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Abstract

A series of MB&,Cus.,Cr,0,, (M = Y; La; Nd; Sm and Yb; x = 0, 0.05, 0.15, 0.25) materials were
synthesized in air by self-propagating high-temperature synthesis (SHS) involving reaction of stoichio-
metric mixtures of rare-earth metal (111) oxide, barium peroxide, copper metal, chromium (I11) oxide and
sodium perchlorate. All the SHS processes were followed by sintering in oxygen at 950°C for 2h. The
products were characterized by SEM, X-ray powder diffraction, UV, superconductive transition tempera-
tures (T.) and magnetic susceptibility (X) measurements. X-ray diffraction data showed that single phase
orthorhombic (or tetragonal for M = Nd) materials were produced. All series of materials showed a sys-
tematic increase in lattice parameters and unit cell volume with chromium content (M = Y: x =0, V =
174.25 A3, x = 0.25, V = 175.10 A3). Thermal stability of all the SHS prepared materials increased with x.
Oxygen content of all the samples increased with x, but did not exceed 7.0. Superconductivity transition
temperature decreased with chromium substitution in all systems (98-77 K). Magnetic susceptibility de-

creased with chromium substitution.

I ntroduction

High temperature superconducting materials
(HTSC) such as LnBa,Cu;0;,, (LN =Y or rare-earth
metal (REM)) are of widespread engineering, aca-
demic and industrial interest. The amount and distri-
bution of dopantsinto the classic 1-2-3 host material
LnB&a,Cu;0,, has been important in deriving
improvementsin T, and in devel oping an understand-
ing of superconductivity [1]. In thisconnection, itis
necessary to gain information about doped materials
with homogeneous or inhomogeneous dopant distri-
butions. Such materialsareimportant for finding out

the method of entry and position of the dopant within
the crystal structure. Such studies enable an under-
standing of theinfluence of dopant on superconduct-
ing properties. Materials with known dopant distri-
butions can be used for the creation of crystalline
heterostructures such as HTSC - metal or HTSC -
dielectrics that can be used for industrial purposes.
Chromium doping into LnBa,Cu;O;, moderately
reducesthe T by replacement of one of the cationsto
promote formation of Lny,Cr,Ba,Cu;0.4; LnBa,.
«CrCuz0; 4 or LnBa,Cus,Cr,O,4.

High temperature superconducting materialshave
been made by SHS, Eqgn. 1.

3Cu + 2Ba0, + 0.5Y,0; + 0.750; - YBa,Cu,0;, (1)

In this process copper gets oxidized and provides
thefuel for the reaction; BaO,isasolid oxidizer and
Y.,O; —an active dilutient [2]. The reaction is rapid
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producing HT SC materialsin seconds from the exo-
thermic oxidation of copper metal. The mechanism
of this reaction has been established by a series of
detailed thermodynamic measurements.
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Formation of the SHS product inthe system Cu +
BaO, + O, occurs in two ways:

Theinitial stagesinvolve the oxidation of copper
by gaseous oxygen Eqgn. 2, this produces sufficient
energy to promote Egn. 3 where BaO, getsinvolved

Cu + 02 — CUZO . CUO (2) in the processl
and The simplified reaction schemefor the chemistry
involved in preparation of 1-2-3 HTSC materials by
Cu+ Ba0O, - BaCuO, (©)) SHSis shown in Egn. 4 and Eqn. 5.
3Cu + 2Ba0, + 0.5Y,0;+ O, - Ba,Cu;0s + 0.5Y,0;+ O, - Y Ba,Cuz0,, 4

3Cu + 2Ba0, + 0.5Y,0; - 2BaCuO, + Cu + 0.5Y,0; - 0.5Y,BaCuO; + Cu + 1.5 BaCuO, (5)

Theroute shownin Egn. 2 isrealized when suffi-
cient gaseous oxygen reaches the reaction zone, and
theroute shownin Egn. 3—with an oxygen deficiency.
Thus, during the SHS combustion an active melt is
formed that contains BaO and occurs on the surface
of copper particles. Copper is partially oxidized by
oxygen from the melt, and the oxygen deficiency for
the whol e reaction is compensated for by absorption
from the atmosphere. The final Y ,»; product was
formedinthe SHS step by crystallization of amelt of
Y ,0;, barium cuprates and copper (I1) oxide. This
producesfine crystals of Y Ba,Cu;Oy.,.

During the SHS of YBa,Cu;0,, BaCuO, and
BaCu,O, intermediates were formed. The formation
of BaCu,0O, isadistinctive characteristic of the SHS
process in comparison with standard ceramic tech-
nology. Itsformationisconnected tothe oxygen deficit
caused by the decomposition of BaO, being faster
than the copper oxidation. In mixed melts of the
BaCuO, - BaCu,O, materials and Y,0; readily dis-
solve, this together with the cuprates CuO already
presented in the melt, results in a number of cases
resultsto the reaction:

BaCuO, + CuO — BaCu,0,+0.50,1 (6)

In parallel with that reaction in the cuprate melt
thefollowing reaction also proceeds:

Y ,0; + BaCu,0O, + CuO - Y (7)

Thereaction shownin Egn. 6 providesacontinuous
source of BaCu,O, in the reaction zone, and oxygen.
Oxygen filtration from the external environment is
carried out by chemical means of formation of inter-
mediate phases: BaCu,O, + O, » BaCuO, + CuO +
+0,1 - BaCuO,s+ CuO+0,! - BaCuO,+ CuO+
+ 0,1 - BaCu,0,[3].

