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With the use of yttrium and bismuth ceramics' powders (Y;Ba,CuzOs.97 and Bi,Sr,Ca,Cu,Og),
on the basis of super-high molecular polyethylene binder, charge-carrying polymer-ceramic
nanocomposites are obtained. It is shown that the implementation of the proximity effect between the
ceramics' grains leads to produce superconducting polymer-ceramic nanocomposites with a
transport current. Additives of silver and aluminum nano-scale powders cause a significant increase
of current density, and the application of acoustic fields during the formation of samples allows to
further increase this density up to ~ 4-10°A-cm™. Physical and mechanical properties of these
charge-carrying nanocomposites have been investigated and it is shown that nano-sized aluminum
additives increase the breaking strength and the elasticity modulus of the samples. Furthermore, the
morphological features of the interphase layer of charge-carrying polymer-ceramic nano-composites
have been studied on the basis of various binders (polymethylmethacrylate, polystyrene, super-high
molecular polyethylene and isotactic polypropylene).

Figs. 8, tables 3, references 26.

Introduction

In order to obtain high-temperature superconductive products with a transport
current, various metals have been used as binders [1-10], particularly silver [1-3,10]
and metals of transitive row, Mo, Zn, Sr [8], and others.

For polymer-ceramic composites there are descriptions in the literature about
using as binders both thermoplastics [11,12] and reacto-plastics [12]. In Ref. [11],
polymer additives were chosen to protect high-temperature superconductors from
moisture, whereas in [13-21], for obtaining polymer-ceramic samples of different
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geometries (rods, tubes, rings, etc.), both the method of hot pressing
[13,15,16,18,19] and of polymerization filling [14-15,17,20,21] were applied. In the
publications [14,15,17,18,20,21] superconducting, physical-mechanical, thermo-
chemical, and thermo-physical properties of polymer-ceramic nanocomposites were
studied. It was shown [14-21] that for high temperature superconductive (SC)
nanocomposites, the critical temperature of transition to the superconducting state is
2-30 times higher than that of the original ceramics.

It becomes obvious that the burning of organic parts of polymer-ceramic
nanocomposites, their sintering and recovering at any particular thermal regime in
analogy with [11], give rise, as a rule, to a transport current. However, polymer-
ceramic nanocomposites with a superconducting (SC) transport current can be
obtained without the stages of burning and sintering. This is achievable via the so-
called nearing effect, thus effectively shielding dielectrization of near-to-surface
layers of the ceramic's grains.

In summary, this study is based on yttrium and bismuth ceramics, fine dispersed
powder of super-high molecular polyethylene as a binder and nano-sized additives
of aluminum and silver, to obtain polymer-ceramic nanocomposites with a transport
current.

Experimental

In this work synthesized yttrium and bismuth oxide ceramics (Y;1Ba,CuzOg.97
and Bi,Sr,Ca,Cu,0g) were used as a high temperature ceramic powder, with a
dispersion (via molecular sieves) of less than 50 um and a critical transition
temperature to the superconducting state of 93 K and 109 K, respectively. As
polymer binders in the form of fine dispersed powders served super-high molecular
(HMPE) (brand US506-000) and branched (BPE) polyethylene with melting
temperature T, = 128-135°C and 105-108°C, respectively, isotactic polypropylene
(IPP) with T, = 167-171°C, polymethylmethacrylate (PMMA) with temperature of
vitrification point T, = 110-115°C and polystyrene (PS) with T,=98-102 °C [22].

