J Therm Anal Calorim (2017) 127:173-179
DOI 10.1007/s10973-016-5877-9

CrossMark

@

Thermal analysis on C¢H,;(Ge,O;-doped MgB,

Gheorghe Aldica' - Carmen Matei” - Adelina Paun” - Dan Batalu® -

Marilena Ferbinteanu® - Petre Badica!

Received: 29 October 2015/ Accepted: 30 September 2016/ Published online: 14 October 2016

© Akadémiai Kiado, Budapest, Hungary 2016

Abstract Additives to MgB, can improve the supercon-
ducting functional characteristics, such as critical current
density (J.) and irreversibility field (H;,). Recently, we
have shown that repagermanium (C¢cH;yGe,O7) is an
effective additive, enhancing both J. and H;,. To look into
details of the processes taking place during the reactive
sintering, a thermal analysis study (0.167 K s, in Ar) is
reported. We wused differential scanning calorimetry
between 298 and 863 K and simultaneous thermogravi-
metric—differential thermal analysis between 298 and
1233 K. Samples were mixtures of powders with compo-
sition 97 mol% MgB, and 3 mol% CgH,9Ge,O,. Up to
863 K, repagermanium decomposes by multiple steps and
forms amorphous phases. A reaction with MgB, is not
observed. Above this temperature, partial decomposition of
MgB, occurs. Crystalline Ge and MgO are detected before
formation of Mg,Ge and MgB,, when temperature
approaches the melting point of Ge (1211 K). Carbon
substitution for boron in the crystal lattice of MgB, is
observed for samples heated above 863 K. The amount of
substitutional C does not significantly change with
temperature.
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Introduction

MgB, is a promising practical superconductor [1], due to
its lightness, low price, wide availability, and interesting
physics. There are two main routes of obtaining MgB,
superconducting bulks or powder-in-tube wires/tapes. In
the in situ technique, starting materials are pristine Mg and
B, while in the ex situ method MgB, is used. It was shown
that small amounts of different additives can improve
functional superconducting characteristics of MgB,. In
practice, higher irreversibility fields, H;,, and critical cur-
rent densities, J.., for a constant or a small decrease in the
critical temperature, 7., are required. Additives can pro-
duce new MgB,-based composites or provide substitution
elements for B or Mg in the crystal lattice of MgB,. The as-
introduced nano impurities, defects, and local strain-in-
duced lattice deformation may play the role of effective
pinning centers for the vortices motion, promoting high J..
The results strongly depend on the nature of the additives,
processing route (in situ or ex situ) and specific features of
the technology.

Metalloids (B, Si, Ge, As, Sb, and Te) as pure elements
or their compounds have been added to MgB, [2]. The
most intensively studied are Si-based ones, such as SiC
[3-5]. Recently, we have shown that Ge, GeO,, and Cg.
H,,Ge,0O; additions to MgB, obtained by ex situ spark
plasma sintering (SPS) technique significantly enhance the
critical current density J. in high magnetic fields [6-9]. The
highest values are obtained for the C¢H;oGe,0, additive
[6]. This additive has a double action. Namely, it generates
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nano impurities of Mg,Ge and C substitutes B in the crystal
lattice of MgB, [6]. For further developments, under-
standing of the processes/reactions taking place during
heating/cooling of the C¢H;(Ge,O,—MgB, powder mixture
is necessary. Thermal analysis is an important investigation
tool to reveal the processing transformations of different
materials, including superconductors [10—14]. Thermal
analysis was applied on mixtures of Mg and B (Mg,B,,
x=20.1, 0.5, 1.0, 1.5, 3.0) in Refs. [12-14] to observe
different stages of MgB, phase formation. Thermal anal-
ysis studies were also used to investigate Fe-sheathed ex
situ powder-in-tube MgB, tapes after mechanical defor-
mation and vacuum annealing processes [15].

The bis-carboxyethyl germanium sesquioxide (CgHjq.
Ge,0,), also known as repagermanium (RGe), car-
boxyethylgermanium, or Ge-132, was synthesized in 1967
and structurally characterized in 1976 [16]. It has been
intensively studied especially as a dietary supplement
[17, 18], anticancer active substance [19-21], and as a
useful substance for other medical applications [22]. It was
proved to have a very low toxicity [23, 24].

To understand the reactive sintering processes of added
MgB,, we report the thermal behavior of the MgB,—Cs.
H,0Ge,0; mixture. We wused differential scanning
calorimetry (DSC), thermogravimetric analysis (TG), and
complementary measurements at room temperature of
X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR) on specimens heated at different
temperatures.

