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Abstract:

The effect of the addition of Gadolinium oxide (Gd,Oz) up to 10 wt.% in bauxite was
studied and its thermal behavior compared with pure bauxite. The incorporation of Gd,O; is
of technological interest for the design of smart traceable ceramic proppants used for
unconventional gas and oil well stimulation. These high macroscopic neutron capture cross
section proppants are used to obtain relevant information, such as the location and height of
the created hydraulic fractures, through a neutron based detection technology. The study
comprised a set of thermal and sintering behavior analyses up to 1500 °C of mixtures up to
10 wt.% addition of Gd,03. The developed texture and microstructure was also assessed. A
simple mechanical characterization was performed as well. Fully-dense pore-free
microstructures were developed, with alumina and mullite as the main crystalline phases.
Gadolinium secondary and ternary alumino-silicate phases were also observed after thermal
treatment. These present a needle morphology that might result in reinforcement mechanisms.
No important glassy phase was detected; although sintering was enhanced, the Gd,O; oxide
main role was found to be as a sintering aid rather than a strict flux agent. The mechanical
behavior remained fragile with the rare oxide addition. In fact, the mechanical resistance
increased up to 20 wt.% for the 10 wt.% added sample. The oxide addition together with the
bauxite dehydroxilation mass loss resulted in materials with up to 1.5 x 105 (c.u.)
macroscopic neutron capture cross section materials. The obtained results permit to define
design strategies of high macroscopic neutron capture ceramic materials for wellbore and
developed fractures description.

Keywords: Bauxite; Rare earth; Gadolinium oxide; Smart ceramic proppants; Thermal
neutron capture cross section.

1. Introduction

Ceramic proppants are frequently used in hydraulic fracturing of unconventional oil
and gas reservoirs. Each hydraulic stimulation uses of about 230 tons per year of proppants.
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The proppant specifications are ruled by the American Petroleum Institute (API) and their
main requirements are: grain distribution size, sphericity, roundness, crush resistance,
acid solubility, turbidity and hydraulic conductivity. Sintered proppants are developed to
achieve fluid and gas conductivities under rigorous conditions of deep environments. They
should maintain their integrity under high temperature, salinity and acidity during usage [1].
Ceramic proppants have widely demonstrated their suitability to fulfill these requirements
with a good cost-availability-performance relation. Ceramic proppants belong to the Al,Os-
SiO, system and are manufactured from bauxite and/or kaolin clays (US Patent 8,234,072
B2); [2-5].

After the well stimulation process, it is highly desirable to know the fracture
geometry and proppants distribution in it. Recently, methods to identify proppants in induced
formation fractures have been proposed (US Patent 8,234,072 B2, US 8,648,309) and applied
[6-9][10-15]. These methods require the incorporation of a suitable high thermal neutron
capture element, such as gadolinium or samarium, into the proppant grain during the ceramic
manufacturing process. The incorporation is accomplished by adding oxides or other derived
compounds of these elements to the starting raw powder (US Patent 8,234,072 B2). These are
known as traceable smart proppants, which have a high avidity for absorbing slow or
“thermal” neutrons (energy < 0.5 eV).

Physical properties of the tagged proppant (e.g., crash strength and conductivity) are
unaffected by the addition of Gd,Os at a low concentration (0.025 % to 1 % by weight of the
proppant) (US Patent 8,234,072 B2). The rare earth incorporation increases the
thermal neutron capture cross section (c) of the constituent proppant material and makes it
detectable by the depression of the thermal neutron flux, or due to the emitted gamma
rays (prompt gamma rays) [16].

The addition of elements such as gadolinium (49,700b) and samarium (5,922 b)
increases the macroscopic thermal neutron capture cross section of the proppant and makes it
detectable after placement in the fracture. This is mainly achieved by measuring the
suppression of the thermal neutron flux recorded in the post-frac log, or by computing the
gadolinium yield through gamma spectroscopy. After-fracture signals are often compared to
the corresponding before-fracture signals, showing the presence (or absence) of the traceable
material. Up to date there is only one traceable proppant (ceramic) available in the market
which uses gadolinium oxide[17,18]. The technology has been successfully employed over
200 vertical wells in field operations in the last decade [7-9, 16-20].

