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A B S T R A C T

The effect of the addition of gadolinium oxide (Gd2O3) in the thermal behavior of a (66%) kaolinitic ball clay
was studied and compared with the pure clay.

The incorporation of Gd2O3 is of technological interest for the design of smart ceramic proppants used for
unconventional gas and oil well stimulation. This proppant material is used to obtain important information,
such as the location and height of the created hydraulic fractures.

The studied comprised a set of thermal analysis up to 1400 °C and the sintering behavior of the clay, up to 5%
addition. The developed texture and microstructure was also assessed.

No important effects in kaolinite dehydration temperature and mullites (primary and secondary) formation
were observed (500–600 and 990 °C). The sintering range of the studied clay is 1080–1360 °C; the 5% wt.
addition resulted in 80 °C decrease of the final sintering temperature.

Mixtures fired at 1250 and 1400 °C resulted in dense ceramic materials with mullite as principal crystalline
phase accompanied by quartz and cristobalite; imbibed in a viscous glassy phase which was proportionally
increased by the added oxide. The mullite content and cell parameters were not affected. No gadolinium con-
taining binary or ternary crystalline phases were detected, inferring that the rare earth is dissolved by the active
viscous glassy phase thermally formed from the clay crystalline phases.

Low concentration addition of the oxide did not affect the porosity or water absorption of the developed
ceramics. Only the 5% wt. addition resulted in a slightly higher de-sinterization with the appearance of macro-
porosity if fired at 1400 °C.

1. Introduction

Ceramic proppants are frequently used in hydraulic fracturing of
unconventional oil and gas reservoirs (Liang et al., 2016). Each hy-
draulic stimulation uses between 23 and 46 proppant tons and a well
could use around 1.000 ton. The proppant specifications are ruled by
the American Petroleum Institute (API) and its main requirements are:
grain distribution size, sphericity, roundness, crush resistance, solubi-
lity, turbidity and hydraulic conductivity. Sintered proppants are de-
veloped to achieve fluid and gas conductivities under rigorous condi-
tions of deep environments enables to support high temperatures, do
not react with harsh chemical environments and deforms rather frac-
ture under high stress.

After the well stimulation it is highly desirable to know the fracture
morphology and proppants distribution.

Recently methods to identify proppants in induced formation

fractures have been proposed have been proposed (US 8,129,318 B2,
US Patent 8,234,072 B2, US 8,648,309 B2) and applied (Bhatia and
Pande, 2016; Duenckel et al., 2011; Liu et al., 2015; Mulkern et al.,
2010; Ortiz et al., 2016; Saldungaray et al., 2014; Torres et al., 2012;
Velez et al., 2013). These methods require the incorporation of a sui-
table high thermal neutron capture compound, such as gadolinium, into
the proppant grain during the ceramic manufacturing process. This is
accomplished by incorporating a suitable high thermal neutron capture
compound, such as gadolinium oxide, into each ceramic proppant grain
during manufacturing process (US Patent 8,234,072 B2). Physical
properties of the tagged proppant (e.g., crash strength and con-
ductivity) are unaffected by the addition of Gd2O3 at a low con-
centration (0.025% to 1% by weight of the proppant) (US Patent
8,234,072 B2).

Ceramic proppants belong to the Al2O3-SiO2 system and are man-
ufactured from kaolin and/or bauxitic clays (US Patent 8,234,072 B2).
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Hence, the thermal behaviors of kaolinitic clays mixtures with gadoli-
nium oxide (Gd2O3) are of technological interest.

Gadolinium oxide (Gd2O3) adopts two crystalline structures cubic
and monoclinic.

The cubic structure is similar to that of manganese (III) oxide. It
features two types of gadolinium sites, each with a coordination
number of 6 but with different coordination geometries. At room
temperature the cubic phase is more stable. The phase change to the
monoclinic structure takes place at 1200 °C.

