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SUPERCONDUCTIVITY OF MgB, COMPOSITED WITH Mg-Zn ALLOYS

NADPRZEWODNICTWO KOMPOZYTOW MgB, — STOP Mg-Zn

The three-dimensional penetration method combined with semi-solid casting was used to fabricate metal-powder composite
superconducting materials of MgB, with magnesium alloys: MgB,/Mg - xwt% Zn (x =1, 3, 6, 9). X-ray diffraction mea-
surements indicated predominant peak patterns of MgB, and a host alloy. Measured electrical resistivity (p) versus temperature
showed a clear signal of superconducting transition at about 34 K for all the samples cut out from the composites. External
field (H) dependence of p(T,H) provided upper critical field of about 5 T. A volume fraction of the superconducting state
of the sample estimated from a low external field part of magnetization was almost the same as the nominal ratio of MgB,
powder against the host material. A magnetic hysteresis loop observed at 5 K suggested that an addition of Zn element to
magnesium host-matrix little changed the critical current density (J.). A comparison of the present results with the previous
ones of MgB,/Mg-Al-Zn systems confirmed that simultaneously doped Al and Zn were necessary to enhance J.. Specific heat
measurements of the sample with an external field showed that the bulk superconductivity of MgB, was well conserved in the
composites.
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Metodg tréjwymiarowego zageszczania w polaczeniu z odlewaniem w stanie stato-cieklym uzyto do wytworzenia kom-
pozytowych materialéw nadprzewodzacych proszku MgB, ze stopami magnezu MgB,/Mg — x %.wag Zn (x = 1, 3, 6, 9).
Rentgenowskie pomiary dyfrakcyjne wykazaly obecno$¢ wyraznych pikéw od MgB, i osnowy. Oporno$é elektryczna (p) mie-
rzona w zalezno$ci od temperatury zawierata wyraZzny sygnal przejScia nadprzewodzacego okoto 34 K dla wszystkich prébek
wycietych z kompozytéw. Zalezno$¢ p(T, H) od zewne¢trznego pola (H) pokazata gérna krytyczng warto§¢ pola 5 T. Udziat
objetosciowy probki w stanie nadprzewodzacym oszacowany z niskiej czesci zewnetrznego pola magnetyzacji byl prawie taki
sam jak stosunek nominalnej zawartosci proszku MgB, do materialu osnowy. Petla histerezy magnetycznej obserwowana przy
5 K sugeruje, ze dodatek Zn do osnowy magnezowej niewiele zmienia gesto$¢ pradu krytycznego (J.). Poréwnanie obecnych
wynikéw z wezesniej uzyskanymi dla uktadéw MgB,/Mg-Al-Zn potwierdzito, ze do zwigkszenia J,. konieczne jest jednoczesne
domieszkowane Al i Zn. Pomiary ciepta wlasciwego probki w zewnetrznym polu wykazaly, ze nadprzewodnictwo MgB, zostalo
dobrze zachowane w kompozytach.

1. Introduction the band structure by element substitution were also carried

out [12-14]. The consistent interpretation for J, variations with

Attractive points of superconducting properties of MgB,
are high critical temperature (7,) [1] among metallic com-
pounds, relatively large upper critical field [2], isotropic trans-
port properties against the crystallographic directions [3], and
rather long coherence length [4], which stimulate plenty of
research activities to develop suitable processes for producing
MgB, wires and tapes [5, 6]. For practical use, the critical
current density (J.) of MgB, has been one of major issues
of research; a well known problem is that J. drops rapid-
ly with increasing magnetic field due to its poor flux pin-
ning. Improvements in J,. (enhancements of flux pinning) were
achieved by various approaches; doping by chemical com-
pounds [7], substitution of Mg and/or B by other elements
[8, 9], high-pressure application during process [10], various
heat-treatment [11], etc. Theoretical studies for variations of

fabrication processes has been given via the comprehensive
studies of normal-state resistivity of MgB, by Yamamoto et al
[15-17], using MgB, bulk samples with systematically varied
packing factors (density).