For finding out the influence of nano-sized powders of aluminum and silver on
the transport current of received composites, experiments were conducted, where in
one case the powders of polymers (HMPE, BPE, IPP, PMMA, polyanilin) and
superconducting ceramics (Y1Ba,Cus0g.97, BioSr,Ca,Cu,0g) were pre-mixed in an
agate mill, while in other cases nano-sized powders of aluminum (40 nm) and silver
(30 nm) were added to this mix. From the homogeneous mixtures obtained by the
method of hot pressing HMPE (~ 150 °C under a pressure of 100 MPa) tablets with
a diameter of 10 mm and a thickness of 2 mm were molded. The golden contacts by
the thermo compression method were deposited on the tablets. The resistance of the
samples was determined by the conventional 4-lead method. In some cases forming
the samples was carried out under the influence of acoustic fields, which causes
deagglomeration of the agglomerated nano-particles (sonofication at 500W was kept
on for the entire process of the samples' formation). The start of the superconducting

255



transition (Ty) and its width were determined by measuring the magnetic
susceptibility at the frequency 1 kHz (kilohertz) with an amplitude of the magnetic
field of 10 Oe. Physical-mechanical properties and the heat of sample fusion of SC
polymer-ceramic nanocomposites were measured on the following instruments:
Differential scanning analyzer (DSA) and differential scanning calorimeter (DSC)
[both from Perkin-Elmer].

Results and Discussion
Regulation of the current density in superconducting polymer-ceramics

The characteristic change of resistance of the samples with temperature for
polymer-ceramic nanocomposites of Y;Ba,CusOg97 : HMPE: Al = 80 : 10: 10 (%
mass) is shown in Fig. 1 (curve 1).

3 Fig. 1. Change of resistance of the Y1Ba;Cu3Og.97 +
HMPE nanocomposites with the additives of nano-

2 sized aluminium powder as a function of
| temperature.

Curve 1 — critical temperature of superconducting
transition for the initial sample;

Curves 2, 3 — critical temperature of
superconducting transition for the thermo processed
sample (obtained during repeated thermal cycling);
Curve 4 — after four thermal cycles.
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Up to the critical temperature of superconducting transition, the course of the
resistance curve (curve 1) has a semi-conducting character. Further, at the SC
transition temperature 96 K, a decrease in resistance is noticed, and at 78 K, the
transition ends and the sample resistance turns to zero.

Unexpected results are obtained during repeated thermal cycling of the very
samples. The behavior of the samples’ resistance up to the critical transition
temperature to the superconducting state again remains semi-conductive (Fig. 1,
curves 2, 3). However, the level of residual resistance increases with every following
cycle, and after the transition to the superconducting state, no zero resistance is
achieved. Here, there is a plateau, up to 8-5 K. Moreover, after four thermo-cycles
the SC transition disappears altogether (Fig. 1, curve 4).

These results can be explained either by the accumulation of residual strains on
the binder-ceramic phase boundary, as a result of micro-crack formation while
thermo-cycling, or by the poor contacting which tends to deteriorate as the cycling
progresses. The developing current creates its own magnetic field, which eventually
destroys the SC temperature transitions.

Similar results were obtained for the composites consisting of bismuth ceramic-

polyaniline-HMPE with addition of nano-sized silver powder. Consequently, it is to
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be stated that here, in the temperature range 109-115 K, the "SC-step" is observed,
as well (Fig. 2) without reaching the resistive zero.

By contrast, in nano-composites with bismuth ceramics, a repeated thermal
cycling (5-6 cycles) does not affect the dependence of resistance on temperature. We
note that in this case up to the transition temperature for the superconducting state,
the course of the resistance depending on temperature is semi-conductive.

"
' “

Fig. 2. The ~change in resistance of
nanocomposites with bismuth ceramics with
aniline, with HMPE binder and with the addition of
nano-sized silver powder.

109-115 LK

It is obvious that the increase in current density can be achieved by the
implementation of the proximity effect, i. e., decrease of the binder quantity in the
composite SC polymer-ceramic nanocomposites. For this purpose, by the hot
pressing method a number of polymer-ceramic nanocomposites were formed, in
which nanopowders were not added, and the proportion HMPE ranged from 1 to 5
wt. %. The dependence of current density on the amount of binder is shown in Fig. 3
(curvel).
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Fig. 3. Dependence of current density on the amount of polymer binder.

