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a b s t r a c t

Production of MgB2 coatings on various metallic substrates was achieved by means of the direct elec-
trophoretic deposition technique. An inexpensive simple heat treatment in evacuated quartz tubes was
developed as an alternative to inert gas flow during the process. The films were characterized by XRD,
SEM and SQUID. It resulted that the procedure led to the production of uniform, dense and well-adhesive
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superconducting films. Stainless steel proved to be the best substrate among the investigated metals.
© 2009 Published by Elsevier B.V.
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. Introduction

The discovery of 39 K superconductivity in MgB2 [1] has stimu-
ated extensive research on the production of the material in several
orms such as tapes [2], wires [3,4], thin and thick films [5–7].
he production of MgB2 films and wires exhibits difficulties arising
rom the considerable volatility of magnesium and its high reactiv-
ty with oxygen. However, a number of techniques, such as pulsed
aser deposition [8,9], sputtering [10], electrochemical process [11]
nd screen printing [6] have been employed for the production of
gB2 films on various substrates. The electrophoretic deposition

echnique has not been widely used for the fabrication of MgB2
hick films although it is an easy, fast and non-expensive method.
here are a few reports on the electrophoretic production of MgB2
lms in two steps [12–14], consisting of the production of a boron
lm by electrophoresis followed by its heat treatment with mag-
esium. Nevertheless, Bodoardo et al. [15] have produced films in
ne step by electrophoretically depositing MgB2 powder on Al2O3
ubstrates and heating the produced coatings at 850 ◦C for 90 min

n Ar atmosphere. Ochsenkühn-Petropoulou et al. [16] have also
roduced MgB2 films by electrophoresis in one step with a follow-

ng heat treatment at 750 ◦C for 30 min under Ar flow. During this
rocedure, the main problem is the difficulty in achieving high air-
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tightness in the tube furnace and the prevention of MgO formation
[17,18].

In this work, MgB2 coatings were produced by direct elec-
trophoretic deposition on various metallic substrates. For this
purpose, a range of metals including Ag, Ni, Fe and stainless
steel was investigated for their suitability. Moreover, an alter-
native method for the heat treatment of MgB2 films on metal
substrates produced by electrophoresis is presented. The products
were characterized for their purity, homogeneity and supercon-
ducting properties by X-ray diffraction analysis (XRD), scanning
electron microscopy (SEM) and magnetic susceptibility (SQUID).

2. Experimental

MgB2 powder (Alfa – Aesar, 98% purity) was directly deposited by electrophore-
sis on commercial metal substrates (Ag, Ni, Fe and Stainless Steel). The chosen
conditions of the electrophoretic deposition are the result of optimization in [19].
The as-prepared coatings together with segments of metal Mg were sealed in
evacuated quartz tubes. The heat treatment was carried out in a tube furnace
(Thermawatt, max. temp. 1100 ◦C), equipped with an automatic temperature con-
troller. The samples were placed in the furnace directly at the working temperature
and after the treatment were left to free cooling. The coatings were character-
ized by XRD (Siemens Diffractometer D5000), using Cu Ka1 radiation, graphite
monochromator, in a 2� range 5–100◦ , counting time 1.0 s. The power conditions
were 20 kV/30 mA. The patterns were evaluated by the DIFFRAC AT Search pro-

gram. The microstructure of the samples was measured with SEM (Quanta 200,
FEI Company) coupled with EDX (Genesis 4000). The superconducting properties
were measured by dc-magnetization with a Quantum Design Magnetic Property
Measurement System (MPMS, model 1822) equipped with a SQUID amplifier and
a helium cryogenic system at the temperature range 5–50 K under 100 Oe applied
magnetic field.
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Fig. 1. (a) XRD spectrum of MgB2 on Ag substrate heated at 750 ◦C for 20 min (1: Ag, 2: MgB2). (b) XRD spectrum of MgB2 on Ag substrate heated at 850 ◦C for 20 min (1:
MgB6, 2: Ag, 3: Ag3Mg, 4: MgB2).

Fig. 2. XRD spectrum of MgB2 on Fe substrate heated at 750 ◦C for 10 min (1: Fe, 2: MgB2, 3: MgO).
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Fig. 3. XRD spectrum of MgB2 on stainless steel substr

. Results and discussion

It has been reported that during the production of MgB2 films
n metal substrates attention should be paid on the choice of the
ubstrate as Mg and MgB2 react with many metals forming solid
olutions and intermetallics, degrading the superconductivity [20].
oreover, it has been concluded [21–23] that the decomposition of
gB2 is a matter of temperature and pressure: indeed the decom-

osition temperature of the material ∼912 ◦C at 1 Torr decreases
o 603 ◦C at 1 mTorr. Since the pressure in the quartz tubes of the
resent work was about 10−2 Torr, the sintering temperature of the
amples should be much lower than 900 ◦C. On the other hand, low
emperatures do not favor the adhesion between the substrate and
he superconductor.
In an effort to overcome the above problems, the addition to the
ubes of metal Mg segments was decided upon. Since the melting
oint of Mg is ∼610 ◦C, at the temperatures investigated during this
ork the Mg could be partly evaporated in the tube, increasing in

ig. 4. SEM micrograph of MgB2 on stainless steel substrate heated at 780 ◦C for
0 min.
ated at 780 ◦C for 20 min (1: stainless steel, 2: MgB2).

this way the pressure and preventing the decomposition of MgB2.
This addition would ensure an Mg excess and the ability to work at
elevated temperatures as well.