The experimental procedure for conventional syn-
thesis of chromium substituted HTSC involves long

firing times with intermediate grinding operations.
Den et a. [4] took high purity starting materials
(> 99.9%) Y.,0O;, SrCO;, CuO and Cr,O;which were
weighed out in the appropriate molar proportions and
mixed through grinding in a mechanical mortar and
pestle for 1h. After an initial reaction at 1040-
1060°C in alumina crucibles, samples were reground,
pressed into pellets and heated in an O, flow for 2 h
at the same temperature. Andresen et d. [5] prepared
Cr-substituted Y 1,3 by multiple firing of precursors
obtained by liquid mixing in citrate gels; Y ,0s,
BaCO;, CuCO; - Cu(OH), - 0.5H,0 were dissolved
in boiling citric acid mono hydrate and CrO; added
in a water soluble form. The gel that formed was
dried at 180°C, incinerated in air, milled, pelletized
and fired at 910°C for 20 h in a corundum boat un-
der flowing oxygen, before being finally oxidized at
340°C for 16 h. The firing procedure was repeated
twice. The above methods have multiple step path-
ways that are time consuming and expensive. In this
paper we report an inexpensive, two step route for
the preparation of Cr-substituted HTSC Ln,,; —type
via SHS reactions. In particular we report on the
reaction pathway in the SHS processes by a series
of thermal measurements and compare the T, and
magnetic properties of the products to conventionally
made materials.

Experimental

All reagents were obtained from Aldrich Chemi-
cal Co. (UK) and used as supplied. All the manipula-
tions and weightingswere carried out under nitrogen
atmosphere in a Saffron Glove Box (Saffron Scien-
tific Equipment Ltd). Milling operations were car-
ried out in aFRITSCH 05.102 ball mill using Halce-
don containersand balls. All the SHSreactionswere
carried out in air with pressed cylindrical samples

Eurasian ChemTech Journal 4 (2002) 73-86



M.V. Kuznetsov et al. 75

(diameter = 20 mm; height = 40 mm). Ignition oper-
ations were made by REKROW (RK-2060). Com-
bustion temperatures were measured using tungsten-
rhenium (5% and 20% Re) thermocouples. Sintering
was carried out in aquartz tube (i.d. 80 mm) under a
flow of oxygen on reground powders using a Naber-
therm programmabl e tube furnace. Heating and cool-
ing rates were 10°C/min. X-ray powder diffraction
was performed in the reflection mode on a Philips X-
pert diffractometer using unfiltered CuK, radiation
(A1 =1.5405 A, \, = 1.5443 A). Phases were identi-
fied and indexed using the JCPDS database, ASTM
and Unit Cell programs. Pycknometrical densities
were measured by standard methods using toluene;
magnetic and superconducting characteristics were
investigated using EG& G PARC 4500 at room and
liquid nitrogen temperatures; TGA and DTA experi-
mentswere carried out on SETARAM TAG24 using
alumina standards with heating and cooling rates of
10°C/min. SEM/EDAX were determined on a Hita-
chi S300 and JEOL EMA instruments. UV spectra
were obtained on a Shimadzu UV-2041 using pressed
KBr disks (sample:KBr ratio is 1:20). The oxygen
content was determined iodomerically. The accuracy
of determinationis+ 0.01.

SHS reactions were performed on various start-
ing mixtures of appropriate REM (111) oxide Ln,Os,
BaO,, Cu, Cr,0; and NaClO,. The molar ratio of an
each reagent was chosen to conform to the stoichi-
ometry and oxygen content (7.0) of the product. So-
dium perchlorate, aswell as barium peroxidewas used
asaninternal oxidising agent for the combustion pro-
cesses. On decomposition, these compounds produce
oxygen which oxidisesthe Cu metal - the fuel source
of the reaction. Sodium chlorideis also produced on
decomposition of the perchlorate. This provides ad-
ditional energy for the reaction and acts as awetting
agent that helpsto ensure passage of the propagation
wave through the solid. The sodium chlorideis par-
tially evaporated during the SHS process, the re-
mainder is readily removed from the product by
washing with CCl,. The general reaction schemefor
the formation of Cr-doped 1-2-3 HTSC formed by
SHS was:

0.5 Ln,O; + 2Ba0, + (3-x) Cu + 0.5xCr,0; +
+(1.5-3x)/4 NaClO, - LnB&,Cus,Cr,O;, +
+(1.5-3x)/4 NaCl (8)

where x = 0-0.25, Ln = Y; Nd; Sm; Yb; La
Thecritical concentration of sodium perchlorate,

when the process was not conducted in air is ~ 0.2
molar equivalents. This ensures that sufficient oxy-
gen is available for the reaction. The formation of
copper oxide slows down the SHS combustion re-
action, similar to conventiona synthesis, asthe copper
oxide tends to coat the copper metal particles and
shields the surface from further oxidation. Using an
internal oxidizer such as barium oxide or sodium per-
chlorate helpsto alleviate thisproblem, especialy with
regard to oxygen diffusion from the atmosphere. The
initial SHS reaction produces LnBa,Cus,Cr,O,
contaminated with NaCl and afew other minor phases
associated with incomplete combustion. Toimprove
the materials purity the asformed solid were washed
with CCl, and then annealed at 950°C for 2 h.