Indeed, as seen from the figure, the implementation of the proximity effect
leads to a substantial increase in current density. In this case, with the increase of the
share of binder the current density decreases monotonically and becomes zero at 5%
of the content of HMPE. Additives in the same nanocomposite of nano aluminum
powder in the proportions HMPE: nano-additives = 1:1 (wt%) increases the current
density else more (Fig. 3, curve 2).
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As indicated by curve 2 in Fig. 3, increasing the quantity of HMPE also reduces
the current density from -1.5-10° 4-cm™ to ~ 150 Acm™ (1% mass content of
binder), and already at 10% content of HMPE it becomes equal to ~ 150 A- cm™.

The critical transition temperature into the superconducting state is 96 K and its
width is 6°. A probably relatively low current density in the nanocomposites is
determined by the agglomerated state of aluminium nanoparticles.

Therefore, the further shaping of superconducting nanocomposites was carried
out under the influence of acoustic fields. Indeed, as recognized from curve 3 in Fig.
3 the application of acoustic fields in the pressing process leads to a rather sharp
increase in current density, which is associated with deagglomeration of aggregated
particles and their uniform distribution over the volume of the samples. Curve 3 in
fig. 3 shows that at 1% binder content of HMPE the current density reaches 4-10°

2
A-cm™”.

Physical-mechanical properties of polymer-ceramic nanocomposites
with transport current

Samples with low content of HMPE are quite fragile. In connection with this
difficulties arise when applying contacts by thermo-compressing. For example,
superconducting polymer-ceramic nanocomposites with 5% HMPE have the
following physical and mechanical properties: ultimate tensile strength of -0.7 MPa,
modulus of elasticity of -1.4 MPa, and elongation -3%.

Interestingly the addition of nano-sized aluminum powder in superconducting
polymer-ceramic nano-composite with nearly constant critical transition temperature
into the superconducting state (Meissner effect) and of the current density leads to a
significant improvement in the physical-mechanical properties (Table 1).

Table 1

Impact of the initial composition of polymer-ceramic nanocomposites
on physical - mechanical and superconducting properties.

Weight ratio HMPE:
nanoadditive o, MPa E, MPa g, % Tc, K Tk, K
ceramics, mass. %
1:1:98 0.27 0.4 2.0 95 88
2:2:96 0.33 0.56 3.5 95 88
3:3:94 0.68 1.2 5.0 96 88
4:4:92 1.00 2.0 7.0 96 88
5:5:95 1.50 5.0 9.0 95 88
10: 10: 80 3.80 9.0 11.0 96 88

The increase of the critical transition temperature into the superconducting state
is evidently associated with the processes of intercalation of binder macromolecule
fragments into the layered structures of ceramic grains [19-21]. Regarding a
noticeable improvement in physical-mechanical properties of SC polymer-ceramic
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nanocomposites, it is possible that such a fact is associated with the introduction of
nano aluminum particles into the polymer matrix HMPE, as well as their uniform
distribution in the volume of binder and the formation of a rigid amorphous fraction
of the polymer on the surface of nano-particles [23-26].

Thus, on the basis of these results we can conclude that the simultaneous
implementation of the proximity effect, additives of nano-sized powders of
aluminum and their uniform distribution over the sample volume under the influence
of acoustic fields provide a charge-carrying SC polymer-ceramic nanocomposite
with current density up to ~ 4-10° A-cm-?> with simultaneous improvement of
physical and mechanical properties.

Morphologic peculiarities of current-carrying
SC polymer-ceramic hanocomposites

To study the morphological features of charge-carrying polymer-ceramic
nanocomposites the melting temperature (Tm) and the enthalpy (AHm) of
nanocomposites containing 5% nano-sized aluminum (mass relative to HMPE) are
defined by differential scanning calorimetry. A wide range of the nanocomposites
composition (the ratio of HMPE with an oxide ceramic Y;Ba,Cus0g.97) Was studied.
The results are shown in Table 2.