Above 2100 °C to the melting point at 2420 °C, a hexagonal phase
dominates. Rare earth silico-aluminate ternary glasses have been ex-
tensively studied for several applications (Kaewjang et al., 2014;
Rocherulle et al., 1989). The principal application of Gd2O3 based
materials arise from the magnetic and nuclear properties of gadolinium
(Guo et al., 2004; Tsuzuki et al., 1999). The nuclear properties, in-
volved in the mentioned proppants application, would not be affected
by the typical ceramic thermal treatment.

In this work we describe the effect of gadolinium oxide addition to
the thermal behavior of an industrial kaolinitic clay and evaluate the
changes in the technological properties of the resulting ceramics. This
will enlighten the processing strategy of gadolinium based ceramic
proppants.

2. Experimental procedure

2.1. Materials

An industrial grade, secondary, kaolinitic ball clay was employed as
the model clay (APM 112, Piedra GrandeeLa Toma SA, Neuquén,
Argentina) (Cravero et al., 1997). The principal properties of the em-
ployed clay are shown in Table 1. A pure gadolinium oxide (Gd2O3)
(Sigma Aldrich: CAS Number 12064-62-9) 99.9% pure was employed
(D50 ≈ 2 μm).

2.2. Processing

The clay - oxide mixtures were obtained by wet ball milling; alu-
mina jar and milling media were employed. Dried mixtures were di-
agglomerated and sieved (#200) before pressing. Disc (15 mm dia-
meter) and prismatic (20.0 × 3.5 × 3.5 mm3) shape samples were die

pressed (100 MPa). The disc and prismatic shapes were chosen because
they present more controllable dimension stability in comparison to the
sphere morphology. The sphere proppants morphology can be obtained
only through specific equipment like pelletizing disks or drums, or high
energy mixers. The compaction obtained would be related to the con-
forming route and its particular processing variables.

In our case the compaction grade was 55%. However the sintering
behavior of ceramic based materials can be qualitatively extrapolate to
different conformation routes. It is well known that the amount of
mullite governs the mechanical properties of the clay based ceramic
materials (Carty and Senapati, 1998; Serra et al., 2013), hence the disc
and bar samples results might be extrapolated to sphere geometries.

Samples were fired at the same heating rate (10 °C/min) with dif-
ferent maximum temperatures at 1250 and 1400 °C and 30 min soaking
in air atmosphere. In this study 1.0 and 5.0% wt. mixtures were studied
and labeled AGd1 and AGd5. These were compared with the pure
studied clay sample, labeled AGd0.

The lab scale geometries and press is a starting point to further
compaction sintering study that could be carried out after this additive
(Gd2O3) formulation study. This could be carried out with the in-
corporation of bauxite in order to optimize formulations more similar to
the actually employed in the proppants industries. However the bauxite
composition and the especially the accompanying minerals would make
more difficult to establish the actual thermal reactions between the
employed clay and rare earth oxide, that is being carried out in this
study.

2.3. Characterizations

The effect of heat treatment was evaluated by thermogravimetric
and differential thermal analysis (DTA-TG) simultaneously carried out
on a Rigaku Evo II equipment with 10 °C/min as heating rate in Pt
crucibles, in air atmosphere. The derivative curve of the TG (DTG) was
also employed for this purpose. To understand the sintering behavior,
thermo mechanical analysis on vertical prismatic
(20.0 × 3.5 × 3.5 mm3) sample was performed; with a 10 °C/min
heating rate in air atmosphere (TMA Rigaku Evo plus II, Japan)
(Rendtorff et al., 2016).

Afterwards, the linear shrinkage (ΔL/L0) was measured and the
Archimedes immersion method was also carried out for calculating,
apparent density and porosity of the fired samples. This three sintering
parameters illustrate the actual sinterization grade of the resulting
materials, ceramic proppants sinterization must be high in order to
achieve high strength; the clay thermal shrinkage may be assumed to be

Table 1
Chemical, mineralogical and grain size distribution of the Ball Clay; data taken from
the commercial brochure.

Chemical composition

Oxide % wt.

