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ZrO,™) (marked TCN1 and TCN2, respectively) sintered at 1575 °C were similar. TiC and TiN grains
of differential sizes (fine to coarse) and shapes were distributed in the alumina matrix. Apart from
single zirconia grains, zirconia grain agglomerates also occurred (Figure 8a,c). The average grain size of
TiC and TiN is within the range of 2.7 um to 3.0 um. In TCN3 composites with the addition of 10 wt%
yttria-stabilised zirconia, TiC and TiN grains exhibit a similar shape and a smaller size in comparison
with TCN1 and TCN2 composites. The average grain size of TiC and TiN was about 2.4 um. However,
the grains of Ti(C,N) solid solution in the composites sintered at 1675 °C were observed to have a
rounder shape (Figure 8b,d,f). The grain size of Ti(C,N) was from 1.9 um to 2.3 um. The presence of
Ti(C,N) solid solution in the microstructure of the composites changed their properties. The friction
coefficient for the tested composites was in the range of 0.31 to 0.55 (Figure 9).

Figure 8. SEM microstructure of the Al,O3/ZrO,/(TiC + TiN) composites for: (a) TCN1.1, (b) TCN1.5,
(c) TCN2.1, (d) TCN2.5, (e) TCN3.1, (f) TCN3.5, where: 1—TiN, 2—TiC, 3—ZrO,, 4—Al;03, 5—Ti(C,N).
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Figure 9. Mean friction coefficient of the tested composites.

An increased sintering temperature of up to 1675 °C resulted in a lower friction coefficient
for specimens TCN1 and TCN2 with the addition of 2 wt% and 5 wt% monoclinic ZrO, phase,
respectively, whereas the TCN3 composite with 10 wt% of yttria-stabilised zirconia (YSZ) exhibited an
inverse correlation.

For all the composites tested, a higher sintering temperature caused an increase in the wear rate
of both the disk and the ball (Figure 10).

05+ Disc wear rate, WS(c;ust*10J5
Ball wear rate, Ws 10

Specific wear rate, Ws*10® (mm?*N-m)

1575 1675 1575 1675 1575 1675
Temperature, °C

Figure 10. Specific wear rate for disc and ball for tested composites.

The improvement of mechanical properties were attributed to the increased rate of densification
in spark plasma sintering and to microstructural changes. The presence of Ti(C,N) solid solution in
the microstructure of the composites changed their properties. The content of 15 wt% Ti(C,N) solid
solution with high Vickers hardness of 30.0 GPa, with the TiC phase reduced to 40 wt.% resulted
in a higher Vickers hardness and lower indentation fracture toughness of the specimens. Moreover,
character of fracture and crack propagation was an additional parameter in improvement properties.
Both the transgranular fracture and the crack bridging observed for crack propagation resulted in
improved fracture toughness of tested alumina—zirconia matrix composites. Using the SPS technique
to consolidate alumina-zirconia powder with the addition of TiC and TiN, it was possible to obtain a
high-density ceramic material with the following characteristics: over 98% density in the temperature

129



Metals 2019, 9, 1220

range of 1575-1675 °C, Vickers hardness of about 19.0 GPa, fracture toughness of over 5.0 MPa m'/2.
These properties were significantly better than those obtained by pressureless sintering. To the best of
our knowledge, no study results of TiC- and TiN-reinforced alumina—zirconia composites (with various
amount of zirconia) manufactured by SPS technique have been presented in literature. Therefore, it
is not possible to compare the results obtained in this study with other results obtained in similar
conditions. While the influence of the most important operating parameters on product characteristics
after consolidation/synthesis of ceramic materials by electric current activated/assisted was widely
discussed in the last decade [27,28], attention was focussed on alumina ceramics, alumina—zirconia
composites and alumina matrix composites reinforced with SiC, TiC, TizSiCyp, TiN, graphene platelets
(GPIs) [29]. Al,O3 ceramics were super-fast densified by SPS at temperatures ranging between 1350 °C
and 1700 °C (600 °C/min heating rate) at 40 MPa, without selecting a holding time. Full densification
of the samples was observed at sintered temperatures below 1550 °C. However, full densification of
Al,O3-40 wt% TiC nanocomposite powders was achieved at a sintering temperature of 1480 °C (heating
rate 50 °C/min) for 4 min and pressure 50 MPa by SPS technique. For these parameters of sintering a
high value of the Vickers hardness equal to 21.0 GPa and low fracture toughness of 3.87 MPa m'/? were
obtained. Al,O3-TiC composite powders synthesized by high-energy ball milling were consolidated
near to theoretical density (99.6%) in SPS at a sintering temperature of 1450 °C for 4 min at 50 MPa [30].
Grain sizes of both Al,O3 and TiC were less than 1 mm. The Vickers hardness of 19.1 GPa and fracture
toughness of 4.5 MPa m'2 were obtained. Al,O3/TiN nanocomposites with cubic TiN (46 vol%) and
a-AlyO3 (54 vol%) were synthesized by in situ reactive synthesis (RS) (SPSRS—spark plasma sintering
reactive synthesis) at a temperature of 1400 °C, under a pressure of 60 MPa, at different dwelling
times (0—-6 min) starting from a mixture of TiO,, AIN and Ti powders [31]. Fine microstructure with
TiN particles homogeneously distributed in the Al,O3 matrix were observed. The Vickers hardness
and fracture toughness of samples from an SPSRS were 17.8 GPa, 4.22 MPa m'? respectively. For
comparison, Al,O3/TiN composites were also prepared at a temperature of 1420 °C under 60 MPa,
using mechanically mixed TiN and Al,O3. These composites revealed slightly higher hardness and
fracture toughness.

