting and Electronic Ma- . .
terials, University of Wollongong, Wollongong, NSW 2522 Australia>Weep rate 50 Oe/s and amplltude 85T. Samples in the form of

(e-mail: ss27@uow.edu.au; xiaolin@uow.edu.au; jhorvat@uow.edu.daars were cut from the as-sintered pellets. All the samples have

gin@uow.edu.au; hua_liu@uow.edu.au; Shi_dou@uow.edu.au). the same size (0.562.17x 3.73 mnt). A magnetic/, was de-
P. R. Munroe is with the Electron Microscope Unit, University of New South. df he heiaht of th o | H .
Wales, NSW 2001 Australia (e-mail: p.munroe@unsw.edu.au). rived from the height of the magnetization loop/—H ) using
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Fig. 1. The XRD pattern of the starting SiC powders with different grain sizes.

I1l. RESULTS AND DISCUSSIONS

A. Effect of Grain Sizes of SiC

Fig. 1 shows the XRD patterns for the three different SiC
powders used in this work. It can be seen that there are no
diffraction peaks for powder 1, indicating that this powder is
amorphous. Powders 2 and 3 show diffraction peaks, indicative
of their crystalline natures. Powder 3 gives a strong diffraction
intensity as well as sharp peaks in agreement with its bigger par-
ticle size. On the other hand powder 2 shows a few peaks, which
are wider than the equivalent peaks in the powder 3, especially FAIT
the26 = 33.7° and 38 peaks that are very wide with low inten- $rLs 'M' VB WA
sity. This XRD pattern indicates that powder 2 contains a wide s o1’y ¢ 5“"?“"‘
range of particle sizes. R4S A BT

Fig. 2 shows TEM images of powders 1 and 2 (Fig. 2(a) and
(b)) as well as a SEM image of powder 3 (Fig. 2(c)). We can
see that the grains of SiC in powder 1 are very fine with almost
the same grain size of about 10 nm to 20 nm, (Fig. 2(a)). On the
other hand it can be clearly seen that powder 2 contains grains
with a wide range of grain sizes from about 10 nm to about 300
nm (Fig. 2(b)), consistent with its XRD pattern. The SiC parti-
cles in powder 3 are almost uniform crystalline grains with an

; 3 (Fi Fig. 2. a. TEM image of starting powder 1. Powder contains almost uniform
average size of about (Fig. 2(c)). The XRD patterns of particles with an average grain size of 10 nmto 20 nm. b. TEM image of starting

the samples after reaction as well as the referenceMa@Biple powder 2. Powder contains different particles with a wide range of grain sizes
are shown in Fig. 3. All three samples were doped with 10 wt¥em 10 to 300 nm. c. SEM image of starting powder 3. Powder contains almost

SiC. Mg, Si is the main impurity phase for the sample that wa&!fom particles with an average grain size of 3.

made using powder 1 (sample a), in agreement with previous re-

sults [13]-[15]. However, we can still see some un-reacted Siide powder. This difference is responsible for the significant
in the samples that were made using powders 2 and 3, sampldgference inJ. field dependence as shown below. However, this
and c, respectively. In addition, no M8i was found in sample pattern does not show that all the SiC powder was consumed in
c. This means that only part of the SiC takes part in the reactisample a. AC susceptibility measurement results for all samples
with Mg and B and becomes doped into MgB-ig. 4 shows are presented in Fig. 3. values of about 37.65 K, 37.5 K, 37

an SEM image of sample ¢ which was made using crystalliteand 36.25 K were found for the reference sample, sample c,
SiC powder (Powder 3). The big grains of Un-reacted SiC caample b and sample a respectively. The small change ifi.the
be easily seen in the MgBmatrix, which is in agreement with for such a large amount (10 wt%) of added material confirms
its XRD pattern. This means that the coarse SiC powder is vahe recent results that Si and C co-doping counterbalanced the
stable and did not react with Mg B. Therefore; little or no sub- negative effect of single element doping [13]-[15]. Also we can
stitution for B by Si and C can be expected. However, for veisee that the smaller grain size leads to lo#jemwhich is under-

fine powder substitutions take place as)8gwas formed. This standable, as smaller grains can react more readily than larger
is the big difference in the phases of samples made by coarse ands.
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Fig. 6. TheJ. field dependence of MgB samples doped by 10 wt% of
different SiC powders as well as the reference sample at different temperatures
of 5, 20 and 30 K.