SiO2 57.0
Al2O3 27.5
Fe2O3 3.13
MgO 0.25
K2O 0.85
Na2O 0.13
TiO2 0.15
CaO 0.18
Lost on ignition 5.3

Mineralogical composition
Phase % wt.
Kaolinite 66
Illite 9
Quartz 23
Feldspars 2

Particle size distribution evaluated by laser scattering
Percentile (μm)
D10 0.11
D50 2.03
D90 11.01

Fig. 1. Thermogravimetric analysis (TGA) of the studied clay and clay-Gd2O3 mixtures (0,
1 and 5% gadolinium oxide mixtures).
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isotropic.
Identification and quantification of crystalline phases in the fired

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

with the program FullProf (Version 5.40, March 2014) which is a
multipurpose profile-fitting program (Rodríguez-Carvajal, 2001), in-
cluding Rietveld refinement to perform phase quantification (Rietveld,
1969). The employed quantification method comprised both crystalline
and non-crystalline phases. Particularly the amorphous glassy phase
was quantified by the so called Le Bail method, in which this phase is
introduced in the refinement as crystalline silica with extremely low
crystallite size (Le Bail, 1995; Andrini et al., 2017; Conconi et al., 2014;
Serra et al., 2013).

Finally the microstructure analysis was performed by a scanning
electron microscope (SEM: JEOL, JCM-6000) (Fei Quanta 200). Gold
coated polished (1.0 μm diamond paste) surface were analyzed in ultra-
high vacuum conditions and 20.0 kV. An Everhart-Thornley Detector
(ETD) was employed in back-scattered electron mode. Chemically
etched (HF acid, 2 min) samples were also analyzed. Energy Dispersive
Spectroscopy (EDS) analysis was carried out in mapping mode at 15 kV
and 7800 s of acquisition time.

3. Results and discussions

3.1. Thermal analyses of the studied clay and Gd2O3 clay mixtures

The breakdown of clay minerals leading to the formation of amor-
phous or less crystalline components starts from about 500–600 °C with
the formation of metakaolinite and finishes at around 1000 °C, giving
rise to mullite and/or a viscous phase. This process continues with later
abundant formation of vitreous phase, starting approximately from
1050 °C, whose composition apparently does not correspond to feld-
spar-quartz eutectics (feldspar melting is overwhelming quartz dis-
solution). Finally, a progressive dissolution of quartz in the vitreous
phase, in absence of feldspars, takes place. Finished products, com-
monly fired at maximum temperature in the 1200–1350 °C range,
contain essentially a vitreous phase associated with mullite, quartz and
cristobalite (Carbajal et al., 2007; Gualtieri, 2007; Zanelli et al., 2011).

Generally all the complementary metals like potassium, sodium,
calcium, magnesium, lithium, iron, titanium, etc. are dissolved in the
viscous phase (Carty and Senapati, 1998; Zanelli et al., 2011).

Figs. 1–3 show the performed thermogravimetric analysis (TG), the
differential thermal analyses (DTA) and the thermomechanical analyses
(TMA) also known as dilatometry. In the present study no important

Fig. 2. Differential thermal analysis (DTA) of the studied
clay and clay-Gd2O3 mixtures; right plot is a detail of the
left one (0, 1 and 5% gadolinium oxide mixtures).

Fig. 3. TMA curves (dilatometry) of the clay and clay-Gd2O3 mixtures; right plot is a
detail of the TMA curves. Scatter line inset plot presents minimum of the TMA curve as a
function of the Gd2O3 content (0, 1 and 5% gadolinium oxide mixtures).

Table 2
Sintering parameters of the fired clay and clay-Gd2O3 mixtures.

Firing temperature Sintering parameter Gd2O3 content (wt%)

0 1 5

1250 °C Liner shrinkage
ΔL/L0 (%)

−5.6 −5.3 −2.5

Porosity (%) 20.0 27.0 32.0
Density (g/cm3) 1.98 1.73 1.72

1400 °C Liner shrinkage
ΔL/L0 (%)

−0.4 1.6 2.9

Porosity (%) 1.5 2.0 12.0
Density (g/cm3) 2.48 2.47 2.09
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change in the gravimetric behavior was observed in the whole tem-
perature range (room temperature to 1400 °C); the mass loss corre-
sponding to surface water (50–110 °C) is equivalent for the three
samples ≈2% wt. The chemical water mass loss (480–550 °C) follows
the expected sequence (AGd0 > AGd1 > AGd5) and is coherent with
the clay fraction content (Table 1).