4. Conclusions

In this work, effort has been made to produce alumina—zirconia matrix composites reinforced
with TiC and TiN phases as a tool material with improved mechanical properties. This was achieved
by using SPS to consolidate the alumina—zirconia powder with the addition of TiC and TiN.

A high-density alumina—zirconia matrix composites with over 98% density in the temperature
range of 1575-1675 °C, Vickers hardness of about 19.0 GPa, fracture toughness of over 5.0 MPa m/?
were manufactured. These properties were significantly better than those obtained by pressureless
sintering at the highest temperature of 1750 °C.

The mechanical properties of the samples sintered at the temperature of 1750 °C by PS exhibited
5-10% lower values when compared to those sintered at the lowest temperature (1575 °C) by the SPS
method. A lower relative density of 97% was achieved for the pressureless sintering at a temperature
of 1750 °C.

No influence of the sintering temperature on the Vickers hardness of these composites was
observed. SPS samples achieved comparable Vickers hardness and Young modulus in the range of the
tested temperatures. However, slightly increase of the fracture toughness at the highest temperature
was attained. An increase in the wear rate of both the disk and the ball of the tested composites at the
higher sintering temperature was observed.

There are differences in mechanical properties of samples with various compositions of zirconia.
Samples with tetragonal, yttria-stabilised zirconia (YSZ) phase sintered by SPS, marked as TCN3, had
the highest Vickers hardness value of over 19.0 GPa. Samples with monoclinic zirconia phase of 2 wt%
and 5 wt% sintered by SPS, marked as TCN1 and TCN2 respectively, had the Vickers hardness value
less than 5% lower than that of TCN3 samples. This was related to the highest amount of Ti(C,N) as a
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continuous solution of TiN and TiC for the samples with tetragonal zirconia specimen shown in X-ray
diffraction and microstructural observation.

A 10-30% increase of the fracture toughness was observed for samples with monoclinic zirconia
phase when compared to samples with tetragonal zirconia phase.
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Abstract: In this paper, the influence of TiO, nanoparticle coating on cobalt-based electrodes was
studied. Different coating treatment times were applied, and the results were compared to the
hard-faced layer obtained with unmodified electrodes. The hard facing was done in three layers,
the first being a Ni-based interlayer, followed by two layers of corrosion and wear-resistant Co-based
Stellite 6 alloy. Pin-on-disc wear testing was applied, along with the metallographic study and hardness
measurements of the hard-faced layers. Furthermore, energy-dispersive X-ray spectroscopy (EDS)
analysis was conducted. It was found that the microstructural properties, as well as microhardness
profiles, are modified in hard-faced layers obtained with modified electrodes. Interdendritic distances
are altered, as are the dendrite growth directions. Titanium oxides are formed, which, along with the
present complex carbides, increase the wear resistance of the hard-faced layers compared to layers
obtained with untreated electrodes.

Keywords: hard facing; cobalt alloys; wear; nano-particle coating

1. Introduction

Cobalt-based alloys, commonly known as Stellites, are well-known wear and corrosion resisting
alloys [1]. Stellites are Co-Cr-W-C alloys, containing around 30% chromium and 4% to 14% tungsten,
while some alloys have their tungsten replaced with molybdenum for increased resistance to reductive
media. Also, they contain up to around 2.5% of carbon, to form wear-resisting complex carbides [2-5].
Stellite alloys properties are the result of the combined effects of the relatively ductile Co-based
matrix that supports relatively hard carbides, providing wear resistance at both room and elevated
temperatures up to 600 °C [6,7]. The matrix is based on chromium and tungsten solid solution in
cobalt, while the carbides are of complex nature, predominantly of the chromium-rich M;Cj; eutectic
type [8]. There is a variety of Stellite alloys, suited to various environments and applications [3]. Major
Stellite alloys, their chemical composition, hardness, and applications are presented in Table 1.
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Table 1. Major Stellite alloys with their chemical composition, hardness, and applications [9,10].

Alloy Co Cr w C Ni Mo Fe Si HRC Properties Applications

Erosion, abrasion
Stellite 1 Base 31 12 245 <3.0 <1.0 <3.0 <2.0 51-56 resistance, crack
sensitive

Valve seat inserts,
bearings, cutter edges

General purpose Valve seats and gates,
Stellite6  Base 29 4 12 <30 <10 <30 <20 3943  Weavimpact,  pump shafts and bearings,
cavitation erosion shields, rolling
resistance couples
High Control plates, pump
temperature and vanes, bearing bushes,
corrosion narrow neck glass mold
Stellite 12 Base 30 8 1.55 <3.0 <1.0 <3.0 <20  45-50 resistance, plungers, hard facing of
properties engine valves, pinch
between Stellite 1 rollers and rotor blade
and 6 edges
High abrasion,

Pump sleeves, rotary seal
rings, wear pads, bearing
sleeves, centerless grinder

good corrosion
Stellite20  Base 32 16 245 <30 <10 <80 <20 53-57 resistance and
low shock

