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Abstract The porous structure of MgB, has been inves-
tigated using atomic force microscopy (AFM) and sorption
techniques. The fractal dimension and surface roughness
parameters were evaluated from (AFM) and nitrogen
adsorption—desorption isotherms measured at —196 °C for
MgB, sample. Adsorption capacity, specific surface area,
and fractal dimensions were determined from adsorption—
desorption isotherms. The sorption isotherms of MgB,
samples were S-shaped and belong to type II according to
the IUPAC classification. The results of fractal dimensions
of MgB, surface determined on the basis sorptometry and
AFM data are compared.
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Introduction

The discovery of superconductivity at —234 °C in mag-
nesium diboride, MgB, [1] has attracted much interest in
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and research on this material because of the apparent
simplicity of its chemical composition, crystal structure,
and electronic properties. MgB, belong to a very simple
hexagonal structure (AIB,-type, space group P6/mmm)
comprising graphitic type B layers interleaved with Mg
layers. It has the highest critical temperature, which is far
from liquid helium temperature (—269 °C), among all of
the known binary intermetallic superconductors. Compar-
ing with the high-T. oxide superconductors, it possesses a
larger coherence length of 3—12 nm, current density even
in high magnetic field. These properties convince scientists
that MgB, will be very powerful material, to replace, up to
now used superconducting NbTi and Nb3Sn. Since the
discovery of superconductivity in MgB, researchers have
made much effort to synthesize high quality samples of
MgB.. The polycrystalline bulk MgB, is obtained by direct
reaction of the elements in inert gases atmosphere (Ar, He,
and N,) or under vacuum [2, 3]. Different synthesis
methods have been applied by the researchers to prepare
dense MgB, bulk samples. One is ex-situ “powder in tube”
technique involves direct filling metallic tubes with com-
mercial MgB, powder and then drawing and rolling into
tapes followed by sintering at relative high temperatures
(800-1000 °C) [4, 5]. An alternative approach (in situ
“powder in tube” technique) is characterized by filling the
metallic tubes with elemental Mg and B powders and
subsequent drawing and rolling into tapes followed by heat
treatment, during which the elements react to form MgB,.
This reaction can be performed at lower temperatures
(600-700 °C) than that required sintering of MgB,. This is
beneficial to circumvent or reduce undesirable reactions of
Mg and B with the sheath material [6]. Another synthesis
method is use MgH, powder instead of Mg [7-9].

The third approach of the “powder in tube” process is
characterized by the use of partially reacted precursor [10,
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11]. Partial reaction of Mg with B is induced by mechan-
ical alloying of Mg + B powder mixtures resulting in a
precursor powder, consisting of reactive mixture Mg, B,
and MgB,. For this highly reactive powder, annealing
temperatures 550-600 °C are sufficient to synthesize tapes.

Other processing methods include liquid magnesium
infiltration technique of boron preforms [12], microwave
synthesis [13].

There have been many investigations to establish the
optimum synthesis conditions, doping C [14-20], Zr [21],
Au [22], Al [23], Pb [24], La [25] as well as most suitable
stoichiometry of Mg and B [26]. MgB, has been consid-
ered to have strong inter-grain connectivity, owing to its
long coherence length. Porous microstructure, large scale
defects such as cracks and impurity phases at grain
boundaries are all candidates for current limiting factors in
polycrystalline MgB.. In a recent decade Williamson—Hall
[27] or Rietveld analysis has been becoming a popular
method to detect the grain size and micro strain of MgB,
[28-32]. However, there are few studies discussing statis-
tical mean of crystalline size analyzed from X-ray dif-
fraction (XRD) data [33]. It has been suggested that grain
boundaries in polycrystalline MgB, act as weak links. It is
responsible for large microwave residual surface resistance
R, at low temperatures, and is source of nonlinearity
[34, 35].

In this article, we report properties relating to porosity of
solids (fractal dimensions, surface roughness parameters)
evaluated from atomic force microscopy (AFM) and
nitrogen adsorption—desorption isotherms measured at
—196 °C for MgB, sample. Adsorption capacity, specific
surface area, and fractal dimensions were determined from
adsorption—desorption isotherms. The results of fractal
dimensions of superconductor surface determined on the
basis sorptometry and AFM data are compared.

Experimental

In situ bulk sample MgB, was fabricated by the “powder in
closed tube” method. Mg powder (Merck, purity 99%,
size ~ 40 pum) and B  (Merck, purity 99.9%,
size ~ 0.25 pm) were used as starting materials. Nb tubes
filled by powder mixture Mg and B with a molar ratio of
1:2 were uniaxially pressed into a short tape shape with
several centimeters in length and their both ends were

closed by uniaxial pressing. Sample was heated at 800 °C
for 6 h in an evacuated quartz ampoule, and then followed
by quenching to room temperature. Single core conductors
were deformed by swaging, drawing, and rolling after
removing the sheath. Tapes with cross-section dimension
of 4.0 x 0.3 mm were milled in ball mill (Retsch) to
obtain a finer granulometry. The phase analysis was carried
out by XRD using in a STOE diffractometer and Cu Ko
radiation. The lattice parameters were determined from the
d-values of the XRD peaks by a standard least-squares
refinement method. The morphology of the sample was
investigated using AFM (NanoScope III type, Digital
Instruments, USA). Particle size distribution varying from
10 to 2000 nm. Nitrogen adsorption—desorption measure-
ments at —196 °C were carried out using an automatic
ASAP 2405V 1.01 volumetric adsorption analyzer
(Micrometrics Instrument Corp, Norcross, GA, USA). The
adsorption and porosity properties of the powder sample, as
calculated from the adsorption measurements, are listed in
Table 1. Before the adsorption measurements, the powder
samples were outgases for 2 h at 200 °C.