The thermal behavior is similar to other kaolinitic clays (Bellotto
et al., 1995a,b; Carbajal et al., 2007; Carty and Senapati, 1998;
Chakraborty, 2014; De Aza et al., 2014; Gualtieri, 2007; Lee et al.,
2008; MacKenzie et al., 1985; Okada et al., 1986; Ortega et al., 2010).

The differential thermal analysis revealed the same thermal pro-
cesses with two endothermic peaks. At higher temperature (≈ 930 °C,
centered at 946 °C) the spinel type aluminosilicate phase plus primary
mullite formation process is evidenced by means of an exothermic and
small peak; these processes were clearly not affected by the presence of
the added rare earth oxide. Finally, secondary mullite formation,
usually detected by a couple of exothermic small peaks in the
1100–1230 °C range (Okada et al., 1986; Schneider et al., 2008) were
scarcely detected in the studied clay and clay oxide mixtures (Fig. 2,

right plot). Particularly, position, shape and intensity of the peaks were
not affected by the Gd2O3 addition.

The macroscopic thermal behavior of the clay and clay mixtures was
recently fully described by Zanelli (Zanelli et al., 2011). The present
studied materials revealed a similar behavior (Fig. 3). In this, the first
thermal expansion (positive slope in the TMA) range can be observed,
from room temperature to 500 °C. At this temperature an inflection can
be observed and the samples start a minor shrinkage stage up to
≈950 °C, where an abrupt 1% sigmoidal shrinkage can be observed,
that can be associated to the DTA spinel formation peak (Fig. 2). After
this, a slight shrinkage stage can be observed that finishes at 1080 °C; at
this temperature the viscous sintering of the ball clay starts (Zanelli
et al., 2011). The shrinkage rate is constant around −5 × 10−4 °C−1

up to 1250 °C. From this temperature, the thermal behavior of the clay
and the oxide mixtures slightly differs.

Fig. 3 shows the last range (1150–1400 °C) detail of the TMA; the
slight difference between the three samples can be observed. The final
sinterization temperature follows the AGd5 < AGd1 < AGd0 se-
quence. It was decreased linearly around 80 °C. The shrinkage is almost
constant for the three samples. An over-firing is observed for the three
samples, if fired at 1400 °C. But the expansion achieved during over
firing is considerably higher for the AGd5 sample in comparison to the
other two samples (almost 4% for AGd5 and around 1% for the AGd1
and AGd0).

3.2. Sintering parameters: shrinkage, apparent porosity and apparent
density

The sintering parameters (Table 2) of the fired samples permit to
observe the effect of the studied additive. The chosen clay sinter at
1400 °C, at 1250 °C 20% of porosity remains. After 1250 °C treatment
the linear shrinkage (ΔL/L0) is 5.6%, and after 1400 °C the ΔL/L0 is
almost null evidencing over-firing, and an evident expansion at the final
stage of the firing processes. The achieved density at 1400 °C is high
(2.48 g/cm3), and at 1250 °C was around 2.0 g/cm3.

The effect of the 1% Gd2O3 addition in the density was not im-
portant at 1400 °C; the lower density evaluated at 1250 °C and for the
AGd5 sample evidence the presence of close porosity not evaluated by
the Archimedes method, and perhaps over firing, corroborated by the
positive value of ΔL/L0 achieved for AGd1 and AGd5 after the 1400 °C.
The effect of 5% is more evident and shortens the sintering range,
starting at the same temperature. This might be explained by the mi-
neralogical thermal evolution of the clay oxide mixtures, shown in the
next section.