Experimental

MgB, (Alfa Aesar, 99.5 % purity) and C¢H,;9Ge,O; (Alfa
Aesar, 99.7 % purity) commercial powders were mixed
with composition (MgB2)0A97 + (C¢H10Ge207)0.03-

For thermal analysis measurements, we used a Netzsch
DSC 204 F1 apparatus (Al crucible), between 298 and
863 K, and a SETARAM Setsys Evolution 18 thermo-
gravimeter (Al,Oj crucible) in TG-DTA mode, between
298 and 1233 K. The experiments were conducted in
argon, at a flow rate of 3.3 x 107" m> s~'. The heating
rate was of 0.167 K s™'. The mass of the samples in the
thermal analysis experiments is indicated in Tables 1 and 2.
Sample notation indicates the maximum temperature
attained in the thermal analysis experiments.

The X-ray diffraction technique (XRD, Bruker-AXS D8
ADVANCE, Cug,; radiation, A = 1.54056 10\) was per-
formed at room temperature on samples heated at different
temperatures.

A JASCO 4200 spectrometer was used to measure
Fourier-transformed infrared (FTIR) spectra in the range
400-4000 cm ™. Samples were prepared using KBr. As in
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the case of XRD, measurements were done at room tem-
perature on samples heated at 493, 593, 643, 710, 783, 863,
973, 1043, 1088, 1143, and 1233 K.

Results and discussion
Thermal analysis from room temperature to 863 K

In the 398-863 K temperature range, added MgB, shows
specific thermal transformations for C¢H,0Ge,O; (Fig. 1).
Differences are rather small, and this suggests that reac-
tions at these temperatures between CgH;(Ge,O; and
MgB, are limited or lacking. Seven transformations
(Table 1) are observed, and they correspond to different
stages of C¢H;9Ge, 05 transformations.

The first transformation at ~465 K (I, Fig. 1) and at
445 K in the heating and cooling regimes, respectively,
was ascribed to a reversible isomerization of C¢H;(Ge,O-.
Details are presented elsewhere [25]. The reversibility of
this transformation cannot be easily visualized in the
cooling regime (Fig. 1b) due to the low amount of Cg
H,0Ge,07 in the mixture and disperse character. Phase
assembly (Fig. 2) and bonds (Fig. 3) observed at room
temperature by XRD and FTIR before and after thermal
analysis (samples ‘RT’ and ‘493’) are similar, and hence,
they support the idea of an isomerization transformation.

Transformations denoted II-VII (Fig. 1) are irreversible,
and this suggests the decomposition of CgH;yGe,O.
Transformations II-VII are accompanied by mass loss [25],
meaning that decomposition of organics occurs. Processes
and possible decomposition scenarios are discussed in [25].
Noteworthy, is that transformations are better revealed in
this work than in [25]. Namely, this is especially the case
for transformations V-VII at 707, 755, and 789 K. Due to
this, the shape of the thermal analysis curves and positions
of the peaks are not identical between the two works. A
reason for the encountered differences is that the presence
of MgB,, although it does not react with C¢H;¢Ge,O and
keeps its phase integrity with temperature, can favor the
release of resulted gases from the (MgB, + C¢H;0Ge,05)
mixture, and through this, can influence the heat transfer
behavior of the sample.

A special remark is related to transformation II taking
place at 545 K on heating (Fig. 1a) and at ~533-543 K on
cooling (Fig. 1b) for samples (‘493,” ‘593, ‘643,” ‘710,
and ‘863’) heated above 493 K, but below 863 K. The two
peaks on heating and on cooling are not necessarily
reflecting the same transformation. In Table 1, for each
sample, we indicate the temperatures of the beginning and
of the end of this transformation. These temperatures were
determined by applying a tangent to the DSC cooling
curves. There is a broadening of the peak at ~543 K on
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Table 1 Samples, samples mass, thermal effects, and decomposition moieties/residuals

Sample/mass/107° kg Heating stage

DSC event heating/cooling

Thermal effect on

Lost chemical fragment of

Temperature/K T K TordK heating/cooling/K C¢H;0Ge,07 or phase formation

‘493°/21.65 1/298-493 438/454 484/414 Endothermic 464/ Reversible effect
Exothermic 444

593°/13.13 1T + 111/493-593 II: 488/573 560/468 Endothermic 545/ Hydroxylic groups