Results and discussion

Nitrogen adsorption—desorption isotherms measured at
—196 °C for MgB, sample are presented in Fig. 1. They
are of type II according to the IUPAC classification. This
type of isotherm describes the process of physical
adsorption of nitrogen on the adsorbent surface. Because
magnesium diboride has a heterogeneous porous structure,
micro pores with the smallest diameters are filled up at low
pressures of the adsorbate. With increasing adsorbate gas
pressure pores of larger diameter are filled up and the
multi-layer adsorption takes place. The specific surface
area Sggt was calculated using BET method and was found
equal to 6.6 m* g~ with the corresponding total porosity
varying from 0.0203 to 0.0228 c¢m® g~ '(Table 1). The total
pore volume and the pore-size distribution as presented in
Fig. 2 were calculated using the Barret—Joyner—Halenda
(BJH) method. The low-temperature nitrogen adsorption—
desorption isotherms were used for the calculation of the
fractal dimensions, based on the method presented earlier
[36]. The fractal dimension characterizes the nature of
adsorbents and heterogeneities of pores. This method is
based on determining the sorption film surface which can

Table 1 Adsorption and porosity properties of the MgB, sample determined from the nitrogen adsorption—desorption isotherms

Sample Specific surface Total pore volume V/cm® g~ Adsorption value for Pore diameter Cggr
area Sppp/m? g~ ! monolayer a,,/mmol -1 D/nm
BET £ Ads. Des. Y s
MgB, 6.6 0.0203 0.0228 1.53 11.7 21.7
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Fig. 1 Nitrogen adsorption—desorption isotherms for MgB, sample
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Fig. 2 Distribution functions of pore volume in relation to their
radius for MgB, sample

Table 2 Fractal dimension values and surface roughness parameters
of the MgB, sample determined from sorptometry and AFM data

Sample Dy sorptometry D¢ AFM S,/nm Sku

MgB, 2.49 2.88 19.2 3.75

be calculated from the Frenkel-Halsey—Hill theory and the
Kiselev equation [37]. The fractal dimension D; can be
calculated from the relationships [38]:

200.0 nm

0.0 nm

0.8 um"

0.4
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Fig. 3 AFM photograph of the surface MgB, sample

Dy = 3 — d[lna(x)]/d[In(~Inx)] (1)
Dy = 2 + d[In/ (—Inx)da/d[In(~Inx)] 2)

where a is the adsorption value and x is the relative
pressure.

From the obtained data, the values of the fractal
dimensions were calculated using Egs. 1 and 2. The average
value and data obtained from AFM techniques are presented
in Table 2. The fractal dimension (Dy) of MgB, increases
from 2.49 (sorptometry data) to 2.88 (AFM data). Figure 3
presents AFM image of the surface MgB, sample. The
AFM photograph scanned an area of 1000 x 1000 nm. The
surface of MgB, is heterogeneous with the roughness
average (S,) equal to 19.2 nm (Table 2).

The fractal dimension was calculated on the basis of
Fourier transformation from AFM images using commer-
cial software Scanning Probe Image Processor (SPIP).

The fractal dimension Dy AFM is calculated for the
different angles by analyzing the Fourier amplitude spec-
trum, for different angles the Fourier profile is extracted
and the logarithm of the frequency and amplitude coordi-
nates calculated. The fractal dimension for each direction is
then calculated as 2.0 minus the slope of the log—log
curves. The fractal dimension can also be evaluated from
2D Fourier spectra by application of the log log function. If
the surface is fractal, the log log graph should be highly
linear, with negative slope. The roughness average (S,) and
the surface kurtosis (Sy,) were determined from the
dependences:

Sa = 1/MN XZE|z(xi, »1) — 4l (3)
Sk = 1/MNS!EE [ 1) — u)* (4)
where Sy, describes the peak-less of the surface

topography, for Gaussian height distribution Sy, approach
3.0 when increasing the number of pixels. Smaller values
indicate broader height distribution and vice versa for
values greater than 3.0, p is the mean height
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p=1/MNXZz(x, y) (5)

z is the local height, and MN is the analyzed area of the
surface. S, the root mean square is defined as:

Sq = (1/MNZZ[z(xi, 1) — ")/, (6)

Conclusions

Application of sorptometry and AFM techniques for the
investigation of adsorbed layers and porosity parameters
used for the quantitative characterization of the geometrical
(e.g., total) heterogeneities of magnesium diboride are
discussed. The described method is very useful to investi-
gate physico-chemical properties of surface films, adsor-
bate—adsorbent interactions, and total magnesium diboride
surface heterogeneity. Studies of low-temperature adsorp-
tion confirmed that the values of specific surface area (SggT)
and total pore volume depend on grain size of magnesium
diboride. Comparison of sorptometry and AFM data pro-
vide new information about the adsorption and structure of
the magnesium diboride. The fractal dimensions by sorp-
tometry and AFM were 2.49 and 2.88, respectively, and
they are close to each other. The difference between fractal
dimensions evaluated by both methods results from the fact
that the sorptometry method determined average fractal
dimension of the powder sample whereas the AFM method
analyzed selected surface area of the sample only.
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