This could be optimize if the firing program is changed to lower
maximum temperatures, or by incorporating other mineralizer or sec-
ondary starting raw materials like feldspars, calcites, dolomites or talc.
Further studies should be performed for the multiphase thermo-
chemical processes of mentioned mixtures, but this falls out of the scope
of this particular work.

3.3. XRD of the fired clay-Gd2O3 mixtures, Rietveld refinement and Le Bail
method for glassy phase quantification

Figs. 4 and 5 show the XRD patterns of the studied materials. The
typical amorphous band can be observed. The crystalline phases iden-
tified and quantified for the six samples were mullite (3Al2O3.2SiO2),
cristobalite (SiO2) and quartz (SiO2).

It is well known that the vast majority of the AI2O3-SiO2-RE2O3

systems (RE: metal) are characterized by their glass-forming abilities
(Kolitsch et al., 1997). The ternary system Al2O3-SiO2-Gd2O3 was sys-
tematically studied by Kolitsch and Li groups (Kolitsch et al., 1997; Li
et al., 1999). Several crystalline phases were identified and character-
ized. The glass forming zone is around the 3SiO2·Al2O3·Gd2O3 stoi-
chiometry for 1300 and 1400 °C (Rocherulle et al., 1989); this were not
observed in the evaluated XRD patterns.

Fig. 4. XRD patterns of the clay and clay-Gd2O3 mixtures fired at 1250 °C. Reflections are
labeled: M: Mullite, C: Cristobalite, Q: Quartz; the patterns have a vertical offset for better
visualization.

Fig. 5. XRD patterns of the clay and clay-Gd2O3 mixtures fired at 1400 °C. Reflections are
labeled: M: Mullite, C: Cristobalite, Q: Quartz.
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The results of the Rietveld refinement and PDF cards for each phase
are shown and compared in Table 3. Table 4 summarizes the evaluated
and quantified phases in each material. Global estimated standard de-
viations were derived from the estimated standard deviation on in-
dividual scale factors, for the respective phases, are presented in the
table as well.

The shape of the cristobalite peaks could not be satisfactorily fitted
by a lonely contribution. Two different cristobalite structures were
proposed for the Rietveld refinement. This was previously proposed for
similar materials, (Butler and Dyson, 1997; Madsen et al., 1991).

Refined cell parameters for both cristobalites are shown in Table 3. This
might be explained by the coexistence of two dissimilar phases. One
produced from the kaolinite thermal decomposition and the other from
the thermal transformation of the initial quartz present in the clay
mineral, the second present minor impurities content.

The results of the quantifications together with Rwp residuals are
shown in Table 3. The cell parameters of the crystalline phases as well.
The Rwp values are adequate and similar to the ones achieved in similar
materials (Andrini et al., 2016; Bonetto et al., 2003; Conconi et al.,
2014; Hillier, 2000; Ruan and Ward, 2002; Serra et al., 2013; Serra
et al., 2015). No gadolinium containing crystalline phases were de-
tected. Besides the refined cell parameters of identified phases are in
accordance with literature (Schneider et al., 2008), it can be stand that
no important structural effect was observed after the addition of the
rare earth oxide (Gd2O3).

In order to understand the effect of the rare earth addition in terms
of the resulting phase proportions based on the Rietveld quantification,
in Fig. 6 the phase contents are compared as a function of the added
rare earth oxide for the two firing temperatures (1250 and 1400 °C).
The stacked bar plot permits to observe that the mullite proportion
slightly over the 20% wt., even after 1250 °C. It is well known that this
phase governs the mechanical properties of the clay based ceramic
materials (Carty and Senapati, 1998; Serra et al., 2013), and its pro-
portion is slightly (nearly negligible) decreased by the Gd2O3 addition,
in the studied range. This was observed in the DTA analysis as well. As a
consequence the silica based phases: (quartz, cristobalite and glassy
phases) total proportion is not affected by the studied addition. The
quartz proportion after 1250 °C was around 10% for AGd0 and AGd1,
but for AGd5 it is around 6 wt. %, showing that the oxide addition
enhanced the quartz-cristobalite thermal transformation. After 1400 °C

Table 3
Crystalline phases and Rietveld refinement cell parameters of fired clay and 1–5% gadolinium oxide addiction.