I: ~570/— 588/— Exothermic 533

Exothermic 576/—

‘643°/14.32 1V/593-643 615/598 646/449 Exothermic 633/ Alkyl fragments
Exothermic 536

“710°/15.22 V/643-723 687/619 723/438 Exothermic 703/ Alkyl fragments
Exothermic 540

“783°/17.49 V1I/723-783 741/635 771/427 Exothermic 755/ Hydroxylic groups
Exothermic 541

‘863°/11.57 VI1/783-863 788/655 792/423 Endothermic 789/ Amorphous Ge + C 4+ O

Exothermic 543

Table 2 Samples, samples mass, thermal effects, and phase formation

Sample/mass/  Heating stage DSC event Thermal effect on Phase formation
107 kg Temperature/K heating/cooling heating/
cooling/K
Tonse/K Tosrse/K
‘863°/11.57 VI1I/783-863 788/655 792/423 Endothermic 789/ Amorphous Ge 4+ C + O
Exothermic 543
‘973°/26.22 VIII 4 IX/855-965  VIII: 855/—  908/— Exothermic, ~873/— Ge crystalline (cr.), some Mg gas
1X: 917/— 957/— Exothermic, ~933/—
‘1043°/21.74 X + X1/965-1033 X: 960/— 982/— Exothermic, ~968/— More Ge cr., MgO
XI: 977/— 1018/— Exothermic, 1004/—
‘1088°/19.31 XI11/1033-1088 1028/— 1061/— Exothermic, ~ 1047/— Max. Ge cr., more MgO
‘1143°/30.26 XII1/1088-1143 1103/— 1133/— Endothermic, 1118/— Low Ge cr., more MgO, Mg,Ge
‘1223°/19.37 XIV/1143-1233 1213/— >1233/— Exothermic, >1233/— Traces of Ge cr., max. MgO, Mg,Ge, MgB,

cooling, while its maximum slightly increases when sam-
ples are heated to higher temperatures. This behavior is
observed also for the individual C¢H;yGe,O; powder
decomposition [25], and it suggests that it is due to a
certain rearrangement during cooling although C¢H;oGe,.
O, significantly changes its identity. While MgB, is not
directly involved, it is worth mentioning that Mg, detected
by XRD in our samples ‘RT’ (raw powder mixture not
heated) ‘493,” ‘593,” ‘643,” “710,” and ‘863,” has a melting
temperature of 923 K, and a eutectic between Mg and C
forms at 688 K [26]. In the samples heated up to higher
temperatures than 863 K, Mg cannot be observed in the
XRD patterns (Fig. 2), and the peak on cooling at ~543 K
vanishes. Further investigations are required to clarify the
observed behavior.

FTIR spectra have different patterns for different sam-
ples (Fig. 3). Sample ‘RT’ shows the characteristic bands
of C¢H 0Ge,0O; and of MgB,. Several bands with low
intensities that are observed in the 480-540 and
650700 cm ™! region are attributed to MgB, [27]. Car-
boxylic groups are represented by a strong band at
1710-1780 cm ™" assigned to a stretching ve_o bond, and
by a broad band at 2500-3000 cm™" due to the stretching
vo_p bond. The organic skeleton is represented by several
weak and medium absorption bands associated with vc_y in
CH,—1460 cm™' and vec 1200-700 cm™' frequency
modes. Bands between 550 and 850 cm™" in the spectra of
the ‘RT’ sample correspond to O-Ge-O stretching and
deformation modes [28-31] of the fragments originating
from C6H10Ge207.
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Fig. 2 XRD patterns of the raw powder mixture (‘RT’) and for the
samples cooled down from different heating temperatures. Phase
notation: 1-MgB,, 2-C¢H;0Ge,07, and *-Mg

Thermal analysis experiments between 863
and 1233 K

In the range of temperature 863-1233 K, TG-DSC appa-
ratus recorded the formation of relatively stable and
metastable (Ge) crystalline phases. Seven transformations
were identified by DSC analysis (Fig. 4; Table 2). Trans-
formations VIII-XII and XIV are exothermic, while the
XIII is endothermic. On cooling, thermal effects were
addressed in Sect. 3.1.

XRD indicates on occurrence of the crystalline Ge-metal
between 973 and 1143 K and of MgO above 973 K
(Fig. 5). At higher temperatures, above 1143 K, Mg,Ge
and MgB, phases are observed.