It is common in petrophysics to use the macroscopic capture cross section (X) as a
bulk property for neutron interactions with materials. This parameter is defined as the product
of 6 and the number of atoms per cubic centimeter N [21]:

2; =No; =N“A+p0i 1)
Where, Ny, is Avogadro’s number, p is the density (in g.cm™), and A is the atomic weight of
the isotope. Note that £ has dimensions of cm™, however, the so-called capture units (c.u.) are
preferably used in petrophysics, multiplying 1000 times ). This can be estimated from the
composition density information of the materials [16, 18], and (qualitatively) illustrates the
detectability of the proppants. Although commercial ceramic proppants, CarboNRT®, use up
to 0.4 wt.% of gadolinium oxide addition in their composition, higher concentrated proppants
(ultra detectable) could be easily blended with non-tagged proppants in order to achieve
adequate detectable mixtures. This approach in the use of traceable smart proppants requires a
better understanding of the ceramic behavior of gadolinium oxide in higher proportions, in
order to obtain ceramic design strategies.

In a previous article we performed a systematic thermal behavior study of kaolinitic
clays mixtures with gadolinium oxide and samarium oxide, due to the same technological
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interest of these thermochemical processes [10, 11]. A systematic formulation-sintering-
properties correlation was carried out. The thermo-chemical complex processes were not
considerably affected by the presence of the Gd,Os. The resultant materials were like the non-
tagged material, and have gathered all the properties for proppants fabrication. Because of
these, the thermal behaviors of bauxite mixtures with gadolinium oxide are of technological
interest.

1.1 Objectives

In this work we describe the effect of gadolinium oxide addition in the thermal
behavior of bauxite and evaluate the changes in the technological properties of the resulting
ceramics. This will enlighten the processing strategy of gadolinium based ceramic proppants
and allow inferring the processing cost of the study functionalization.

2. Materials and Experimental Procedures
2.1 Materials

An industrial grade bauxite was employed as the model bauxite [2]. The main properties of
the employed Bauxite are shown in Table 1. Chemical composition was performed by X-Ray
Fluorescence Spectrometry, using a Shimadzu Energy Dispersive Spectrometer, model EDX-
800HS. The lost on ignition was carried out in a muffle furnace at 1000 °C for one hour.
Mineralogical composition was determined by X-Ray Power Diffraction on a Philips 3020
goniometer with Cu-Ka radiation, Ni filter, at 40 kV-35 mA; with 0.04° and 2 seconds steps
in the 3-70° range. Patterns were analyzed with the program FullProf (Version 5.80 — 2016), a
multipurpose profile-fitting program, which includes Rietveld refinement to perform phase
quantification [14, 22]. A pure gadolinium oxide (Gd,O3) (Sigma Aldrich: CAS Number
12064-62-9) 99.9 % purity was employed (Dso =~ 2 um).

Tab. I Chemical and mineralogical composition of the employed bauxite.

Oxide composition Bauxite

wt.%

SiO; 11.53

Al,O; 53.35

Fe,03 5.72

K,0 0.13

TiO, 0.65

SO3 0.13

LOI (dry samples) 27.97

Mineralogical wt.%
Gibbsite (AI(OH)s) 72
Kaolinite (Al,03.2Si0,.2H,0) 23
Boehmite (AIO(OH)) 2
Maghemite (Fe,O3) 3

2.1 Mixture formulations

Mixtures of bauxite containing 1.0, 5.0 and 10.0 % by weight of Gd,O3; were studied
and labeled as BGd1, BGd5 and BGd10, respectively. They were compared with the pure
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bauxite sample, labeled BGd0. The mixture formulations range criteria was to obtain an
equivalent macroscopic capture cross-section in such mixtures as the ones present commercial
traceable proppants [16, 23].