Sample AGd0 AGd1 AGd5

Gadolinium oxide addition (wt. %) 0 1 5

Firing temperature (°C) 1250 1400 1250 1400 1250 1400

RWP (residual weight profile) 19.2 18.4 19.2 19.7 21.3 20.2

Quartz - PDF: 01-085-0797
a (Å) 4.910(2) 4.9136(7) 4.910(2) 4.912(1) 4.9131(5) 4.891(3)
c (Å) 5.4002(7) 5.4025(1) 5.4023(3) 5.395(2) 5.4004(8) 5.431(6)

Mullite PDF: 00-015-0776
a (Å) 7.553(4) 7.5574(4) 7.55(3) 7.558(4) 7.5548(6) 7.553(5)
b (Å) 7.7149(4) 7.7160(4) 7.7132(7) 7.7170(4) 7.7156(6) 7.7112(6)
c (Å) 2.8940(1) 2.8929(1) 2.8931(2) 2.8919(1) 2.8922(2) 2.8915(2)

Cristobalite 1 PDF: 01-082-0512
a (Å) 5.019(5) 5.0228(4) 5.0179(3) 5.026(4) 5.0174(6) 5.018(6)
c (Å) 7.023(3) 6.9863(8) 6.998(3) 7.0092(8) 7.020(1) 6.997(1)

Cristobalite 2 PDF: 01-082-0512
a (Å) 4.990(5) 4.9920(4) 4.993(4) 4.995(4) 4.9896(6) 4.997(7)
c (Å) 6.939(3) 6.9362(9) 6.934(4) 6.9558(9) 6.950(1) 6.951(1)

Table 4
Rietveld quantification (weight %) of the clay and clay-Gd2O3 mixtures.

Sample Gd2O3 (wt. %) Firing temperature (°C) Phase Mullite Quartz Cristobalite. 1 Cristobalite 2 Amorphous glassy phase (Le Bail method)

Formula 3Al2O3.2SiO2 SiO2 SiO2 SiO2 Principally SiO2

AGd0-1250 0 1250 37.0 (5) 9.6 (2) 15.5 (5) 10.7 (4) 27.2 (6)
AGd0-1400 0 1400 34.7 (7) 2.2 (1) 14.3 (6) 16.0 (7) 32.8 (6)
AGd1-1250 1 1250 36.5 (4) 9.1 (1) 12.6 (4) 12.6 (3) 29.2 (4)
AGd1-1400 1 1400 33.8 (5) 1.7 (1) 15.3 (3) 16.3 (4) 33.9 (6)
AGd5-1250 5 1250 33.5 (10) 5.4 (2) 11.7 (8) 12.4 (9) 37.1 (9)
AGd5-1400 5 1400 31.6 (7) 1.3 (2) 10.7 (5) 10.3 (6) 46.1 (9)

Fig. 6. Crystalline and glassy phase content as a function of gadolinium oxide addition of
after firing (1250 and 1400 °C).
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the amount of quartz is low in the three studied samples. A noticeable
effect of the Gd2O3 can be observed in the cristobalite - glassy phase
relation. The amount of glassy phase is enhanced by the presence of the
rare earth oxide in the whole studied range. If the rare earth results to
be dissolved by the glassy phase, as it is concluded, the particular ga-
dolinium oxide proportion in the glassy phase would be around 10 wt.
%.

3.4. Microstructure analysis of the clay and clay-Gd2O3 mixtures fired a
1400 °C by scanning electron microscope

The developed microstructures was evaluated by means of scanning
electron microscopy, the dense and complex microstructure of the
ceramic is revealed (Fig. 7a–l). Pore (in black), can be identified in the
matrix (different grays). The matrix can be described as a complex
microstructure of crystalline grains (several microns) imbibed in the
glassy (amorphous-viscous) continuous phase. Grains correspond to the
crystalline phases detected by XRD: mullite, quartz and cristobalite. The
glassy majorly silica based phase was also observed. Pore amount

Fig. 7. a–l: SEM images of the clay and clay-Gd2O3 mixtures fired at1400 °C (AGd0 a–d; AGd1 e–h; AGd5 i–l) respectively (from left to right: 250×, 1000×, 4000× and 16,000×).