The FTIR spectrum (Fig. 6) shows intensive and over-
lapped bands at 400-800 cm~'. These bands are the
characteristic ones of MgB, [27], MgO [32, 33], and
Mg,Ge [34]. In the absence of reported IR spectral data for
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Wavenumber/10% m™'

Fig. 3 FTIR spectra for the raw mixture (RT) and for the samples
cooled down from different heating temperatures. Arrow indicates the
increase in the heating temperature

MgB, [35-38], we performed a simple density functional
theory (DFT) simulation and estimated that in the same
wave-number-region, bands with small intensities of MgB,
are available. Additional bands at higher wavenumbers can
be observed, and they are associated partially with the
chemical bonds of adhered contaminants (mainly water and
carbon) on the surface of the samples and to the newly
formed phases. Bands vo_y (stretching)-(hydrogen
bonded) of the hydroxyl group and C-H are located at
2900-3500 cm ™', H-B terminal bonds at 2300-2400 cm ™",
C=C vibration in stretching mode at 1460-1600 cm_l,
B-C vibration at 1350-1450 cm ™" [39].

Samples show variation of a lattice parameter of MgB,
phase, while the ¢ lattice parameter is approximately con-
stant. This is the typical signature of carbon substitution for
boron in the crystal lattice of MgB, [40, 41]. Namely, for
the raw MgB, powder and samples heated up to 863 K, the
values of a can be considered constant at 3.086 A while
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Fig. 5 XRD patterns of samples, cooled down from different
temperatures. Phase notation: 1-MgB,, 2-Ge, 3-MgO, 4-Mg,Ge,
5-MgBy,, and *-Mg. In the right panel, one observes the shift (when
T > 863 K) to higher 20 of the (110) peak due to carbon substitution
for boron in the crystal lattice of MgB,
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Fig. 6 FTIR spectra for samples cooled down from different heating
temperatures. Arrow indicates the increase in the heating temperature

in the mixture. This information is useful technologically
because it provides the background for a relatively inde-
pendent control of the carbon substitution and of the sec-
ondary nanophases formation, both aspects being well
known to influence the flux pinning in MgB,-based
superconducting materials.

In order to orient ourselves in the assignment of vibra-
tion spectra, in relation to the structural changes in MgB,,
routine electron structure calculations [42] were performed
on simplified models. Thought very crude, we considered
molecular {B¢} and {BsC} rings, in the form of BGH? and
BsCHg species. The double negative charge on the boron
ring resolves the electron deficiency of boron, filling the
total symmetric m-type molecular orbital, in a manner
comparable to the charge transfer established between
magnesium sites and boron sheets in the band structure of
the solid MgB,. The single negative charge on the carbon-
substituted system keeps the isoelectronic configuration.
The calculations were done in the frame of density func-
tional theory, using the B3LYP functional and the 6-311G*
basic set. The geometry optimization gives a hint about the
bond lengths overall scheme. Taking as approximate
measure the perimeter of the rings, the modeling shows a
relative shrinkage of 2.75 % in the {BsC} system, com-
paratively to the {Bg}, in line with the information from
XRD. The calculation of vibration spectra on the optimized
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BgHZ ™~ molecular model shows that B-B frequencies occur
at about 364, 648, 674, 705, 843, 848, and 1151 cm™".
However, not all these frequencies are getting IR intensity,
in this calculated spectrum being visible the 705 cm™'
value due to asymmetric ring deformation. The B-H fre-
quencies occur at 2190 cm™'. The BsCHg~ system has
lower symmetry, having as consequence the intensity gain
in more collective ring vibrations, due to B-B and B—C
bonds. The B-B and B-C frequencies occur with low
intensities at 660, 717, 770, 910, 1229, and 1376 cm~ ! and
B-H and C-H with higher intensities at 2393-2457 and
2957 cm ™', respectively. By extrapolating the molecular
modeling results and comparing with the experimental
spectra, one may obtain hints for the comparison of the
carbon-doped phase with the pristine MgB, lattice. The
presence of the bands B—C (1350-1450 cm™') can be
illustrative in this sense.

Conclusions

Thermodynamic transformations during heating and cooling
of a mixture with composition 97 mol% MgB, and 3 mol%
C¢H,0Ge,0; were revealed. From room temperature up to
863 K, there are multiple steps of C¢H;(Ge,O; transforma-
tions mainly of decomposition and evaporation of the organic
part without any clear interaction with MgB,. At 863-973 K,
the process of carbon substitution for boron in the crystal
lattice of MgB, occurs. In the temperature range of
863-1233 K are observed a partial decomposition of MgB,,
the presence of crystalline Ge and MgO, and formation of
Mg,Ge and MgB, phases before Ge-melting at 1211 K.
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