2.3 Processing: powder mixing and sintering

The chosen processing route was the same as the precedent clay-rare earth mixture
study [10]. Bauxite-oxide mixtures were obtained by wet ball milling; alumina jar and milling
media were employed. Dried mixtures were de-agglomerated and sieved (#200) before
pressing. The disc shape was chosen because they present more controllable dimension and is
possible in this shape to measure properties rather than in proppants. The sphere proppants
morphology can be obtained only through specific equipment like pelletizing disks or drums,
or high energy mixers [1]. The sphere proppants morphology can be obtained only through
specific equipment like pelletizing disks or drums, or high energy mixers [1]. The compaction
route used here can be regarded as an adequate route due to particular processing variables
[23].

In our case, the compaction grade was 55 % of the theoretical density. However, the
sintering behavior of ceramic based materials can be qualitatively extrapolated to different
conformation processing routes. It is well known that the amount of mullite governs the
mechanical properties of clay based ceramic materials [14, 24], hence the disc samples results
might be extrapolated to sphere geometries.

Samples were fired at the same heating rate (10 °C/min) with different maximum
temperatures at 1250, 1350 and 1400 °C and 30 minutes soaking in air atmosphere.

The employed geometries and pressure are a starting point for further sintering studies that
could be carried out after this additive (Gd,O3) formulation study. Samples with no, 1, 5 and
10 wt.% were studied and labeled GdO0, Gd1, Gd5 and Gd10 respectively.

2.4 Bauxite — Gd,O3; mixtures characterizations

The effect of heat treatment was evaluated by thermogravimetric and differential
thermal analysis (DTA-TG) simultaneously carried out on a Rigaku Evo Il equipment in air
atmosphere, with a 10 °C/min heating rate in Pt crucibles. The derivative curve of the TG
(DTG) was also employed for this purpose. To understand the sintering behavior,
thermomechanical analysis on a vertical prismatic (20.0 x 3.5 x 3.5 mm® sample was
performed; with a 10 °C/min heating rate in air atmosphere (TMA Rigaku Evo plus I, Japan)
[25, 26].

Sintering studies of the samples were performed using a hot-stage microscope
(HSM). Cylindrical specimens (5 mm high and 3 mm in diameter) were prepared by uniaxial
pressing. They were placed vertically on the sample holder of the heating microscope oven
(L74 Linseis) and were tested with heating ramp of 10 °C min* up to 1400 °C. The
temperature was recorded with a Pt—-Rh type S thermocouple. The images captured with the
digital camera in the microscope were configured in such a way as to obtain a record of one
shot per degree centigrade [27]. Changes of the height L in the course of their heating
compared with initial height (LO) of the samples at the starting temperature were determined
analyzing sintering process.

The Apparent density and porosity of the fired samples was obtained by the
Archimedes immersion method. These two sintering parameters illustrate the actual
sinterization grade of the resulting materials; ceramic proppants sintering must be high in
order to achieve high strength; the clay thermal shrinkage may be assumed to be isotropic.

Identification of crystalline phases in the fired materials were carried out by X-ray
diffraction (XRD) (Philips 3020 with Cu-Ka radiation, Ni filter, at 40 kV-35 mA; with 0.04°
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and 2 s steps in the 3-70° range). Phase identification from XRD patterns was carried out
using PDF- 2 database (ICDD PDF-2).

Afterward, the microstructure analysis was performed using a scanning electron
microscope (SEM: JEOL, JCM- 6000). Surface was analyzed in ultra-high vacuum conditions
and 20.0 kV. An Everhart-Thornley Detector (ETD) was employed in back-scattered electron
mode. Energy Dispersive Spectroscopy (EDS) analysis was carried out in mapping mode at
15 kV and 7800 seconds of acquisition time.

Finally, a simple comparative mechanical characterization was carried out, evaluating
only the optimized materials by diametral compression. This test, also known as “splitting
test” or “Brazilian test”, has been usually employed in mechanical evaluation due to several
advantages: simpler piece preparation, simple geometry and quickness of testing, independent
data with regard to surface finish and no edge effects [10, 28, 29]. In this case, the 15 mm
diameter and 5 mm thick disc-shaped samples were diametrically compressed in a universal
mechanical testing machine (INSTRON 5985, USA), at a constant strain rate of 0.1 mm/min,
with steel plates. Lubricant paste was applied on the platen surfaces in contact with the disc to
reduce friction; white and carbon papers were placed together between each platen and the
disc for load distribution (padding material). The initial diameter was used for the calculation,
and L was employed for the final maximum load of samples. In this method, the mechanical
strength and displacement can be calculated with the following equations:

2L

==
e=1 ©)

At least 8 samples were evaluated for each material, where L is the final load, D is the initial
diameter, T is the thickness of the disc-shaped sample and Ad is the universal testing machine
displacement.