Fig. 8. AGd5 ×4000 SEM image and the corresponding
EDS mapping. 2D distribution of aluminum, iron, calcium,
silicon and gadolinium atoms (Al, Fe, Ca, Si and Gd re-
spectively).
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follows the AGd0 < AGd1 < AGd5 sequence, as evaluated by the
Archimedes method. Rounded macro-pores (≈100 μm) are com-
plemented by a micro (meso) porosity only observed in greater mag-
nifications. The observed microstructures are equivalent to the micro-
structures extensively reported in literature (Chakraborty, 2014; Iqbal
and Lee, 2000; Lee et al., 2008).

In general the microstructures of the ceramics were not importantly
affected by the addition of the rare earth oxide. The amount of the
macro-pores was increased by the addition of Gd2O3. This is an evi-
dence of the over sinterization or over firing of the material, showing
that the maturation range was decreased by the addition, previously
observed by TMA (Fig. 3). This fact might be related to the higher
amount of glassy phase quantified by XRD. Particularly, Fig. 7d, h and l
clearly show the acicular mullite grains in the three samples; this was
observed by XRD (Figs. 3 and 4).

A simple EDS analysis was carried out in order to corroborate the
gadolinium presence. The evaluated amounts of Gd element were 0.0,
0.7 and 3.2% wt. in the AGd0-AGd1-AGd5 series. This, within the ty-
pical EDS error corresponds to the incorporated oxide, evidencing the
lack of loss of rare earth element during thermal treatments.

Finally the elemental mapping was performed for the 5% Gd2O3

added sample (AGd5) fired at 1400 °C with 4000 enlargements for the
principal elements: Al, Si, Fe, Ca and Gd. (Fig. 8). The silicon dis-
tribution is heterogeneous, pores (in black) and higher concentration of
this element correspondingly to cristobalite or quartz grains can be
easily devised. The aluminum distribution is relatively homogeneous,
this corresponds to mullite (3Al2O3·2SiO2); in this case, the pores and
cristobalite can be observed in black. Calcium and Iron distribution give
not important information. Finally the gadolinium distribution is
clearly homogeneous in the developed microstructure; presumably
distributed in the viscous glassy silica based matrix where the other
phases are imbibed.

4. Conclusions

The effect of a rare earth oxide (Gd2O3) addition in the thermal
behavior of kaolinitic (66% wt.) ball clay and the technological prop-
erties of the resulting ceramics if fired at 1250 and 1400 °C was per-
formed. A systematic formulation-sintering-properties correlation was
carried out.

The thermo-chemical complex processes were not affected by the
presence of the Gd2O3. Particularly no important effect in the tem-
perature of the kaolinite dehydration and mullite, formation were ob-
served (450–600 and 990 °C). The sintering temperature range of the
studied clay is 1080–1360 °C; the 5% wt. oxide addition resulted in
80 °C decrease of the final sintering temperature. The 1% addition did
not affect the thermochemical behavior of the clay.

Like the model clay, mixtures fired at 1250 and 1400 °C resulted in
relatively dense ceramic materials with mullite as principal crystalline
phases accompanied by quartz and cristobalite, imbibed in a viscous
glassy phase which was proportionally increased by the added oxide.
Mullite cell parameters were not affected. No gadolinium containing
binary or ternary crystalline phases were detected, inferring that the
rare earth is dissolved by the active viscous glassy phase thermally
formed from the clay crystalline phases.

Low concentration addition of the oxide did not affect the porosity
or water absorption of the developed ceramics. Only the 5% wt. addi-
tion resulted in a slightly higher de-sinterization with the appearance of
macro-porosity if fired at 1400 °C.

Finally, it can be concluded that the incorporation of this oxide to
the possible formulation of a ceramic proppants would not imply im-
portant changes in the processing route.
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