. work rests
resistance.
Thermal,
mechanical Building of forging and
Stellite21  Base 28 - 025 3 55 <30 <15 27-40 shock, cavitation urding ot forging &
hot stamping dies

resistance, not
for abrasion

Metal-on-metal
wear, thermal
fatigue, hot
corrosion

Piercing points, forming
tools, extrusion dies,
furnace hardware

Stellite 25  Base 20 14 0.1 10 <1.0 <80 <10 2045

The most common alloy is Stellite 6, owing this to its relatively balanced properties. It is sometimes
regarded to be the standard Stellite alloy, with good wear resistance, corrosion, cavitation erosion,
ductility and heat resistance, retaining these properties up to approximately 500 °C. The main corrosion
mechanism is pitting, and it is well suited to be used in chloride solutions and seawater, where
weight loss is usually under 0.05 mm per year at 22 °C [11]. More recently, Marques et al. [12]
studied the application of Stellite alloys for fabricating of the components used in the production
of second-generation ethanol. In such devices, biomass containing around 8% abrasive particles is
loaded into the reactor, along with sugar cane biomass. To achieve improved abrasive wear properties,
an increase in molybdenium content was proposed [13], due to the formation of reinforcing CozMo
intermetallic compounds. However, molybdenium is a critical raw material (CRM) for the European
Union. In addition to this, cobalt, tungsten, and silicon metal are all CRMs. Finally, Stellites contain
chromium, that is near-CRM and nickel that is not CRM, but it is a relatively expensive metal [13,14].
That means, there is a considerable interest in increasing the life of Stellite components, to spare CRMs
as much as possible. An alternative to adding molybdenium, and a possible way of increasing the
life of Stellite components, is to enhance their wear properties. One of the potentially attractive ways
of increasing the properties of the hard-faced layers made of Stellite 6 alloy is the introduction of
TiO, nanoparticles into the existing electrode as proposed in [15-17]. In [15-17], where cellulose and
rutile coated electrodes were modified by infiltrated TiO,, this influenced the increased mechanical
properties of the joints. In these studies, it was demonstrated that the addition of TiO; resulted in the
increase in the number of complex Ti-Mn-Si oxide inclusions, acting as inoculants. That influenced the
fine-grained acicular ferrite instead of Widmastaetten ferrite, which caused the increase in mechanical
properties [15-17].

The aim of this study is to explore the influence of nanoparticles introduced on the Co-based
hard-facing electrode with different immersion times on the wear resistance of the resulting
hard-faced layer. The hard-faced layer was produced using the common shielded metal arc welding
(SMAW) technique.
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2. Materials and Methods

The SMAW (Shielded metal arc welding) process was used for hard facing. The base metal
was S235]R, having the chemical composition shown in Table 2. Two types of hard-facing electrodes
were used. The interlayer or buttering layer was done by Boehler Fox Nibas 70/20 (Boehler, Hamm,
Germany; AWS A5.11-05: E NiCrFe-3) electrode in one pass. The final hard-faced layer was done
by Co-based FSH Selectarc Co6, (Forges de Saint-Hippolyte, Roche-lez-Beaupre, France; Stellite 6;
AWS A5.13: E CoCr-A) in two layers. Chemical compositions of the interlayer and hard-facing layer
are presented in Tables 3 and 4. The overall thickness of the hard-faced layer was approximately 5 mm.
The hard-facing parameters were in accordance with the electrode manufacturer’s instructions (Table 5)
and welding was done on an Iskra E10 (Iskra, Ljubljana, Slovenia) SMAW device.

Table 2. Chemical composition of S235]R (wt. %).

C Si Mn S Cr P Al Cu Mo Ni Fe
0.09 0.14 0.02 0.041 0.001 0.011 0.006 0.39 0.011 0.07 balance

Table 3. Nominal chemical composition of interlayer electrode AWS A5.11-05: E NiCrFe-3 (wt. %).

C Si Mn Cr Fe Mo Nb Co Ni
0.025 0.4 5.0 19.0 3.0 1.2 22 0.08 balance

Table 4. Nominal chemical composition of Co-based electrode AWS A5.13: E CoCr-A (wt. %).

C Si Cr W Fe Co
1.1 1.0 28.0 45 3.0 balance

Table 5. Welding parameters.

Electrode Core Diameter x Length @ 3.2 X 450 mm
Current type DC+
Welding current 85 A
Welding voltage 22V
Welding speed 12 cm/min
Electrode inclination along welding direction 60°

TiO, nanoparticles were introduced in the form of a coating on the hard-facing Co-based electrode.
The distilled water solution of 20 nm hydrophilic TiO, nanoparticles (5 wt. %) was placed into the
EMAG Emmi-5 (Emmi Ultrasonic, Moerfelden-Walldorf, Germany) ultrasonic bath, along with the
fully submerged electrodes. Three immersion times were used: 1, 5, and 10 min, resulting in hard-faced
specimens designated as 2, 3, and 4. These hard-faced layers were compared to the layer obtained
with the untreated electrode (hard-faced specimen 1). After such treatment, the electrodes were dried
for 1 h at 250 °C. Overall, four hard-faced specimens were prepared, which were water jet cut into &
10 mm specimens. One specimen was square, 30 mm wide, and used for metallographic examination
and hardness measurement on its cross-section.

The pin-on-disc wear test was done on a customized Struers DP-U2 (Struers, Bellerup, Denmark)
laboratory-polishing machine, with the polishing wheel replaced with SiC grinding paper. Three
FEPA (Federation of European Producers of Abrasives) grit sizes were used: P240 (44.5-110 pm SiC
grains, median grain size 58.5 um, according to ISO 6344-1), P360 (29.6-87 pum, median grain size
40.5 pm) and P500 (21.5-77 um, median grain size 30.2 um). Three loadings were used: 700 g, 1000 g,
and 1300 g. The specimens were placed into the brass holder and mounted in a Struers PdM-Force
(Struers, Bellerup, Denmark) specimen mover. Prior to each wear test, the specimens were ground
with P2000 SiC abrasive paper. The wheel spindle speed was 250 min~!, wear time was 60 s, and
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the specimen axis was 70 mm away from the center of the spindle. During the wear test, a constant
water flow of 100 mL/min was maintained, with a water temperature of 15 °C. The wear mass loss was
reported for each test, with the mass of each specimen before and after wear measured by Tehtnica
Type 2615 (Tehtnica, Zelezniki, Slovenia) analytic weight, having the accuracy of 0.1 mg. The results
reported were calculated as an average of three specimens.