3. Results and Discussion
3.1 Thermal behavior of the bauxite-oxide mixtures
3.1.1 TG-DTA

-10

-15

TG (%)

-20

-25

-30

I 1 I 1 I 1 I 1 I 1 I 1 I
0 200 400 600 800 1000 1200 1400
Temperature (°C)

Fig. 1. Thermo gravimetric (TG) curves of the Bauxite - Gd,O3 samples.
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Fig. 2. Differential thermal analysis curves of the (DTA) of the Bauxite - Gd,Os; samples.

The TG (Fig. 1) behavior of the bauxite and mixtures are similar. The hydroxide
decomposition; (two steps) is clearly observed near 300 and 475 °C down to 22 and 27 %
respectively as reported for other bauxites, with kaolinite as secondary mineral [30]. No other
mass involved process can be observed in the TG. An expectable dilution effect with the
increase in Gd,O; content can be observed, as mass losses decrease with the oxide addition.
The two endothermic processes are also observed in the DTA curves, accompanied by a small
exothermic peak at 980 °C. This corresponds to the spinel aluminosilicate formation [12, 31,
32]. This is difficult to observe in the Gd10 mixture. No other thermal processes were
detected by this method.

3.1.2HSM - TMA
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Fig. 3. Sintering curves of the of the Bauxite-Gd,O3 samples.

The sintering curves illustrate the shrinkage thermal evolution (Fig. 3). The behavior is
similar for the four studied samples: a slight shrinkage is observed up to 1200 °C; with small
steps at 300, 500 and 950 °C respectively; each one corresponding to the thermal processes
described by the DTA (Fig. 1). The main sintering process starts at 1200 °C, with an abrupt
shrinkage. The sintering rate increases with the Gd,0O; addition, and the maximum achieved
shrinkage is almost 30 % for the Gd10 sample. This value is slightly lower for the pure
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bauxite sample. The rare earth addition could be understood as a sintering aid of bauxite since
shrinkage rate is rising with Gd content [33, 34]. Above 1350 °C in sample Gd10 a slight
enlargement can be observed. This peak might be related to the subsequent chemical
processes involved in the reaction sintering (see section 3.2) [25]. evidently developed new
phase present a lower density, which results in an enlargement.

The actual processing heating program for industrial development could be optimized
after this analysis. Evidently the maturing temperature range is between 1350 and 1450 °C.
this corresponds with previous reports [2, 3, 5]. The chosen batch samples temperatures were
based on this analysis.

3.2 Developed crystalline and non-crystalline phases
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Fig. 4. XRD Patterns of the fired ceramic samples at different final temperature
and different rare earth content.

XRD patterns of the studied samples are shown in Fig. 4, the identified crystalline
phases are shown in Table Il, PDF files are shown as well.

As expected, the sintered bauxite resulted in Coridon (Al,O3) and Mullite
3Al,032Si0, as principal crystalline phases. These are accompanied by hematite (Fe,O53);
with no titanium oxide detected; thus these results are considered consistent with the chemical
and mineralogical composition of the stating powder (Table I). No other phase was identified,
and no important thermal effect was observed in the 1350-1500 °C range. The typical
thermochemical processes of the kaolinite alumina mixtures occur below this temperature[12,
35, 36]. The amount of mullite developed (primary and secondary) [37] corresponds to the
kaolinite present in the starting raw material [2]. No crystalline silica phases (SiO), such as
cristobalite or quartz, nor silica based glass were detected. This fact ensures the structural
behavior for these kinds of materials.