It is seen that with increasing of the filling degree in nano-composites the
enthalpy of melting is increasing.

Table 2

Impact of filling degree on temperature and enthalpy of melting of binder in
nanocomposites HMPE + YBa,Cu30g.g7

Weight ratio HMPE: Tm start AHm, per gramm Degree of
YBa,Cu;0g.97 HMPE crystallinity, %
100:0 140 115.0 39.1
80:15 151 121.5 41.4
45:50 140 128.5 43.7
10:85 138 130.0 44.2

The observed increase in enthalpy value is associated either with the degree of
crystallization (Table 2 and 3) or with a change in morphology of the binder in the
surface layers of the phase.

However, on the basis of the obtained results it is impossible to establish
unambiguously the decisive role of any of these factors. For clarification of the
mentioned factors we studied by DSC methods in the regime of the scanning
temperature the influence of oxide ceramic quantities Y;Ba,Cuz0s.97 On the heat of
melting and carried out electron-microscopic investigations of samples of polymer-
ceramic nanocomposites with transport current properties.
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The dependence of the samples melting heats on temperature for the SC
polymer-ceramic nanocomposites, obtained by varying the initial temperature of
samples’ molding, and its content with a binder of BPE is shown in Fig. 4.

18} J/g°K

Fig. 4. Impact of temperature on the
variation of the melting heats for SC
polymer-ceramic nanocomposites
obtained at different initial temperatures
(TO) and initial ratios of BPE with
ceramics: TO, 0OC 130 (1), 140 (2), 160
(3) Y18&2CU305.97: BPE = 90:10 (1-3),
97:3 (4), 99:1 (5). The quantity of nano-
sized aluminium: 5% of the weight of
YlBa2CU3OG.97.
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According to Fig. 4 the maximum values of the melting heats (curves 1-4, Fig.
4) SC polymer-ceramic products are practically independent of the initial forming
temperature (curve 1,2.3, Fig. 4), whereas they depend quite strongly on the amount
of ceramics in the composite (curves 4 5, Fig. 4). Temperature of melting and
enthalpy determined from the data in Fig. 4 are presented in Table 3.

Table 3
Impact of filling on the temperature of melting and enthalpy
in the nanocomposites BPE + Y1Ba,Cu30s.g7

Weight ratio of BPE: Tm start AHm, per gramm The degree of
YBa,Cu;0g.97 BPE crystalline, %

90:10 107 84 29

97:3 107 97 33

99:1 105 133 45

Thus, in the case of a binder of BPE with the increase of the filler amount the
enthalpy and the degree of crystallinity are increasing. Therefore, based on the
measured data we can suppose that a fairly strong increase of the value of AHm
(calculated per gram HMPE and BPE) could be due to two reasons:

» the increase of the amount of SC ceramics leads to an increase in the degree of
crystallinity;

« intercalation of fragments or individual elements of macromolecular binding
into the interlayer spaces of the ceramic grains alters the morphology of super-high-
molecular or branched polyethylene on the boundary of a phase section of the
ceramic binder - which is more likely [18-21].

Indeed, the study of the structural features of the charge-carrying SC polymer-
ceramic nanocomposites by scanning electronic microscopy when using both
amorphous and crystalline polymers, with complete and uniform enveloping of
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ceramic grains by polymer binders (Fig. 5a, b), indicates that there is a quite strong
interaction on the boundary of the ceramic-polymer phase.

Fig. 5. EM microphotography of nanocomposite SC samples with binders of the PMMA (a) and
PS (b). Ratio of binder : ceramics = 15 : 85.

The interaction of macromolecular binder of PMMA and PS with the surface of
the ceramic grains Y;Ba,CusOs.9; may contribute to the formation of a rigid
amorphous fraction (RAF) of polymer binder.