In Fig. 1a the XRD spectrum of MgB2 film on Ag substrate heated
at 750 ◦C for 20 min is presented. As it is shown, at this tempera-
ture the decomposition of MgB2 did not occur, as MgB2 and Ag are
the only phases present. However, by this treatment a poor adhe-
sion between MgB2 and Ag was achieved. By increasing the heating
temperature at 850 ◦C and for the same heating period, the decom-
position of MgB2 took place resulting in the formation of MgB6
and Ag3Mg (Fig. 1b). The formation of MgB6 was also observed
at 800 ◦C. MgB2/Ni films were also decomposed when heated at
850 ◦C. The decomposition was less than that with Ag substrates
as MgB6 formation in small ratio was observed in the XRD spec-
trum. On Ni substrate the MgB2 did not decompose when heated
at 750 ◦C for 15 min. The coating was high crystalline but MgB2 did
not attach well on the substrate and it could be easily removed. The
observed poor adhesion between MgB2 and Ni is in good agree-

ment with the results of a previous work [7]. In the case of MgB2/Fe
coatings, the heat treatment at 850 ◦C for 20 min also resulted in a
partial decomposition of the superconductor and the formation of
MgB6 phase in small concentration. MgB2 on Fe substrate heated

Fig. 5. Magnetization measurement vs. temperature at 100 Oe for MgB2 on stainless
steel substrate heated at 780 ◦C for 20 min.
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ig. 6. Magnetization measurement vs. temperature at different applied magnetic
elds for MgB2 on stainless steel substrate heated at 780 ◦C for 20 min.

t 750 ◦C for 10 min gave encouraging results. The XRD spectrum
f this sample is shown in Fig. 2. It is clear that no decomposition
f MgB2 occurred and the sample presented strong adhesion. The
ormation of MgO is attributed to the oxides of the substrate as
e easily corrodes. The latter is a main disadvantage for the usage
f Fe in film production as special protection should take place to
revent the formation of corrosion products which may decrease
he compatibility of the metal with MgB2 and the superconduct-
ng properties. Nevertheless, from the above results it is clear that
he sintering process at elevated temperature (>800 ◦C) leads to the
ecomposition of MgB2 with the parallel formation of undesirable

mpurities. Heating at lower temperatures (∼750 ◦C) does not pro-
oke the decomposition of MgB2 but results in a loose attachment
f the superconductor on the substrate with the exception of Fe. It
hould be mentioned that Majoros et al. [24] have also found out
imilar results. Based on these findings, stainless steel substrate was
nvestigated in a range of heat treatment temperatures 730–800 ◦C
nd for a period of 10–30 min. In Fig. 3 the XRD spectrum of MgB2
n stainless steel heated at 780 ◦C for 20 min is presented. No impu-
ities or intermetallics were formed during the heat treatment. In

he spectrum the only phases present belong to the superconduc-
or and the substrate. Yao et al. [7] have also produced MgB2 films
n stainless steel substrates. They reported that their films were of
oor adhesion, perhaps because of the difference on heat expand-

Fig. 8. XRD spectrum of MgB2 on stainless steel treated
Fig. 7. Magnetic hysteresis loop of MgB2/stainless steel coating at 5 K.

ing coefficients between MgB2 and the substrate. Nevertheless, the
MgB2/staineless steel films of this work did not exhibit any adhe-
sion problem. This may be attributed to either a different chemical
composition of the substrate compared to that of [7] or to the longer
heating time.

The SEM observations of the produced film (Fig. 4) showed that
the heating time of 20 min is enough for the sintering process since
there are no voids between the grains. The average grain size was
about 5 �m. The SQUID measurements of the film showed the, char-
acteristic for the superconductor, critical onset temperature Tc of
39 K, with a �Tc of 10 K (Fig. 5). The wide slope of the curve can
be attributed to an interference of the metallic substrate during the
measurement.

The magnetization curves of the film at different applied mag-
netic fields are depicted in Fig. 6. As it can be seen, at very low
field (10 Oe) the sign is low to be detected. At 100 Oe, the magnetic
moment of the film is negative and the transition to the supercon-
ducting state occurs at 38 K. At higher magnetic fields, the para-
magnetic sign of the substrate is added to the sign of the coating,
resulting in a final positive magnetic moment. However, the film
still presents a Tc of 38 K. These results confirm the interference of

the substrate during the magnetization measurements. The magne-
tization loop of the film is presented in Fig. 7. For this measurement,
the dimensions of the sample used were 0.2 cm × 0.2 cm and the
thickness of the coating was 18 �m. From the Sun Model [25,26]

without Mg segments (1: stainless steel, 2: MgB2).
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he critical current density Jc was calculated by the formula (1):

c(H) = 15 · �M(H)
R

(1)

here �M(H) (emu cm−3) is the hysteresis width and R (cm)
he radius of the surface of the coating. It resulted a value of
c = 2.18 × 103 A cm−2 at 5 K and 1200 kOe, which is in the range of
ther MgB2 thick films [6,7].

In order to verify that the Mg segments in the tube contributed
o the good quality of the film, an MgB2 coating on stainless steel
as sealed in an evacuated tube without the addition of metal.

he results are presented in Fig. 8. This sample appears to be less
rystalline than the previous one and the superconducting phase
s present in a smaller ratio. The presence of unidentified small
mpurities can also be observed indicating that part of the super-
onductor decomposed during the heat treatment.

. Conclusions

The developed electrophoretic deposition technique in one step
an be applied for the production of MgB2 superconducting coat-
ngs on metal substrates. The heat treatment of the samples can
e achieved in evacuated tubes with the presence of Mg segments.
he process is an alternative to inert gas flow in the furnace dur-
ng the sintering procedure for the prevention of MgO formation
nd MgB2 decomposition. By this procedure, dense coatings of high
urity presenting the desired superconducting properties can be
roduced. Stainless steel is a promising metal substrate for MgB2
lms.
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