The metallographic characterization was conducted with a Leitz-Orthoplan (Leica-Leitz, Wetzlar,
Germany) light microscope. Prior to this, the specimens were mounted, ground with abrasive papers
(P150, P240, P360, P500, P600, P800, P1000, P1500, and P2000), and polished with diamond suspensions
(6, 1 and 1 pm diamond particles). The etching of the hard-faced layer was done by Aqua Regia
(17% HNOs3, 50% HCl in glycerol), while the base metal was etched with Nital (3% HNOj3 in ethanol).
Image analysis was done by Image] software. Furthermore, a JEOL J[SM6460LV (JEOL, Tokyo, Japan)
scanning electron microscope (SEM) equipped with Oxford Instruments INCA Microanalysis system
EDS was used to evaluate the composition of different phases. Previously, metallographic specimens
were coated with gold by a Ball-Tech Leica SCD-005 (Leica — Leitz, Wetzlar, Germany) device.

The HV5 Vickers hardness measurement was done according to ISO 6507-1:2005 on a VPM
HPO 250 (VPM, Rauenstein, Germany) device, with a dwell time of 15 s. A hardness test was
conducted in line from the specimen surface to the steel base material, with the distance between
indentations of 0.5 mm. Five parallel linear measurements were done on each specimen, with the
average value reported.

3. Results

3.1. Hardness Profiles

The results showing hardness profiles of hard-faced layers are shown in Figure 1. In all hard-faced
specimens, hardness trends are similar, with values decreasing as the depth of the measurement is
higher towards the nickel interlayer and finally the base metal. At a 5 mm distance from the surface,
all hardness values reach a similar value which is the hardness of the base metal. There are several
differences between the hardness profiles of tested specimens. The maximum hardness near the surface
of the specimen 4 is the highest of all tested. Furthermore, the drop of hardness from the surface to the
base metal is more pronounced in the specimen 1, hard-faced with unmodified electrodes.

400 +
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Figure 1. Hardness profiles of layers obtained with unmodified and modified electrodes.
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3.2. Wear

The wear rate in the form of mass loss is shown in Figure 2. The coarser abrasive paper and a higher
loading result in an increased mass loss of the hard-faced layer, which was expected. The modification
of the electrodes by TiO, generally results in increased wear resistance of the resulting hard-faced layer,
compared to the hard-faced layer obtained with unmodified electrodes. The general trend is that the
mass loss is lower, that is, wear resistance is higher as the immersion time is longer. In other words,
the advantage of the electrodes treated at longer times is higher as the abrasive grains are larger and
as the loading is higher. This indicates that the nanoparticle coating on the electrode is beneficial for
increased wear resistance of the hard-faced Stellite alloy.
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Figure 2. Pin-on-disc wear test results with the following SiC grit sizes: (a) P240; (b) P360; (c) P500
3.3. Microstructure

The microstructures obtained with the light microscope are given in Figures 3 and 4. Figure 3
depicts the microstructures of the hard-faced layer of different specimens, obtained with non-modified
(1) and modified (2, 3, 4) at the surface, 1.5 mm under the surface, and 2.5 mm under the surface of the
specimen. In all specimens, a typical microstructure consisting of the cobalt-based matrix and eutectic
carbides typical for Stellite alloys is present.

Surface

1.5 mm from
surface

2.5 mm from
surface

Specimen 1 Specimen 2 Specimen 3 Specimen 4

Figure 3. Microstructures of the hard-faced layer of different specimens at different depths.
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Figure 4. Microstructure of the S235]R base material near the fusion line.

In the surface layer, the interdendritic distance is higher in the hard-faced specimen obtained with
untreated consumables (specimen 1) than those obtained with treated ones (specimens 2, 3, 4). Also,
the carbide network in specimen 1 is opened to a higher extent than in other specimens, especially the
specimen 4, where it is almost completely closed.

A typical cast dendritic primary microstructure morphology gradually becomes less pronounced
in terms of the presence of interdendritic phases as the depth is increased. Interdendritic phases
morphology becomes gradually changed from a typical interdendritic form to an intergranular and
isolated form as the depth increases. However, this transition does not appear to be equal in all
specimens. The most pronounced transition is in the specimen 1, obtained with unmodified electrodes.

The results shown in Table 6 reveal that the interdendritic phase (dark areas) volume fraction
becomes lower as the depth is increased, which is in accordance with microstructures given in Figure 3.
Also, the volume fraction of the interdendritic phases in the specimen hard-faced with treated electrodes
is notably smaller than those in specimens hard-faced with treated electrodes, the highest being in
specimen 4.

Table 6. Interdendritic phase (dark areas) volume fraction in microstructure.

Interdendritic Phase Volume Fraction [%]

Specimen
Surface 1.5 mm under the Surface 2.5 mm under the Surface
1 12.0 11.5 7.9
2 12.3 12.0 10.3
3 12.5 12.1 10.1
4 14.0 12.4 11.0

The microstructure of the base metal is typical for S235]R steel, with slight recrystallization at the
fusion line, as shown in Figure 4. Such behavior is noted for all tested specimens.