The three-dimensional penetration method combined with
semi-solid casting (SS-3DPC) has been successfully used to
fabricate metal-powder composite superconducting materials
[18]. This is a kind of the ex-situ technique, in which a
half-melted host metal, such aluminum or magnesium, pen-
etrated MgB, powder-preform by pressure. A low tempera-
ture casting is a great advantage of SS-3DPC compared the
powder-in-tube (PIT) method [19], in which high tempera-
ture heat treatments easily introduced large voids in MgB,
grains. Our previous work on MgB,/Al composite materi-
als demonstrated that the superconducting transition tempera-
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ture (7,) was observed at 38 K on the resistivity, a su-
perconducting volume fraction estimated from magnetization
was about 50% [18], and further a superconducting wire of
MgB,/Al of Imm diameter was extruded [20]. Experimen-
tal results of MgB,-powder composite materials with the
magnesium-aluminum-zinc alloys prepared by the SS-3DPC
technique have been given elsewhere [21], which elucidated
that doping Al and Zn elements enhanced J,. This result facil-
itates a study of the MgB,/Mg-Zn system to investigate if the
enhancement of J, originated in doped Zn, since Zn has been
known to increase 7. of MgB, [22]. This paper deals with
the MgB, composited samples with host materials of Mg-x
wt% Zn (x = 1, 3, 6, 9, hereafter noted as Z1, Z3, Z6, 79, re-
spectively). The results are compared with our previous ones
of MgB,/Mg (noted as M0O) and MgB,/Mg-O9wt%Al-1%Zn
(AZ91) samples [21].

2. Experimental

MgB, powders provided from Kojundo Chemical Lab-
oratory have a purity of more than 99%, and an averaged
grain-size was approximately 40 um. The details of sample
preparation have been given elsewhere [18, 21]. A conven-
tional scanning electron microscope (SEM) was used to in-
spect the MgB, powders and host materials in the composites.
Figure 1 illustrates a typical SEM image at a cut surface of
the obtained billet of MgB,/Mg-9wt%Zn. It is clear that the
magnesium host metal (gray-white area) tightly bound MgB,
particles (dark-gray shape). A density of the central part of
the billet was about 2.1 g/cm3, which is in between those of
1.74 g/cm® for Mg and 2.62 g/cm?® for MgB,. The crystal
structure of MgB, composite material was analyzed by the
Cu Ka x-ray diffraction measurements. Resistivity and spe-
cific heat measurements were carried out in the range from
2 to 300 K using the physical property measurement system
(PPMS, Quantum Design Co. Inc.). Magnetization data were
accumulated by a SQUID magnetometer (MPMS, Quantum
Design Co. Inc.) in the same temperature range.

300m

WDil5 Smm 20! GV X120 13000

Fig. 1. SEM image at a cut surface of the MgB,/Mg-9wt%Zn com-
posite sample
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3. Results and discussion

Figure 2 shows XRD patterns of the present samples to-
gether with the previous data of MgB,/Mg-9wt%Al-1wt% Zn
[21] for a comparison. The peaks of MgB,-phase (marked with
open circle) and Mg (closed circle) were observed. There are
unknown peaks near 36 and 40 degrees with the AZ91sample.
In our previous paper [21] we speculated them as peaks from
Mg-Zn alloys and ZnO referring other literature [9, 22]. A
detailed investigation, however, indicated that the peaks are
likely due to the Mg7Al;, precipitation. Doping Zn to Mg-Al
alloys reduced the solid solubility of Al in Mg, resulting in pre-
cipitation of Mg;7Aly; [23]. The lattice parameters of MgB,
were found to change little with Zn contents, e.g. a = 0.3091
nm and ¢ = 0.3532 nm with Z1 sample and @ = 0.3089 nm
and ¢ = 0.3528 nm with Z6 sample.
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Fig. 2. The x-ray powder diffraction pattern of MgB, with Mg-Zn
and Mg-9%Al-1%Zn [21]