In charge-carrying SC nanocomposites with binders HMPE, PP, regardless of
the amount of SC-ceramics, by analogy with [23-26], there are formations of fiber
structures. For example, in Fig. 6 electron a microphotograph of a sample with the
HMPE binder is presented. The figure depicts how the formation of fiber structures,
not typical for polyethylene, takes place.

Fig. 6. EM microphotograph of polymer-ceramic
nanocomposite with HMPE binder. Ratio of binder :
ceramics : nano aluminium —5:90 : 5.

As already noted in [18-21], fiber formations are the result of intercalation of
macromolecular fragments of HMPE in the layered structure of ceramic grains. Such
a binding of macromolecules affects the mobility of macro-chains of super-high
molecular polyethylene and reduces their flexibility. Consequently, the
crystallization of macromolecules, associated in this way, takes place via
cooperative interaction between them.

It should be specially noted that in case of charge-carrying polymer-ceramic
nanocomposites with a binder of IPP, the above mentioned phenomena are more
emphasized. Indeed, as it is seen from the change of the dependences of heat
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capacity on temperature (Fig. 7), a splitting of peaks into two components is
observed.

JIg*K

sl 9 1
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a6 Fig. 7. Temperature impact on the varying
’ character of melting heats for the SC polymer-
50 ceramic nanocomposites obtained at different
g initial ratios of PP with ceramics. Y1Ba,Cu3zOe.g7:
D S T TR TN R PP =85:15 (1) 70:30 (2), 50:50 (3).

Sample temperature °C

Possibly, the splitting is a result of the presence of two various structures in
polymer-ceramic nanocomposites with IPP binder.

As a proof of such an assertion can be the electron-microscopic investigations.
Indeed, as it is seen from the microphotographs of samples with IPP binder (Fig. 8),
here the number of fibers formations is much larger than in HMPE binder.

A large number of formed fibers structures are probably to be the cause of
splitting (Fig. 8) peaks of melting temperatures in SC polymer-ceramic nano-
composites with a binder of isotactic propylene.

Fig. 8. EM microphotography of polymer-ceramic
nanocomposite with IPP binder.
Ratio of binder: ceramics: nano aluminium = 15: 80 : 5.

Concluding remarks

In the presented work we have followed the goal to create polymeric
superconducting nanocomposites with transport current properties. For the solution
of the given problem superconducting additives of yttrium and bismuth ceramics
powders (Y1Ba,CusOg.97 and Bi,Sr,Ca,Cu,Og), as well as nanopowders of
aluminum and silver were used. On the basis of super-high molecular polyethylene
binder, charge-carrying polymer-ceramic hanocomposites were obtained.

Thus, our results permit to conclude that the introduction of nano-sized
aluminum powders allows to produce SC polymer-ceramic nanocomposites, with a
transport current having a current density up to ~ 4-10° 4-cm™. A natural question
arises regarding the possibility of increasing the current density. The answer is
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positive: the increase is possible by using other binders and nano-fillers of a
different nature with varying average size of nano-particles.
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NSAUTLLUYRL G EANELNNMDY NALPU -GG EUPEEGETL
LeLNENUNNQPSLEL

U. M. 2LE-3U, W 0. SALA3UL, W. - UhLUSEL3UWL 1L USEHU'L USAFLLEL

Puppuyp b ffdncnugpl (Y BayCuzOg.g7 ke BizaSr;CazCuzOg) hbpmdfilyulym®s sfinyfr-
Whpp b qlppupdpdngklynggup s pbFfylp ogqinugnpddudp, wnugdlky ki Lylilmpmugnp-
g wymppilbp-libpudflpuluts yubnlndyngfunibp: Snyg §ipfby, np oquugnpdhym flipu-
dflppyp Swnnfliibpf donfdyncffyut §pblpnp fupbyfe b wnwluy Snuwbpudifp ugngfodlp-
Yl plyslyuss yulanlyndugmg funtibp :