It is necessary to note, that Cr insertion in the
reaction mixture was obtained in two ways, by con-
ventional SHS as detailed above and by mixing an
appropriate quantity of chromium (I11) oxidewith pre
made Y 1,;. Thislater mixture was pressed into pel-
lets and annealed for some hours in a flowing oxy-
gen.

Preparation of LnBa,Cu,;sCr2s0,, from
reaction of Nd,O;; BaO,; Cu; Cr,0O;and NaClO,.
Ln= La; Y: Nd; Smand Yb.

The same reaction scale and procedure was
adopted for al the lanthanides illustrated here for Ln
= Nd. Nd,O; (4.80 g), barium peroxide (9.66 g),
chromium (111) oxide (0.54 g), copper meta (5.00 g)
and sodium perchlorate (0.94 g) were ground for 1 h
inaball mill using Halcedon boxes and balls (balls:
green mixtureratio is 10:1). The mixture was pressed
(20 kg/en?) into a2 cm by ca. 4 cm cylindrical pel-
let. Small holes were drilled through pellet and W-
Re thermocouples inserted. The pellet was supported
on a ceramic plate and the reaction ignited by a mi-
cro torch (ignition temperature is ~ 1200°C) at the
top. This produced alight orange propagation wave
that proceeded through the solid at ca. 1-2 mnv/s. The
average reaction temperature was 900-930°C. This
produced a black solid which was ground in a pestle
and mortar, washed with CCl, (3x200 ml) filtered
through a Buchner funnel and placed on the quartz
boat inside of the Nabertherm furnace. Samples were
annealed in flowing oxygen at a temperature of
950°C for 2h. Yields were essentially quantitative.
The solid was analyzed by X-ray powder diffraction.
The resultant black powder was tetragonal (a =
5.517 A; ¢ = 7.719 A) with single phase Nd,,;. Tran-
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sition temperature and magnetic susceptibility for al
the samples were also measured (Tables 1 and 2).

EDAX showed consistent Nd:Ba:Cu (1:2:2.75) ratios
across all surface spots.

Tablel
L attice parameters for the five series of MBa,Cu;Cr,Oz, (M =Y; La; Nd; Sm; Y b) HTSC samples obtained following the
SHS reaction of BaO,, Cu, M,0s, Cr,0; and NaClO,. In all the cases sampleswas sintered in flowing oxygen at 950°C for
2 h after the initial SHS. The lattice parameters, unit cell volumes V (A), a/b and b/c orthorhombicity parameters, X-ray
(dk, g/lcm3) and pycnometric (dy,cn, g/cm?) densities, obtained at room temperature, were also listed below.

3
M X e %/éoz) @ k(;/./L(\)oz) @ %/.ﬁc\)05) alb c/b (l/ /és) d
o 3818 3901 | 11649 | 0979 2086 | 17350 ;
O+ 3824 | 3896 | 11655 | 0982 2002 | 17364 | 6.0,
OF* 3824 | 3888 | 11650 | 0984 | 2996 | 17221 | 634,
v 0 3828 | 3809 | 11675 | 0982 2004 | 17425 | 502,
0.05 3.829 3900 | 11676 | 0982 2004 | 17436 | 521,
0.15 3833 3008 | 11678 | 0981 | 2988 | 17493 | 530,
0.25 3.835 3908 | 11683 | 0981 | 2990 | 17510 | 542,
OF* 3.907 3920 | 11798 | 0997 3010 | 18069 | 6.5,
0 3912 | 3910 | 11733 | 1001 | 3001 | 17947 | 520,
La 0.05 3915 3912 | 1173 | 1001 | 3000 | 17974 | 530,
0.15 3.920 3016 | 11740 | 1001 | 3000 | 18022 | 540,
0.25 3921 | 3017 | 1175 | 1001 | 3000 | 18051 | 569,
Or# 3.902 3844 | 11725 | 1015 | 3050 | 17587 | 687,
0 3.801 3841 | 11725 | 1013 | 3053 | 17523 ;
sm 0.05 3907 | 3847 | 1732 | 1016 | 3050 | 17533 ;
0.15 3911 3849 | 11740 | 1016 | 3050 | 17673 ]
0.25 3912 3850 | 11748 | 1016 | 3051 | 17694 ;
Or# 3871 | 3802 | 11658 | 1018 | 3012 | 17188 | 7.2,
0 3.857 3700 | 11671 | 1018 | 3079 | 17061 | 580,
Yb 0.05 3864 | 3799 | 11675 | 1017 | 3073 | 17138 | 590,
0.15 3.866 3803 | 11684 | 1017 | 3072 | 17.78 | 6.0,
0.25 3.868 3808 | 11693 | 1016 | 3071 | 17223 | 622,
Or#+ 5520 550 | 11709 | 1.000 2121 | 35678 ]
0 5,505 5505 | 11710 | 1000 | 2127 | 35487 | 5.0,
Nd 0.05 5,508 5508 | 11716 | 1000 | 2127 | 35544 | 575,
0.15 5513 5513 | 11718 | 1000 | 2126 | 3515 | 580,
0.25 5517 5517 | 11719 | 1000 | 2124 | 35660 | 590,