Low temperature parts of the electrical resistivity data
were shown in Fig. 3. The T, value estimated as an average
of T, (on set) and T, (off set) and the residual resistivity
(po) as an average of those around 40 K are listed in Table
1, in which the results of MO and AZ91 samples are quoted
from the previous work [21]. Comparing the present results of
T, and pg with those of MgB,/Mg-Al-Zn system, the 7. and
po variations with Z1 — Z9 samples are surprisingly small;



i.e. the doped Al element brought about a significant effect
on the electron conductivity. The substitution of Al for Mg
in MgB, has been considered to fill the electronic state and
decrease the density of state at the Fermi level, leading to the
decrease of 7. [24]. Although, in the SS-3DPC process, the
MgB, particles were seen to keep their shape, doped Al most
likely diffused into the MgB, particles and partly substituted
Mg sites and made precipitations, which disturbed electron
conductivity and coherence of electron pairs.

IS———
| MgB,/Mg - x% Zn

100

T (K)
Fig. 3. Temperature dependence of resistivity of MgB,/Mg — x% Zn
(x =0-9, below 100 K)

TABLE 1
Host material, abbreviate letter for the sample, critical temperature
estimated from p, residual resistivity p, around 40 K, upper critical
field estimated from p(T, H), superconducting volume fraction at 5
K, lower critical field at 5 K, critical current density at 1 T and 5 K
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host. label T, po | Ho (0)| vol. | Hy J.
material K | uQcm T % mT | kA/cm®
Mg* MO [33.7| 2.9 - 65 50 5.3
Mg+1%Zn | Z1 |33.1| 4.2 52 48 37 3.8
Mg+3%7Zn | Z3 |32.5| 5.2 4.4 46 42 5.2
Mg+6%Zn | 76 (34.6| 7.6 6.8 53 48 4.8
Mg+9%Zn | 79 [33.2| 8.6 5.2 54 | 47 5.6
Met9%AlF \az011264| 369 | - | 56 | 54 | 158
1%Zn

* These results were quoted and estimated from the data in ref. [21]

The temperature dependence of resistivity at several ex-
ternally applied fields was measured for the Z1 — Z9 samples.
The normalized resistivity p(T, H)/py using the pgy values list-
ed in Table 1 for Z1 sample is shown in Fig. 4. The upper
critical field H., was determined from the offset points of the
transition temperature in the p(7, H)/py curve. The tempera-
ture dependence of H,(T) are shown in Fig. 5, which indicates
that H,, varies almost linearly with 7. Extrapolation to 7 = 0
K with a linear fit of the data points for each sample results in
the values of H.,(0) in Table 1. The deduced H.,(0) values are
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a little related with the observed 7', values, but rather smaller
than the reported values for bulk MgB, samples: e.g. for a
single crystal with field along the c-plane, H,(0) = 145 T
and field along the c-axis, H(0) = 3.2 T [25].

|
MgB,/Mg-1%Zn

* 0 O 4 O P O @

T (K)
Fig. 4. Temperature dependence of normalized electrical resistivity
po(T ,H)Ipy under several external fields for MgB,/Mg - 1% Zn