Updusfdfs b wyymeddfibsfy SousbsnQuuafliyjuspbalipfy sl lipmgnudp phpned § Snuniipfs e fFyuta
ypuh dabumgduiiop, fuly Sufncgibph dleafnpdul dwdwhnly wlnonply quymbpl o qunegop-
6‘n1_JE lﬂn}wgflnl_lf 4‘ Cnuwil#ﬁ [uLnnl_[JJanlE lfﬁilzh_ '\4—103 U'ulfz.' 4lﬂ.nl.uqnu11{lil Eir tule
Snuniipulyfo wgnppdbp-lilpusdfplpuluts Jubinlyndingfunibpf $fogflyudbputplulppt Q-
e fyniiitibipp b gregg & anpfby, np wyyncdflifs shogme Saflypupbilpp dbdughned b Gidney-
b wmwppbp  Gugulgnybpnd - (qmpdb@pydbFulpppum,  snponfpny,  gbppapdpdnb-
fregpusp ympplfofybits b pgmumlpnfly qmpoypogfybh) wogdus Snuwbpwlpp anpdbp-
bhbpudplylpasts hutinlndungfunhppy JhYGusguypil wmppnyPh dappopngfunlpads mnabdinr-
Sunnlyme Gyl :

TOKOHECYIIMUE CBEPXITPOBOJAIIMUE NOJIUMEP-KEPAMUYECKHUE
HAHOKOMIO3UTHBI

C.II. JABTSIH, A. O. TOHOSIH, A. P. MUKAEJISIH u CTE®AH MIOJIJIEP

C HCHOAB30BAaHMEM IMOPOIIKOB HUTTPUEBOM U BUCMYTOBOM KepaMUK
(Y1BayCu304 97 u BisaSroCay,CuyOg) Ha OCHOBe CBEPXBBICOKOMOAEKYASIPHOI'O
TIOAM3TUAEHOBOTO IIOAYUYEHBI TOKOIIPOBOASAIIVE IIOAUMep-KepaMHuuecKue Ha-
HOKOMIIO3UTHL. [ToKa3daHo, uTo pearusanusa dddekra OAM30CTU MEXAY 3€ep-
HaMU KePaMHKHU IPUBOAUT K IIOAYUEHMIO CBEPXIPOBOAAIIUX ITOAMMeEp-Kepa-
MHYeCKUX HAHOKOMIIO3UTOB C TPAHCIOPTHBIM TOKOM. AOOABKM IIOPOIUIKOB
HaHOYaCTHUI] cepeOpa U AAIOMHHUS BBI3BIBAIOT 3HAUUTEABHOE YBeANMUYeHUe
IIAOTHOCTU TOKa, @ NpHUMeHeHUe aKyCTHYeCKHX IOAeM IIpu (POpMHPOBaHUU
06pasIoB TI03BOASIET ellle OGOABIIe YBeAMYHMTb MAOTHOCTH A0~4-103 A-cm2.
Beiam uccaepoBaHBl (PU3UKO-MEXaHUYECKME CBOMCTBA TOKOIIPOBOAAIIUX IIO-
AUMep-KepaMHYeCKUX HAHOKOMIIO3WTOB, U IIOKa3aHO, YTO HaHOpa3MepHBIe
AOOABKU AAIOMUHUS YBEAWUMBAIOT IIPOYHOCTH Ha pPas3pblB U MOAYABL VIIPY-
roctu o0pasnoB. M3yueHsl MOp@OAOrHYECKHEe OCOOEHHOCTH MexK(a3HOoro
CAOSI TOKOIIPOBOASAIIINX IIOAMMEpP-KepaMUUeCKUX HaHOKOMIIO3UTOB Ha OCHOBE
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Pa3AMYHBIX CBA3YIOMUX (IOAMMETHUAMETAKPUAATa, TIOANCTUPOAA, CBEPXBLICO-
KOMOAEKYASIPHOTO ITOAUITUAEHA M M30TAKTUYECKOTO IIOAUITPOIIUAECHA).
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