* - Industrial product of Aldrich Chem. Co. (UK), 35,746-4 [107539-20-8]

** - SHS in an atmosphere of oxygen (PO, = 1 atm)

*** . Reference samples (JSPDC - International Center for Diffraction Data)
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Table?2

Transition temperature (T,, K) of SHS products LnB&,Cus.,Cr,O,, (Ln = Y; Nd; Sm; Eu; Gd; Dy; Ho; Yb; Lu) sintered in
the flowing oxygen at 950°C for 2h and magnetic susceptibility (x * 10°, cm®g) of HTSC materials at room temperature

and oxygen content (7-y).

Ln (rare-earth metal)
Synthesis procedure
Y Nd Sm Eu Gd Dy Ho Yb Lu
(P%HS_'E‘ ;)zf’?;]a_trmfff 0 93 85 o4 98 99 97 9% o4 98
2~ c -
SHS with solid oxidizer (NaClO,) T, at:
91 93
0 Te (6.65) 84 (6.70) 96 98 97 96 94 97
X 231 | 651 | 320 - - - - 96.6 -
T. 90 80 90 - - - - 91 -
x = 0.05
X 183 | 627 | 255 - - - - 94.9 -
88 85
T 77 - - - - 88 -
x=0.15 ¢ (6.72) (6.77)
176 | 619 | 245 - - - - 92.7 -
86 82
T, - - - - - 85 -
X = 0.25 ¢ (6.75) (6.81)
X 168 | 60.1 | 224 - - - - 91.0 -

Results and discussions

SHS product characterisation

All the SHS products were dense lightly melted
black agglomerates, that were fragile and broke un-
der manipulation. The average granulometric size of
the as-synthesis products is d,, ~ 20-24 microns.
Unfortunately, commercially available rare-earth
metal powders, were not suitable as a fuel for the
SHSreactions. For example, theminimal particlesize
of al theREM metal powdersfrom Aldrich Chem.Co.
(UK) is~ 425 microns, whereasthe limiting particle
size of powders, at which useis possible to produce
the HT'SC product in combustion reactions is 60-80
microns. For such powdersto beusedin SHSrequires
additional milling and other treatment in special high-
hardness ball mills and attritors.

The major product in the SHS reactions was the
Y Ba,Cu,Cr,O., product, however impurities such
as Y,y (green phase), barium cuprate BaCuO, and
CuO were also observed (ca 10-20%). A short
annealing step of this composite powder in flowing
oxygen at T = 950°C for 2 h removed the impurities
and formed single phase Y BaCu,,CrO-., (Fig. 1).
The formation of impurities is related to the small
samples size and incompl ete combustion which leads

to nonequilibrium product formation. Thisisrelated
to the short synthesis and cooling times involved in
SHS. Additional heat treatment promotesan increase
of uniformity, mainly in terms of oxygen content and
promotes greater crystallization. An annealing tem-
perature of 950°C wasnoted asoptimum. It wasfound
that annealing temperatures greater than 1100°C lead
to product degradation and formation of Y ,BaCuOs
and CuO. At the highest level of Cr,O; used atrace
of copper (1) oxide and chromium (I11) oxide were
also found in thefinal product even after the supple-
mentary annealing in oxygen (ca < 1%).

Copper isdistributed inthe L n,,; material between
two non equivalent crystallographic positions, Cu?
and Cu**. Introducing chromium into the Ln,,; struc-
ture increase the orthorhombic cell parameters a, b
and c. The substitutional behavior of copper sitesare
not identical, and increasing of the orthorhombic pa-
rameters may be explaining clearly by the occupa-
tion of Cu?* sitesby Cr3* atoms (Cr3* (0.755A) hasa
higher ionic radius than copper Cu** (0.680 A) but
lower than Cu?* (0.870 A)). Inside of each series of
LnBa,Cu;,Cr,O-, (LN =Y; La; Nd; Sm and Yb) the
degree of orthorhombicity of the elementary cell a/b
and c/bfor all x (Table 1) were practically the same.
Anincrease of theLnionicradii isrelated to the de-
gree of orthorhombicity a/b and c/b that was noted to
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Fig.1. XRD pattern of reference YBa,Cu;O,, pattern
(Aldrich Chem.Co (UK)); SHS prepared Y Ba,Cus0y.,,
Y Ba,Cu, 75Cr250-., and NdBa,Cu, 75Crg 5507

Relative intensity

increasefrom 0.982 and 2.994 for yttriumupto 1.018
and 3.079 for ytterbium. Inside of each system with
increasing x the parameter (b-x) changeswith amaxi-
mum at 0.012. All the Nd-contai ning compounds have
atetragonal structure. For thisseriesthea and c val-
ues also increase with x. The c/b parameter however
is practically identical for all degrees of chromium
substitution into NdBa,Cus,,Cr,O-.,. Substitution is
one of the most effective methods to influence the
material’s density (Table 1). In all the systems
investigated pycknometric density of the SHS prod-
ucts increased with chromium content. Such doping
is supposed to be effective in optimizing the proper-
ties of Lny,; superconductors for practical applica-
tions,

EDAX elemental analysis of the SHS products
indicates high uniformity with no phase segregation.
The IR spectra of HTSC materials in arange of 50-
4000 cm'* show no evidence for formation of a sec-
ondary Cr,O; phase. The UV -spectraof undoped and
chromium-substituted samples reveal virtually no
changesin absorption with Cr content.