3.4. EDS Analysis

The results of the EDS analysis are shown in Figures 5 and 6. In Figures 5 and 6, the EDS analyses
were done in the area near the surface of the hard-faced layer of specimens 1 and 4, respectively.
The interdendritic carbides in specimen 1 belong to the M;Cj type of the complex nature (Cr-W)
with predominant chromium content, while the matrix is Co-based, as shown in Figure 5. However,
in specimen 4, there are also islands that besides the elements detected in specimen 1, contain titanium
and oxygen, most probably of titanium-oxide nature. The matrix in specimen 4 has a similar chemical
composition as the one in specimen 1, indicating that the matrix does not undergo modification related
to chemical content in the presence of nanoparticles.
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Figure 5. EDS analyses of carbides and base metal in the untreated specimen 1.

Atomic %
Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4

C 39.98 40.45 2.54 53.69

Si 1.24 0.67 2.80 121

Cr 16.57 16.05 16.05 30.11

Fe 6.83 6.79 18.21 2.98

Co 12.42 12.66 45.18 6.81

Ni 435 4.23 14.62 4.50

w 0.48 0.81 0.6 0.7

o 14.24 13.42 0 0

Ti 39 491 0 0

T0pm Electron Image 1
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Figure 6. EDS analyses of oxides, carbides and base metal in specimen 4 obtained with electrode treated
with TiO; nanoparticles (10 mm immersion).
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4. Discussion

In this paper, the immersion technique was used to create an additional coating consisting of
TiO, for increasing the performance of SMAW electrodes for cobalt alloy hard facing, more specifically
Stellite 6.

The addition of nanoparticle-based coating to the existing SMAW electrode results in an increased
abrasive wear resistance for all hard-faced specimens obtained with modified electrodes. This can
be attributed to several effects. The first effect is the occurrence of oxides, the second the decreased
interdendritic distance, and the third is the increase in hardness in the surface and subsurface layers.
The increase in hardness can also be correlated to the occurrence of titanium-oxides [18-20]. These
oxides occur in the form of blocky structures, usually between the Co-based matrix and the complex
Mj;C5 chromium-based carbides. Titanium-oxides add to the wear resistance of the resulting hard-faced
layer. During welding, a relatively high temperature is developed, sufficient to cause the dissociation
of TiO, in accordance with the following chemical reaction:

TiO, — Ti + O, (€]

After cooling, the oxygen again tends to form oxides, primarily with Ti. As shown in [15],
their solidification temperatures are relatively high: Ti,O3 2130 °C; TiO, 1843 °C [21]. A common
effect was noticed in cellulose and rutile electrode weldments where similarly modified electrodes
influenced the increased inoculation of acicular ferrite through the mechanism of an increased inclusion
formation [15,22-26]. However, in this case, the solidification continues with dendritic inoculation
and growth.

During cooling, dendrites (Co-alloy forming the metal matrix) solidify second, after titanium
oxides at 1475 °C. Finally, the complex (predominantly chromium) carbides of MyCj type are left to
solidify the last at 1175 °C [27], forming the microstructure that defines the hard-faced layer obtained
with the modified electrodes. This can explain the more random orientation of dendrites shown in
Figures 3d and 4d (specimen 4) compared to the specimen 1 obtained with the unmodified electrode.
Thus, titanium-oxides have multiple effects, beginning with increasing the hardness both at the
specimen surface and in depth, as well as decreasing the interdendritic distance, making the carbide
network finer, causing a more effective dispersion strengthening of the matrix, as explained in [28,29].

The increase in wear resistance by adding a TiO, nanoparticle coating to the electrodes can
influence the increase in wear resistance of the hard-faced layer. This is beneficial from the point of view
of CRMs since the hard-faced layer contains cobalt as a basis, tungsten, silicon metal, and molybdenum,
as well as near-CRM such as chromium and expensive materials such as nickel. Increased wear
resistance can influence the reduction in consumption of these elements, lowering the dependence
on them.

5. Conclusions

Based on the results shown in this work, the following conclusions can be drawn:

e  The hardness values of hard-faced layers obtained with TiO, nanoparticle coating on the SMAW
electrode are higher than those of the layers obtained with untreated electrodes.

e  The drop of hardness towards the depth of the hard-faced layer is less pronounced in layers
obtained with nanoparticle coated electrodes.

e  The wear resistance of layers obtained with nanoparticle coatings is increased compared to
specimens obtained with unmodified electrodes.

e The highest wear resistance was obtained with electrodes immersed for the longest period of time,
10 min. This effect can be observed for all tested abrasive grain sizes (P240-P500) and loadings
(0.7-1.3 kg). The most pronounced increase in wear resistance was when coarser grains at higher
loadings were applied.
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Several effects influence the increase in wear resistance: the formation of blocky titanium-oxides,
the rise in carbide and oxide volume fraction, and the refinement of dendrites. The dendrite
network becomes almost completely closed which can also be one of the effects beneficial for the
increase in wear.