The incorporation of the rare earth oxide slightly affected the developed crystalline
phases. Firstly, the iron phase was partially altered into Maghemite/Magnetite Fe;O, instead
of Hematite, and iron silicate was observed (which was not present in the pristine bauxite
sample).
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Secondly, the mullite content of these samples (Gd5 and Gd10) was decreased or
even suppressed; instead, gadolinium silicates or alumino-silicates (see Table 1I) were
identified. In all samples, the principal crystalline phase is the aluminum oxide, ensuring an
appropiate mechanical behavior of these materials and the proppant performance [1].

Finally, traces of gadolinium titanate and silicate and iron aluminate were detected in
the samples with rare earth oxide, in the high proportion samples Gd5 and Gd10. This is not
important, and do not considerably affect the technological properties.

Tab. Il Identified crystalline phases in the fired samples.
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Gd1l 1400 XXXX XX X X X
1500 XXXX XX X X X
1350 XXXX XX X X X X X
Gd5 1400 XXXX XX X X X X X
1500 XXXX X X X X X X
1350 XXXX X X X X X X
Gd10 1400 XXXX X X X X
1500 XXXX X X X X

3.3 Sintering parameters and textural properties

After the sintering test, samples were fired at different heating programs with 2-hour
dwelling. These conditions are similar to the actual ceramic processing heating programs [3].
Both open porosity and density were evaluated by the immersion test. The open porosity is a
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more effective sintering parameter, especially when different crystalline phases are observed.
Open porosity decreased from 10.8 to 1.8 % for the parental bauxite (see Fig. 4). In the
studied range, open porosity decreased both with maximum temperature and rare earth
addition increase. Nearly null open porosity samples were achieved with 1500 °C Gd,O;
added samples (Gd1, Gd5 and Gd10).

The apparent densities achieved are also affected by the studied processing variables

(see Fig. 5). Apparent density increased with both explored variables increase: temperature
and rare earth addition.
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Fig. 5. Sintering parameters of the sintered mixtures at different heating programs (a) density;
(b) porosity.
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3.4 Microstructure developed (SEM)
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Fig. 7. Developed microstructure (x6000) of the studied samples.

The 1500 °C samples were chosen for the SEM analysis. These were fully dense in the
immersion test. In the four cases, the observed microstructures are adequate for proppants
manufacture. Homogeneous dense microstructures were achieved in the four studied samples
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by the employed processing route, which corresponds to typical bauxitic proppants
microstructures [2, 3, 38, 39]. No macro-pores were observed in the low enlargement SEM
images (Fig. 6). The observed microstructures are easily illustrated in the x6000 SEM images.
These correspond to the crystalline phase analysis (XRD-Rietveld analysis above) and the
immersion test (Fig. 7). The sintered bauxitic sample (GdO) presents a highly sintered alumina
(AlO3) grains microstructure. Rounded grains are observed, with no important amount of
glassy phase present, results consistent with the XRD patterns as well.

On the other hand, the samples with rare earth content presented needle like grains
imbibed in the sintered rounded grains microstructure (labeled in Figs. Gd1 and Gd5); only
some needles are observed in Gd1 sample, in the Gd5 sample the needles proportion is high
and comparable to the rounded alumina grains. These needle grains correspond to the
observed crystalline phase belonging to the SiO,-Gd,O; and Al,O3-Si0,-Gd,O3 systems [16]
(see Section 3.2.). The needle morphology is similar to the mullite grains [28, 40, 44], under
certain condition of growth stress strain induction in material during crystallization, crystals
from in which the growth is rapid in one direction, developing filamentary crystals that are
presumably free from gross imperfection [42]. This morphology might present a
reinforcement mechanism in the materials [24, 35, 37], specially taking into account that
these needles are generally monocrystalline, because they grow in situ during the thermal
treatment [43]. Further analysis of this particular needle phase should be of interest, but falls
out of the scope of this article.

The alumina grains are slightly larger than the grains observed in the sintered bauxite
with no additives. This might be explained by secondary chemical processes that
accompanied the needle growth.