Anincreasein chromium substitution inthe SHS
prepared materials results in products with higher
thermal stability. Comparison of undoped and
chromium-substituted products alowsthefollowing
conclusions: an orthorhombic Y Ba,Cu;0;, sample
heated in the temperature range of 400-850°C leads
to a~ 0.8% mass (Fig. 2a) reduction. Thisis alo-
cated tolossof coordinated water. At higher tempera-
tures degradation of the superconducting phase oc-
curs, this phasetransition takes place with maximum

thermal evolution observed at T = 940°C. However,
the orthorhombic HTSC Y Ba,Cu;0-., phases have a
reversible characteristics, thisis shown by the pres-
ence of exothermic peakson the cooling curveandis
accompanied by the restoration of superconducting
properties at the end of the process. Heating the
chromium-substituted sample Y B&a,Cu, 75Crg 507,
shows flat thermal characteristics in the range 20-
1000°C (Fig. 2b). At the same time some water |oss
takes place at |low temperatures (T < 200°C). On the
DTA curve small additional endo- and exothermic
peaks are observed which are possibly related to the
oxygen sorption-desorption fromthe HTSC structure
[6]. Dueto much more complex chemical composition
of substituted material, large amounts of site defects
arepresent initsanion sublattice, related to the pres-
ence of not only Cu-O, but also Cr-O bonds. At the
same time, the presence of chromium and oxygen
bonds have a stabilizing influence on the materials
structure. In connection with this, the degradation
processesin the substituted material occursat higher
temperatures and requires more heating to degrade
the material. So, the convertible phase transition in
the chromium substituted Y 1,3 (x = 0.25) takes place
at T = 955°C in comparison with T = 940°C for the
non-doped material.

Thermal stability of HTSC material sincreased not
only in the systems that have the orthorhombic
elementary cells parameters, but also in the tetrago-
nal samples NdBa,Cus..CrO;, (Figs. 2c-2d). In
HTSC materials there are two types of tetragonal
structures - so-called tetra (1) and tetra (11) [7]. The
tetragonal product from the SHS reaction is super-
conducting, and its structure belongs to a tetra (1)
type. In this case, during linear heating of the SHS
products, the endothermic peaksin the DTA curves
may be attributed to the transitions from the super-
conducting tetra(l) structure to the non-superconduct-
ing tetra (1) form. With an increase of chromium
substitution from x =0 to 0.25, the phase transition
temperature was also noted to increase from 938°C
to 957°C. It is necessary to note, that the tetragonal
HTSC phase is characterized by lower oxygen
contents in comparison with the orthorhombic one.
At the same time, the c/b parameter is also practi-
cally identical for all values of x.

Theionicradii, electron affinity and orbital struc-
ture of 3d-elements and in particular chromium and
copper (Cu-1.8eV, Cr-1.6eV) aresimilar. Related
to this, it islikely, that chromium will replace Cuin
the 1-2-3 structure. A suppressioninT.inal thesys-
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Fig. 2a. TGA (1) and DTA (I1) curves for the linear heating of Y Ba,Cu;0-., (x = 0; orthorhombic phase).

SETARAM|Fi9.: Sample:Y Ba2 Cu2.75 Cr.25 0(7-y) Mass: 110 mg Ctn: Alumina
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Fig. 2b. TGA (1) and DTA (1) curves for the linear heating of Y Ba,Cu, 75Crg505. (X = 0.25; orthorhombic phase).
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Fig. 2c. TGA (1) and DTA (I1) curves for the linear heating of NdBa,Cus;0,., (x = 0; tetragonal phase).

SETARAMFig.: Sample:Nd Ba2 Cu2.75 Cr0.25 0(7-y) Mass: 110 mg3 Ctn: Alumina
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Fig. 2d. TGA (I) and DTA (I1) curves for the linear heating of NdB&,Cu, -5Cr50-., (X = 0.25; tetragonal phase).
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temswas observed with increasing chromium content.
This is in agreement with the classical Abrikosov-
Gorkov theory [8], which indicatesthat the magnetic
moment of some dopants such as chromium (Table
2), can form specific magnetic clusters. Thus, the
exchange interaction between Cooper pairs and the
local magnetic moment isreduced resulting in partial

suppression of superconductivity. This leads to a
uniform reduction of T, with Cr content. Since super-
conductivity depends on carrying a charge in Cu-O
(1) chainsto CuO, layers, the copper replacement in
the 1-2-3 structures by Cr® cations influences the
products oxygen stoichiometry and resultsin the oxy-
gen vacancies ordering within the structure [9-14].