The increased wear resistance of specimens obtained with modified electrodes influence the
prolonged life of the component, which can provide significant savings in CRMs such as cobalt,
tungsten, molybdenium, and silicon metal, present in the hard-faced alloy.
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Abstract: Cycling high temperature CO, capture using CaO-based solid sorbents, known as the
calcium looping (CaL) process, is gaining considerable scientific and industrial interest due to the high
theoretical sorbent capacity (0.78 gCO,/gCa0O), the low specific cost, and the negligible environmental
impact of the employed materials. In this work, we investigated the self-combustion synthesis of
Ca0O-CaZrOj3 sorbents with different CaO contents (40, 60, and 80 wt%) for use in the CaL process.
CaZrOj3 was used as a spacer to avoid CaO grains sintering at high temperature and to reduce the
diffusional resistances of CO, migrating towards the inner grains of the synthetic sorbent. Samples
were characterized by X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET), and scanning electron
microscopy (SEM) analyses. The reaction between CO, and CaO (i.e., carbonation) was carried out in
20 vol% CO; at 650 °C and calcination (i.e., decomposition of CaCOj3 to CaO and CO,) at 900 °C in
pure Ar or with 85 vol% CO; using a thermogravimetric analyzer (thermogravimetric/differential
thermal analysis (TG-DTA)). The most stable sorbent was with 40 wt% of CaO showing a CO, uptake
of up to 0.31 g COy/gsorbent and 0.26 g COy/gsorbent Operating under mild and severe conditions,
respectively. The experimental data corroborated the prediction of the shrinking core spherical model
-1

in the first phase of the carbonation. A maximum reaction rate of 0.12-0.13 min™" was evaluated in

the first cycle under mild and severe conditions of regeneration.

Keywords: CO; capture; calcium looping; nanometric CaZrOjs particles

1. Introduction

Among different sorbents, metal oxides contained in naturally occurring minerals represent the
cheapest option for the CO, capture process; the calcined forms of limestone and dolomite [1-3] show
a high reactivity within a temperature range from 550 to 750 °C, which largely fits with reforming,
gasification, and pyrolysis processes, and may be regenerated by thermal decomposition of carbonates
at temperatures ranging from 850 to 900 °C. This process can be implemented for CO, removal from
product gases in fluidized bed systems for combustion gasification, or methane steam reforming with
water—gas shift reaction [4-6]. In this process, CaO is converted into CaCO3 during the CO, uptake
(carbonation Equation (1)).

CaO + CO, 2 CaCO3 AH® = —-178 kJ-mol™ (1)
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The spent solid sorbent is subsequently regenerated by releasing CO; in a calcination step. It is
desirable to produce a concentrated CO, stream during the regeneration process and, in this case,
the calcination will often be carried out in an atmosphere rich in CO,. This puts requirements on
the sorbent, e.g., the sorbent must withstand a high CO, concentration during its regeneration for
an extended number of cycles. However, the presence of CO, during the regeneration step has been
shown to decrease the calcination rate of the solid sorbent, and also to cause sintering of CaO grains
with associated negative effects on the CO, uptake capacity after multiple cycles [7-9]. In order to lower
the molar fraction of CO, during calcination, it has been proposed to add steam that is easily separable
after the calcination step [10]. Besides the cost for producing and separating the steam, steam itself
was also found to cause sintering of CaO, thereby reducing the CO, uptake capacity of the regenerated
sorbent; steam can lead to changes in the pore-size distribution (PSD) through the CaCOj3 layer [11].
In any case, the sorbent kinetics and stability of CO, uptake capacity during cycling in industrial-sized
plants are key issues and strongly influence the cost of the CaL technology [12]. The sorbent must
thus show a high stability and stable sorption capacity throughout multiple CO, uptake-regeneration
cycles. Further important properties of a good sorbent are as follows: low—cost manufacturing, fast
reaction kinetics, as well as mechanical stability and sintering resistance. Although natural carbonates,
e.g., limestone (CaCOj3) or dolomite ([Ca,Mg]COs3), seem to be the best candidates given their low
cost and high availability, they show a pronounced decay in CO, sorption capacity during repeated
cycling [1,9]. The carbonation of these materials is characterized by an abrupt transition from the rapid
initial reaction rate, most likely kinetically controlled, to a slower reaction rate, which is most likely
diffusion controlled [3,8,13]. Other drawbacks of these materials are as follows: sorption capacity
decay, due to sintering and modification of the particles’ porous structure [14-16], and low mechanical
resistance under fluidization conditions, specifically for the calcined state, which may therefore cause
elutriation of fine particles. To counteract this, efforts have been made to enhance the performances
of naturally occurring sorbents. Thermal pretreatment of natural dolomite or limestone [17-19] and
hydration with steam [20-22] improve the CO, sorption capacity to some extent during subsequent
cycling. Interestingly, thermally pretreated limestone sometimes shows the effect of self-activation
during cycling, i.e., the sorption capacity increases during cycling [9,17]. Although positive results
were obtained, these tests have frequently used regeneration in a 100% nitrogen atmosphere without
taking into account the effects from CO, on sintering. However, it is important to highlight the fact
that, when dolomite and limestone are calcined in a CO,—containing atmosphere, sintering processes
occur [23-25]. These drawbacks counteract the advantage of the low cost of naturally occurring
sorbents [26,27]. Alternatives to Ca-based materials are solid sorbents based on both alkali-promoted
alumina, hydrotalcites, and some other Mg-based material [28,29]. The operation temperatures of
these materials are in the range of 300-600 °C.