Finally, in the Gd10 sample the needles are also observed and are the principal phase
of the developed ceramic. The interlocking microstructure might present high mechanical
performance [41, 42, 44]. As mentioned, the mechanical performance of the ceramics is a
requirement for the proppant application [1]. However further studies should be carried out to
reveal the actual behavior of these gadolinium aluminosilicate ceramics, which have been not
reported before as structural ceramics.

3.5 Spatial distribution of Gd atoms
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Fig. 8. SEM - EDS Mapping images of the Gd10 Material sintered at 1500 °C.
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A simple EDS analysis was carried out to observe the gadolinium presence and visualize the
spatial distribution. This is important in order to corroborate an isotropic and homogeneous
distribution of this element when employed as a probe for neutron based detection
technologies, as in the mentioned particular application; more so taking into account that
proppants diameter is below one millimeter [1].

An element mapping of the Gd10 sample was carried out; illustrating the spatial
distribution of the principal atoms. The original SEM image (grey) is accompanied by images
corresponding to aluminum, silicon and gadolinium (violet, red and yellow correspondingly).
Three points (A, B and C) were marked. A and B correspond to the needle zone and C to a
sub angular-rounded grain. While the first ones correspond Al,03-SiO,-Gd,0O3 system, the
third one (C) corresponds to pure aluminum oxide. These results are in agreement with the
XRD patterns (Section 3.2).

Finally, it could be stated that for practical purposes the degree of homogeneity of the
spatial distribution of the high neutron capture atoms (Gd) is adequate for its use as a high
neutron capture material.

3.6 Mechanical properties of the developed materials
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Fig. 9. Mechanical strain; diametral compression resistance of the studied samples as a
function of the Gd,O; content.
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Fig. 10. Stress strain curves of the sintered bauxite Gd,O3z mixtures fired at 1500 °C
(examples).
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A simple mechanical behavior characterization was carried out for the fully densified
materials sintered at 1500 °C. The results obtained might be to other geometries and
processing routes [23].

The achieved mechanical strange encourages the structural application and the
proppants design. Fig. 10 shows examples of the obtained stress strain curves. A fragile
behavior was clearly observed in GdO and Gd10 the samples. The Gd1 and Gd5 specimens
presents instability region originating from crack propagation, because of this a catastrophic
rupture is not observed.

The effect of the Gd,O3 addition is observed: A slight decrease in the mechanical
resistance is observed below 5 wt.% addition (approx. 10 wt.%). The Gd10 sample presented
a higher mechanical resistance (20 % higher than the non-added bauxite-based ceramic). This
is related to the needle microstructure (see Fig. 7) [44] and, as mentioned, could be an
advantage in proppants usage [1,3].

3.7 Macroscopic neutron capture section (X) of the studied materials.

As expected, the incorporation of gadolinium increases considerably neutron capture
section; and sustain the present application. The not added sample Y = 77 c.u. and the 10 % wt
sample is 1.5 x 10° c.u. The estimated values of 3 [21] are almost linearly correlated
(R?=0.9975) with the amount of gadolinium oxide. The achieved values (see Fig. 11) ensures
the detectability of proppants prepared with these content Gd,O; content [16, 18].

200001
— Linear Fit
150004
—
S
£ 100000
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g
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Fig.11. Macroscopic neutron capture section (X) of the studied materials as a function of the
added Gd203 Oowt.

4. Conclusion

The effect of a rare earth oxide (Gd,05) addition in the thermal behavior of industrial
bauxite and the technological properties of the resulting ceramics when fired at 1350-1500 °C
were performed. A systematic formulation-sintering-properties correlation was carried out,
characterizing also the non-added bauxite for comparison purposes. The incorporation of
Gd,0sis of technological interest for the design of smart traceable ceramic proppants used for
unconventional gas and oil well stimulation. This high macroscopic neutron capture cross
section proppants are used to obtain relevant information; such as the location and height of
the hydraulically created fractures. The macroscopic neutron capture section () is almost
linearly correlated with the oxide incorporation and was estimated up to 1.5 x 10° c.u for the
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10%Gd; the estimated ) is considerably higher than any other reported ceramic proppants
value, and represents an opportunity for designing ultra-high traceable proppants. Moreover,
the 10 %wt. added sample resulted in better mechanical behavior.