Oxygen content in chromium-substituted HTSC isone
of the most debatableissuesin anumber of physico-
chemical properties of this class of materials. In this
connection, it is necessary to emphasize that HTSC
materials such as Y., which were synthesized by
solid-oxidizerswere characterized essentialy by lower
oxygen contentsin comparison with materials of the
same chemical composition produced in an oxygen
amosphere. So, the oxygen content of non doped SHS
product Y Ba,Cu;0., —synthesized by using NaClO,
makes it 6.65 per formula unit, as against ~ 6.85 —
for the synthesisin an oxygen atmosphere without a
solid oxidiser. At the sametime, thetendency of oxy-

gen content toincrease with x also existsinthe SHS-

made materials and isin agreement with results pro-

ducedin[11]. Thecal culated oxygen content valueis
7.0, but experimentally produced value at maximal

X =0.25is6.75. In the samarium samplesin arange
X = 0-0.25 values grow from 6.70 (Table 2). In a
number of papersthe question of oxygen concentration
with doping content were discussed [10,15-16]. In ac-

cordance with [15], at x = 0.291 the synthesis prod-

uct hasrhombic cdll parameters, atransition tempera-

ture of T. = 86 K and an oxygen content of 7.3. The
large oxygen content in the synthesized ceramicsis
abnormal and was explained from the point of view
of entry of impurity cationinthe copper position Cul,

which was accompanied, probably, by oxygen addi-

tionin apartialy vacant position O1. Umardevi and
Ramamohan [11] reported it was a favorable factor
for the stabilization of rhombic structure in HTSC
and the preservation of superconductivity. They also
reported the oxygen content (7-y) also increased with
chromium content, however, the maximum valuedid
not exceed 6.94. Thus, by using SHS productsit indi-

catesthat copper replacement in the structures of the
L n;,; —type by cations with valence greater than +2

enables an ordering in the structure of oxygen vacan-
cies of the HTSC material structure. It is also
necessary to emphasize that the SHSHTSC ceramics
are stableto oxygen loss. Oxygen content of both non-
doped and chromium-doped materialsdid not change
over three months storage of the samplesin air.

INHTSC materials, for example Y Ba,Cu;0;.,, the
ions Cu?* and Cu®*" have magnetic moments of 1.9 g
and 3.2 Y respectively. It is necessary to note, that
the magnetic moment of Cr¥ is 3 pg. In relation to
this, replacement of copper by chromium on the Cu**
sites can effect a non-significant reduction of the
resulting magnetic moment in the product. Results
are presented in the Table 2, which indicate that upon
replacement of Cu by Cr the bulk magnetic moment
of whole the product increases. The X temperature
dependence is rather significant. For example, in
Y B&,Cu,0,, a 85 K the x value of 64.4 cm®g is
almost three times the same characteristic at room
temperature. It is related to the considerably large
ordering in the structures contai ning magnetic cations,
at low temperatures. However, the tendency of
reducing x with increasing x iskept without tempera-
ture dependence. So, thex valueat x =0.25and 85K
makes 38.9 (cm?/g).

The samemagnitudefor thereductionin T isalso
observed for the sample made from reaction of Y5,
with chromium oxide. These facts together with the
increase of X-ray cell parameters values gives evi-
dencethat chromium preferentially occupiesthe Cu®*
sitesin the HT SC structure due to the similar orbital
structure, ionic radii and electron affinity.

Modeling experimentsin the SHS-systems

In comparison with previous SHS of LnBa,Cus.
CrO; [17] where copper powder PMS-1 (Russia)
(particle size < 60 microns) was used, inthiswork 10
micron Cu powder was used. The parameters that
influence the combustion process are the pressure of
oxygen (PO,), green mixture density (d) and the
dispersivity of theraw material (especially the copper
metal particlessize). Over a20-1000°C rangeof linear
heating a PMS-1 copper powder in air is oxidized
giving three exothermic peaks at 270°C, 430°C and
490°Cinthe DTA. Thismay be explained by thesig-
nificant granulometric heterogeneity of the powder
and, as a conseguence, various oxidation velocities
of the different sized fractions. During oxidation of
the Aldrich copper metal powder, due to its much
greater uniformity, onewide oxidation peak isseen at
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200-700°C (Fig. 3a). The weight reduction for the
initial stage at T < 100°C corresponds to adsorbed
water loss~ 0.5H,0. Inthe temperature range of 250-
500°C a weight increase of 11% occurs, which
correspondsto the reaction 2Cu + 0.50, —» Cu,0. A
further weight increase (up to ~ 26%) was observed
to 500°C when the oxidation of Cu(l) —» Cu(ll) ox-
idewas promoted. An exothermic peak with amaxi-
mum at 550°C on the DTA cooling curve also
corresponds to the end of thisreaction. The incom-
pleteness of the oxidation of Cu metal is related to
the formation of oxidelayerslimiting diffusion.