Fig. 3. XRD patterns of MgB samples doped by 10 wt% of different SiC
powders as well as the reference sample.
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Fig. 7. The/J. field dependence of MgBsamples doped with SiC weight%
of 0, 8, 10, 12, 15 at the 5 K and 20 K.

0.0000

-0.0001

<37um ] value of about 20 000 A/chwas achieved at 5 K and 8 T, which

is more than one order of magnitude higher than that of the
MgB, reference sample at the same field and temperature. TEM
results show that there are large numbers of nano-inclusions em
bedded inside the MgBgrains. This is because the SiC is very
fine, so that it can be readily form as inclusions inside the )gB
grains and substitute in the lattice during the formation of MgB
10,0005 Lo ; i ) ) ) L as determined by EDS in TEM examination [13]. However, the
340 345 350 385 360 365 370 375 380 W5 390 crystalline SiC powders may distribute around grain boundaries

Temperature, T[K] acting as a weak links due to their poor chemical activity.

-0.0002 |- S— 20nm
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-0.0004 -
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Fig. 5. The Ac susceptibility of MgB samples doped by 10 wt% of different
SiC powders as well as the reference sample at different temperatures.

B. Effect of SiC Doping Levels
As the very fine powders of SiC (20 nm) produce the best
J. versus field at 30, 20 and 5 K are plotted as shown in Fig. @sults, we can use this fine powder to study the effect of the
The performance of thd. field dependence was improved byamount of SiC on the flux pinning in the SiC-doped Mg&am-
decreasing the grain sizes of the SiC precursor powder. Tjes in order to optimize the addition of SiC. Samples with SiC
finer the SiC powders, the better thgfield dependence is. For weight% of 0, 8, 10, 12, and 15 were studied in this work. The
the coarse powders-400 mesh, the J. field dependence is XRD patterns show that there is almost no difference in phase
slightly better than for the MgBreference sample due to limitedpurity with only an increase of Mgi when SiC increase§.
reaction between the particles, which can react with-MB. also changed only slightly in all the samples. Thefield de-
The resultant impurities or remaining SiC can embed in thEendence at different temperatures is shown in Fig. 7. It can be

MgB, grains acting as pinning centers. For this samplefhe seen that all the SiC doped samples have almost the dame
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values as a function of field and temperature at all the doping[5]
levels studied. However, it seems the sample doped by 10 wt%
SiC has slightly better performance, compared to the Mg-
erence sample. This means that the MgBvery tolerant to the
amount of SiC. Further studies with more precisely defined pro-
cedures are in progress.

(6]

(71

IV. CONCLUSION

SiC doped MgB polycrystalline samples were fabricated by
in-situ reaction using different grain sizes (20 nm, 100 nm, andig]
37 microns) of SiC and different doping levels (0, 8, 10, 12, 15
wt%). Grain sizes of the precursor SiC have a strong effect on
the critical current density and its field dependence. The smallerg)
the SiC grains are, the better thigfield performance and &
is. Itis found that very fine SiC powder plays an important role
in the reaction between Mg B and SiC. Significant enhance-
ment of.J. and H,, were revealed for all the SiC-doped MgB
with added levels up to 15 wt%. A. value as high as 20000 |,

0

Alcm? in 8 Tesla and 5 K was achieved for the sample dope ]
with 10 wt% SiC having grain sizes of about 20 nm. The high

performance of the nano-SiC doped Mg&uperconductor will
have great potential for practical applications. [11]
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