The sorbent materials initially chosen for proof-of-concept in the CaL process had high capacity,
but low mechanical stability. To overcome the abovementioned limitations of the solid sorbents
that hamper the exploitation of sorption—-enhanced processes, the research community has focused
its efforts on the development of synthetic materials (or, alternatively, properly modified natural
minerals) able to keep a very high CO, uptake capacity over a higher number of sorption/regeneration
cycles and compatible with the use in a fluidized bed reactor. The authors in [30] investigated
the effects of thermal pretreatment on a naturally occurring sorbent to enhance the stability of the
modified sorbent. In addition to the attempts to modify naturally occurring minerals to improve
their properties, there is also the option to develop completely new synthetic sorbents with tailored
properties. Several sorbents based on CaO have been synthesized, including high surface precipitated
calcium carbonate [31] mixed oxides with the formula Cag9Mg 10y, where M = Cu, Cr, Co, Mn [32];
CaO sorbents derived from organic salt precursors [33]; CaO doped with Cs [34]; sorbents derived
from calcium lignosulphonate [35] or sorbents based on NayCOj3; or NaCl [14,36]; CaO-based sorbents
using calcium aluminate (CajpAl14033) as a stable matrix [9,37,38]; and CaO-based sorbents using
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calcium titanate (CaTiOz)-based perovskite as binder [39], which showed good stable CO, uptake
capacity during cycling tests.

The aim of this paper was to further investigate Ca-based sorbent materials using calcium
zirconate (CaZrOj;) perovskite as binder. The new CaO-based material was tested under relevant
conditions in several multi—cycle TG-DTA tests and characterized by SEM, XRD, and BET analyses.

2. Materials and Methods

All the chemical reagents were purchased from Merck Italy and used as received. Samples
were prepared using the auto—combustion method, i.e., stoichiometric amounts of metal nitrate

(Ca(NO3)-H,0 and ZrO(NO3),-0H,0) and glycine (NH,CH,COOH) as fuel with %ﬁne = 0.9 were
dissolved in HO. The temperature of the solution was measured with a type K thermocouple (RS-PRO,
Italy). At the beginning, the temperature was increased to 80 °C, favoring the H,O evaporation
to trigger the auto—combustion. Then, the temperature was gradually increased with a ramp of
15 °C min~! up to 250 °C. After a short time, which increased from ~3 to ~10 min as the molar ratio
between Ca and Zr decreased, the self-combustion occurred with a rapid flame propagation that ended
after a few minutes, producing very fine and voluminous powders that were calcined in air at 900 °C
for 5 h to remove carbonaceous impurities. The samples investigated in this work were named as
follows: CaZrOj3; (CZ), 40 wt% CaO-CaZrO; (CCZ40), 60 wt% CaO-CaZrO; (CCZ60), and 80 wt%
CaO-CaZrOj3 (CCZ80).

XRD measurements were carried out on a RIGAKU SmartLab system (RIGAKU supplier: Assing
spa, Italy) equipped with a Cu Kot (A = 0.15418 nm) source for powder materials. The reference intensity
ratio (RIR) method was used for quantitative phase analysis [40]. Because all phases were identified,
no preferred texturization or amorphous phase was detected, and all RIR values were known for
each phase, quantitative analysis was then permitted without adding any standard to the unknown
specimen. The crystallite size was estimated from the CaZrO; (121), CaO (111), and Ca(OH); (101)
reflection using the Scherrer Equation (2), where the shape factor K is equal to 0.9, A is the wavelength
of the X-ray radiation used, {3 is the full width at half maximum intensity (FWHM), and 0 is the Bragg
angle of the corresponding reflection:

d(nm) = KA/ (B-cos9 ) 2

N adsorption/desorption isotherms were measured at —196 °C using a Micromeritics ASAP 2020
adsorption apparatus (Micromeritics supplier: Alfatest srl, Italy). Samples were degassed at 350 °C
under vacuum for 4 h before analysis. The specific surface area (SSA) was determined using the BET
equation method in the linear range of relative pressure (p/p°) of 0.07-0.3. The pore-size distributions
were calculated from desorption branches using the Barrett-Joyner-Halenda (BJH) method. The total
pore volume was estimated to be the liquid N, volume at relative pressure p/p° of 0.95.

Morphological characterization of sorbent materials was performed by scanning electron
microscopy (SEM) using a Tescan Vega 3 with LaB6 filament (Tescan supplier: Assing spa, Italy).

Sorbent analysis were carried out in a Netzsch STA 449C Jupiter thermo-microbalance-based
simultaneous thermogravimetric/differential scanning calorimetry (TG-DSC) system (with integrated
mass flow controller TG resolution: 0.1 ug) (Netzsch, Germany). An amount of sorbent (ranging from
20 to 30 mg) was placed in an alumina crucible. Before the carbonation test, each sorbent was first
pretreated up to 900 °C at a ramp of 10 °C-min~! under 100% Ar gas flow for 20 min in order to remove
all impurities and pre-adsorbed CO,. The CO, uptake capacity of the sorbents was tested under mild
and severe conditions as follows:

(a) under mild conditions, the carbonation occurred at 650 °C for 20 min in 20 vol% CO, in Ar
(CO; flow of 20 cm3-min~! and Ar flow of 80 cm?®-min~1) followed by the calcination step under 100%
Ar gas flow for 20 min at 900 °C. All heating and cooling procedures of the experiment were performed
in Ar flow of 100 cm3/min with the heating or cooling rate of 10 °C-min~!.
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(b) under severe conditions, the carbonation occurred at 650 °C for 20 min in 20 vol% CO, in
Ar (CO; flow of 20 em®min~! and Ar flow of 80 cm3-min~) followed by the calcination step under
80 vol% CO, (CO, flow of 80 cm®min~! and Ar flow of 20 cm®-min~!) for 20 min at 900 °C. After the
calcination step, the cooling procedures of the experiment were performed in Ar flow of 100 cm?/min
with cooling rate of 10 °C-min~".