The presence of 5% chromium (I11) oxide in the
copper metal charge changesthe temperature of maxi-
mum heat rel ease in the oxidation from 300 to 313°C,
and the exothermic peak islessdefined (Fig. 3b). The
intensity of heat releaseis reduced from ~ 80 mV up
to ~ 60 mV, and the temperature range of intensive
oxidation was also altered. However, as a result of
“heating up to 1000°C + cooling down to T,y the
process of copper oxidation to CuO was al so practi-
cally finished. Thiswas confirmed by theincrease of
the samples weight to ~ 23%. It is also necessary to
note, that during heating this mixture not only does
copper oxidation take place, but also someformation
of CuCr,O,. One of the peaks on a DTA curve (at
higher temperature) is connected with the copper

temperatures - copper oxidation to CuO.

Barium peroxide BaO, decomposition occurs at
650-900°C with maximum heat release at 855°C (Fig.
3c). Its oxygen desorption rate essentially increases
with temperature. Theweight lossin the decomposi-
tion reaction makes ~ 8.7%, that corresponds to the
reaction BaO, - BaO + 0.50,[15]. Figure 2c shows
TGA and DTA curves of barium carbonate (BaCO5)
- the source of barium in most conventional HTSC
preparations. Anendothermic effect at T ~ 370-400°C
onthe DTA curveisrelated to the eutectics of BaCO,
- Ba(OH), melting. Pure industrial BaO, contains ~
93-95% of the basic substance. The occurrence of
eutectics is caused by melting of Ba(OH), ~ 1-2%
and BaCO; ~ 3-5% impuirities. Polymorph endother-
mic transitions take place in the structure of BaCO,
with increasing temperature. The first endothermic
peak onaDTA curve, appropriateto polymorph tran-
sition of BaCO,; from rhombic to hexagona occurs
at T = 820°C. A second - from hexagonal to cubic,
takes place at T = 950°C. These transitions are ac-
companied by partial loss of CO, ~ 4% from barium
carbonate.

In the mixture of 2Ba0, + 2.8Cu + 0.1Cr,0; (Fig.
3d) upto T ~ 350°C copper does not undergo oxida-
tion. At 313°C, inthissystem, the oxidizing reaction
of chromium (I11) oxide proceeds at the expense of
partial decomposition of BaO,: BaO, - BaO + 0.50,

chromitecrystallization, and the second peak at lower
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Fig. 3a. TGA (1), DTA (Il) and temperature (111) curves for the copper (Aldrich [32,645-3] (UK)) metal powder oxidation

processes under linear hesting.
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SETARAM Fig.: Sample:2.8Cu + 0.1Cr203 Mass: 110 mg Ctn: Alumina
TAG24  10-23-90 P: 2.8Cu + 0.4Cr203 Atm Air
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Fig. 3b. TGA (1) and DTA (1) and temperature (111) curves for the reaction 2.8Cu + 0.1Cr,O; under linear heating.

SETARAM|Fig.: Sample:BaC03 to 1000C on atr # BaO, Mass: 40 mg Ctn: Cer.
TAG 24 |01-02-80 P: BaC03 ; BaQ, Atm: Air
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Fig. 3c. TGA (I) - DTA (I1) curves for the BaO, (under argon atmosphere) and TGA (111) — DTA (IV) curves for BaCO;
(under air) decomposition under conditions of linear heating.

and liquid phaseformation. Theliquid phaseinfluences
the process of copper oxidation at T >450°C, and the
intensive process of oxidation with maximumat T =
435°C takes place at the expense of the copper inter-

action with air. With increasing temperature and an
increase of the barium peroxide decomposition rate,
thelimiting stagein the process becomesthat of copper
oxidation, which proceed up to temperatures~ 700°C
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and has a maximum at T = 650°C. Over this tem-
perature range there is also a partial formation of
copper chromite. Thegeneral weight increasinginthe
system is 4.5%. At 925°C barium cuprate BaCuO,
melting occurs, which leads to the eutectics in the
copper chromite CuCr,O,formation. On cooling, the
DTA curve shows the peak for the barium cuprate
BaCuO, crystallization process at T = 800°C.
Theinteraction of the componentsinthe 0.5Y ,0;
+ 2.8Cu+ 0.1Cr,O; mixture (Fig. 3e) hasinsignificant
differences from the process of copper oxidation in
air (TGA curve) and the process of linear heating of
the 2.8Cu + 0.1Cr,O; mixture (curve DTA). Thetem-
peratures of the DTA curve peak maxima are higher
by sometens of degrees, than in case where yttrium
oxide was absent. Finely dispersed powder (< 5 mi-
crons) such as Y,0; discourages oxygen diffusion
through the layers of the homogeneous mixture. The
oxide film formation on the copper particles during
heating is only partially completed. The exothermic
peak seeninthe DTA curve during copper oxidation
isrelated to that observed on cooling. The maximum
of heat releasein this processevolve~50mV, thatis
lower than heat release in the system of 2.8Cu +
0.1Cr,O; which is ~ 60 mV. It is necessary to note,
that in previousreports[ 18] theinteraction of yttrium

oxidewith copper (1) oxideand formation of Y ,Cu,Os
has a solid-phase nature and was not accompanied
by any thermal effectsinthe DTA curve.