The Gd,O3 addition did not affect the sintering starting temperature (1200 °C) but the
sintering rate was increased. Dense, pore free ceramics, were obtained at lower temperatures.
In all cases, the observed sintering differences could be optimized by later definitive heating
programs. From this it could be stated that processing cost of the tagged proppants should
only be increased by the raw materials cost.

The oxide role is different from the kaolinitic clay-based proppants, as no glassy
phase was detected. Gd,O3 do not act as a fluxing agent when fired only with bauxite and the
corresponding alumina phases, instead new gadolinium binary or ternary crystalline phases
are formed. These phases present mullite needle like morphology; easily observed by SEM.
This morphology resulted in a supplementary reinforcement mechanism. The mechanical
behavior of the developed materials was not affected in the low Gd,O3; content samples
(below 5 %) and increased the strength in a 20 the 10 % Gd,0O3; added sample.

After this study, new high neutron capture proppants with good proppant performance
can be designed with the developed materials.
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Casxcemax:. Ilpeomem ucnumusarna y osom pady je egexam oonuparba 6oxcuma ca 0o 10
mac.%  eaoonunujym  okcuda  (Gd,O3) u  mepmuuxko  nowaware — 0obujenoe
mamepujana. Yepahueare (Gd,O3) je 00 unmepeca 3a mexHoiowKy APUMEHY V NPABHERY
RAMEMHUX KepamMuukux mamepujara y unoycmpuju nagme u ecaca. Osu mamepujanu umajy
BEUKU MAKPOCKONCKU NPEYHUK 3a ANCOPNYUJY HEYMPOHA U KOPUCHE ce 3a 000ujarbe OUmHux
uHopmayuja, Kao wmo cy aoKayuja u 6UCUHa XUOpayiuukux @paxmypa rxopuuihervem
HeympoHCKux memooa doemekyuje.08aj pad cadpicu anaiuze NOHAUAA MOKOM MEePMUUKOR2
mpemmana u cunmeposgaroa 0o 1500 °C mamepujana ca 0o 10 mac.% Gd,O0s3. Texcmype u
Mopghonozuja dobujenux mamepujaia cy maxohe uchumaue, a 00a6/beHA je U JeOHOCMABHA
Mexanuuka Kapakmepusayuja. /lobujenu cy mamepujaiu Makxcumante eycmune u b6e3 nopa, ca
ATYMUHOM U MATUMOM Kao 2iasHum kpucmannum ¢pazama. Cexynoapne u mepyujaphe
ATYMUHO-CUTUKATIHE (haze ca 2a00IuHujymom cy maxohe Halene nocie 3acpesarna. Ose ase
umajy ueauvacmy mopghonozujy koja modice da dogede 00 Mexaumusma ojavasarba. Hujeona
oumna cmaxnacma gaza Huje Hahena;, uUaxKo je cunmeposarbe NOOOBHUIAHO O00AMKOM
eaoonunujyma, Gd,03 nocnewyje cunmeposarve a He camo npomox mace. Mamepujan ocmaje
MEXAHUYKU TOMBUB U €A 000AMKOM pemKe 3emme. Mexanuuka omnoprocm ce nosehiana oko
20 % 3a mamepujan oonupan ca 10 % Gd,0s. Jooamax oxcuoa ca eybumxom mace 3602
oexuopokcunayuje OKcuod npou3eo0u MAamepujar ca MAaKpOCKONCKUM NPEeYHUKOM 3d
ancopnyujy neympouwa 00 1.5 x 105 (c.u.). [obujenu pezyimamu omoeyhasajy pazeoj
cmpamezuje Ou3ajHa Mamepujania ca 6eIUKUM MAKPOCKONCKUM NPEYHUKOM 3d ANCOPNYUJY
HeympoHa.

Kuwyune peuu. Ooxcum, pemke 3emme, 2A00TUHUJYM OKCUO, HNAMEMHU KEPAMUYKU
Mamepujanu; mepmudKU nPeYHUKOM 3a anCoOpnyujy Heympoud.
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