T (K)
Fig. 5. Temperature dependence of upper critical field for MgB,/Mg
- x% Zn

The hysteresis loops of magnetizations are shown in
Fig. 6. There is little obvious change in magnitude of the
magnetization with doping Zn element. (The data points with
MO and Z1 — Z9 almost overlapped each other, but those of
AZ91 are apparently larger than the others) The volume frac-
tions of the superconducting part of the samples and the lower
critical field H.; at 5 K were estimated from the initial M-H
data points below 0.2 T. A H.; value for certain x was taken
as the field at which M(H) curve deviates from the linear
relation expected for the perfect diamagnetism, and the slope
value provides the volume fraction, which is almost the same
as the nominal value of MgB, powder against the host mate-
rial. This result implies that the host materials banded MgB,
particles without melting them. The M-H loop curves also
imply that doping Zn element did not enhance J. since J,.
linearly depends on the amplitude of the magnetization dif-
ference at a given field. The critical current density J. (H)
of the samples (listed in Table 1) were evaluated using the
equation of an extended Bean critical state model [26, 27] of
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J.(H) = 20AM / a (1 - a/3b), where AM is the amplitude of
the M-H curve in emu/cm?® at given field and temperature,
and a and b are the sample length and width, respectively.
This result quite contrasts to that of MgB,/Mg-Al-Zn sys-
tem, in which the simultaneously doped Al and Zn elements
increased J.. This fact suggests that the J. enhancement ob-
served in MgB,/Mg-Al-Zn system is predominantly ascribed
to substitution of Al for Mg and precipitation of Mg;Al,
(observed x-ray diffraction) stimulated by Zn addition.

MgB,/Mg-x%Zn o
100 .

M (emu/ cm3)
=)

-100

H (T)

Fig. 6. M-H hysteresis loops for MgB,/Mg - x% Zn at 5 K

Resistivity and magnetization often give misleading in-
formation on the bulk superconducting property. Resistivity is
sensitive to the first percolation path, but no information can
be extracted below T.. Magnetization is sensitive to shielding
by a superconducting superficial layer, so a precise calculation
of the demagnetization factor is required to estimate a super-
conducting volume fraction. Specific heat measurements, in
contrast, provide information on the bulk property. The spe-
cific heat jump is directly proportional to the superconducting
volume, and its shape mirrors the distribution of 7. Figure 7
presents an experimental result of specific heat measurement
for the Z6 sample of 22.26 mg.

The measurements were carried out without field (data
points were marked by closed circle) and then, with a field of
7 T (open circle) in Fig. 7(a) by the C/T versus T2 scale. The
specific heat jump due to the superconducting phase transition
is noticeable. We estimate the specific heat difference between
the superconducting and normal states (AC = C(0T) - C(7T))
as shown in Fig. 7(b). The AC/T variation against temperature
surprisingly resembles to those in literature for pure MgB, [28,
29]. The calculated AC/T, value in Fig. 7(b) is 0.035mJ/g K2,
which is about 55 % of a typical reported one of 3.0 mJ/mol
K? (= 0.065mJ/g K?) for pure MgB, [29]. This value of the
superconducting volume fraction is almost the same as that
obtained from the M-H data (see Table 1), supporting our da-
ta analysis with M-H data. The observed broad peak of AC/T
has been associated with the two-band gap for MgB, electron-
ic structure [28]. The specific heat curves in superconducting
and normal states intersect at the temperature of 0.527, for a
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weak-coupling superconductor [30]; this is definitely observed
in the present sample.
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Fig. 7. (a) Specific heat of MgB,/Mg-6%Zn sample with zero field
(closed circle) and a field of 7T (open circle) in C/T-T? scale. (b)
The specific heat difference between the superconducting C(0T) and
normal C(7T) states estimated from the data (a)

4. Conclusion

The present experimental work demonstrates that
the three-dimensional penetration method combined with
semi-solid casting is a suitable process to fabricate MgB,
powder-magnesium-zinc alloys composite materials. The ob-
served superconducting properties, such 7., J., and AC, are
comparable to those of pure MgB, bulk sample. Doping Zn
element to MgB,/Mg composites little enhanced J,., being
different from the results observed in MgB,/Mg-Al-Zn sys-
tem. The present results confirm that doped Al to MgB,/Mg
composite raised a predominant effect on the J,. enhancement
due to substitution for Mg, and doped Zn brought about an
additional effect on the J. enhancement by stimulating precip-
itation of Mgj7Al;, which could work as a pinning center.
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