In general, the phase formation mechanism of the
chromium-substituted HTSC synthesisdiffersdightly
from the mechanism in non doped systems (Fig. 4).
Owing to the fast heating of a mixture in the
combustion wave, part of the copper particles (as a
rule the larger fractions), have no time to oxidize to
the melting state. Copper oxidation processtake place
in two directions: directly by oxygen from the air
through the formation of friable Cu,O - CuO, or
through the interaction with oxygen released from
BaO, to form BaCuO, or BaCu,O,. Further, the for-
mation of amixed melt of barium cuprateswith copper
(I1) oxide - BaCuO,- BaCu,0O,- CuO takes place. In
the case of chromium (I11) oxide Cr,O; or chromium
(VI) oxide CrO; asa Cr source ageneral decreasein
the eutectic melt formation occurs owing to the par-
tial change of energy on melting and decomposing (in
acaseof CrO;) of these compounds. The oxygen defi-
cit in an initial mixture during the combustion pro-
cessinair can be partially compensated by CrO; de-
compositionat T ~200°C. Together with chromium-
containing solid-oxidizer asaninternal source of oxy-
gen, akaline and alkaline-earth metals perchlorates

SETARAMIFIg.: Sample:2Ba02 + 2.8Cu + 0.1Cr203 Nass: 110 mg Ctn: Alumina
TAG24 |10-26-90 P: 2Ba02 + 2.8Cu + 0.1Cr203 Atm Air
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Fig. 3d. TGA (I) and DTA (ll) curves for the reaction 2Ba0, + 2.8Cu + 0.1Cr,O; under linear heating.
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Fig. 3e. TGA (1) and DTA (I1) curves for the reaction 0.5Y,0; + 2.8Cu + 0.1Cr,O; under linear heating.

can also be used for compensation of the oxygen de-
ficiency in the starting material s by decomposition at
relatively low temperatures. In each particular scheme
of synthesis the perchlorate and chromium (V1) ox-
ide amount was cal cul ated with respect to the oxygen
balance (7-y = 7.0) between the initial components
and final HTSC product. Analysis of the combustion
products in the mixture of 2Ba0O, + 3Cu has shown,
that together with barium cuprate, copper (I1) oxide
(~ 5%) was present. In the presence of chromium
oxide, the reaction of BaCuO, + CuO - BaCu,0O, +
0.50, is not complete, and there is a partial interac-
tion between CuO and Cr,0; to form CuCr,O, dur-
ing theinitial reaction stage. It isknown, that copper
chromiteisthermally unstableat T ~900°C [19] and,
hence, itsformation proceeds at lower temperatures.
At 820-900°C the compl ex structure melt: xBaCuO,-
yBaCu,0,-CuCr,0O, was formed. The «y» value de-
pends on the percentage Cr,O; and decreases with
chromium contentsin the system (x +y = 2). During
the stage of intermediate product formation, analysis
of quenched samplesreveal sthat the chromium (I11)
oxide is present. In this connection it is possible to
make aconclusion that the chromium hasreacted via
chromium (111) oxide and copper oxide andinthe melt
of cupratesis present only as CuCr,0O,. In the mixed
cupratemelt Y ,O;was a so dissolved with the subse-

quent crystallization of Cr-doped HTSC phase of Y 1,5

+0, +0,
Cu » Cy;0 - CuO
-0,
+0, BaO « BaO,

10,

Cn0; - [CuCr;O,; - BaCu0; © BaCu;OIJeCuO-——

Complex melt

Y0, Y203

YzBaCUOS Y;CuzOs

e

YBa,Cu; «CrO7y

Fig. 4. General scheme of LnBa,Cus,,Cr,O;, (LN =Y)
preparation by SHS.

HTSC materialswere easier to form by SHSwith
lanthanides of smaller ionic radii. Thistendency was
especially true for the reactions that has alow exo-
thermic and consequently employed a solid-oxidizer.
The maximum combustiontemperaturesin all the SHS
reactions to form Ln,»; are 890-930°C. All the SHS
products have T, in the range of 77-98 K. It is
necessary to emphasi ze, that the combustion tempera-
ture Ty generated in the SHS-processes is similar
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tothetemperaturein the standard ceramics synthesis
of Lny,3 - about 950°C. However, the duration of fur-
nace heating in conventional synthesisistwo orders
of magnitude longer, than SHS. Thislong durationis
requiring in standard ceramics synthesis as metals
oxides are used. In SHS the complex oxides forma-
tion occurs simultaneously with oxidation of one of
the components—the Cu fudl. From this point of view
the SHSroute hasamore active stagein the chemical
reaction.

Conclusions

Pure and chromium-substituted complex oxides
LnB&,Cus,,Cr,0O,, (x =0-0.25; Ln=Y or REM) were
synthesized by self-propagating high-temperature
synthesis. All the reactions after sintering at 950°C
in an oxygen atmosphere produced single phase
orthorhombic or tetragonal LnBa,Cu;,Cr,O-., with
T, =98-77 K. The SHS prepared LnBa,Cus.CrO-.,
show uniform changes in the T, lattice parameters,
unit cell volumes and magnetic properties (x) with
chromium content and lanthanide atomic number. The
SHS materialsareequal in quality and characteristics
to traditionally prepared materials and require
relatively simple synthesis conditions.
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