The performance and stabilities of the sorbents were evaluated through 12 carbonation—calcination
cycles. The CO, uptake per gram of sorbent, C;;, and the CaO conversion (%), X;;, were calculated
according to Equations (3) and (4):

no
Mipax = M0

Cy = 3
mzm

XW:QXMXIOO @)
n  Mco,

where mj;,,. is the mass of the sorbent at the end of cycle n at 650 °C under mild and severe conditions
or at 850 °C during the subsequent ramp temperature under severe conditions, m;, ;. is the initial mass
of the sorbent at cycle n at 650 °C under mild and severe conditions, M0 is the molecular weight of
CaO, Mcqco, is the molecular weight of CaCOs, and finally 1 is the CaO mass fraction of the sorbent.

3. Results and Discussion
3.1. Sorbent Characterization

3.1.1. X-Ray Diffraction Characterization of the As-Prepared Sorbents

The X-ray diffraction patterns of samples calcined at 900 °C are shown in Figure 1 and the main
crystalline phases are reported in Table 1.

Intensity (a.u.)
‘T

CﬁZrCI)3
20 25 30 35 40 45 50 55 60

20
Figure 1. X-ray diffraction (XRD) patterns of as—prepared samples: (a) CZ, (b) CCZ40, (c) CCZ60,

and (d) CCZ80. The position and intensity of the peaks corresponding to the main phases present are
also included.
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The CZ sample, containing a stoichiometric ratio between Ca and Zr, consisted of a perovskite
phase with orthorhombic symmetry characteristic of CaZrO3 oxide (JCPDS card no. 35-0790). However,
the presence of impurity phases, such as Cag 15Zr 8501 .85 (JCPDS card no. 26-0341), CaO (JCPDS card
no. 37-1497), Ca(OH), (JCPDS card no. 01-1079), and CaCOj; (JCPDS card no. 47-1743), was also
observed. As Ca content increased, the intensity of the CaZrO; perovskite phase decreased and the
diffraction peaks became wider, suggesting the progressive decrease of the crystallite size. In addition
to the perovskite phase, CCZ40 and CCZ60 samples showed mainly peaks attributed to the CaO and
Ca(OH), phases, whereas the CCZ80 sample showed principally peaks of Ca(OH),. The presence of
the Ca(OH); phase, which originated from the reaction of CaO with ambient humidity during material
storage and handling, reflects the high surface reactivity of these mixed oxides. The high reactivity
with the ambient air was also highlighted by the formation of CaCO3, which was 9.5% of the phases
in CCZ80. However, Ca(OH); and CaCO3 were completely converted to CaO during the samples’
preheating step at 900 °C (see the TG results in Figure 2). As reported in Table 1, the crystalline size,
estimated by the Scherrer equation, of CaZrOj3 perovskite decreased progressively from 63.9 nm to
about 32 nm from CZ to CCZ80 because the increased amount of calcium species reduced the sintering
of CaZrOj3 during sample calcination. The crystalline size of Ca(OH), progressively decreased from
16.0 nm in CCZ40 to 11.2 nm in CCZ60 samples; similarly, CaO decreased from 35.5 nm to 31.2 nm for
CCZ40 and CCZ60 samples, respectively. Therefore, the progressive increase of the Ca/Zr ratio during
the synthesis generates crystallites of small dimensions.

Table 1. Crystallite size, phase amount, and textural properties of as—prepared samples.

Crystallite Size (nm) ! Phase Amount (%) SSA Pore Volume
Sample (m2-g-1) (cm3-g-1)
CaZrO; CaO Ca(OH), CaZrO; CaO Ca(OH), CaCOj & 8
Ccz 63.9 - - 89.12 6.9 3 1.0 11.2 0.043
CCZ40 56.4 355 16.0 52.8 20.4 255 0.3 324 0.095
CCZ60 30.5 31.2 12.2 35.8 44.8 18.9 0.5 52.7 0.160
CCZ80 323 - 11.2 14.0 3.0 73.5 9.5 48.0 0.123

! Calculated according to the Scherrer equation. 2 The phase amount of Cag 1521 501 g5 was 0.2%.

3.1.2. Textural Characterization of the As-Prepared Sorbents

The Ny—adsorption/desorption isotherms and the corresponding pore—size distribution (BJH
method) of as—prepared sorbents are shown in Figure 2, and the main textural properties are compiled
in Table 1. According to the empirical classification given by the International Union of Pure and
Applied Chemistry (IUPAC) [41], CZ belonged to a Type II isotherm (Figure 2a) of macroporous
material, characterized by unrestricted multilayer adsorption. At pressure higher than p/p°® ~0.8,
the absorption and desorption isotherms showed nearly vertical shapes with a negligible hysteresis
loop, assigned to the condensation on mesopore and macropore. The pore-size distribution (PSD)
calculated using the BJH method (Figure 2b) showed a weak curve with a maximum around ~710 A
assigned to macropores. The specific surface area (SSA) was 11.2 m?-g~! and the pore volume was
0.043 cm3-g~1.
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Figure 2. Textural characterization of as—prepared samples: (a) N, physisorption isotherms;
(b) pore-size distribution by the BJH method.

The Np-absorption/desorption isotherms of the CCZ samples were significantly different from
those of the CZ perovskite. They were classified as a Type IV isotherm (Figure 2a), given by mesoporous
materials, that possess a hysteresis loop. The initial part of the absorption isotherms increased up to the
low pressure of p/p° < 0.1, due to monolayer-multilayer adsorption as in the case of the Type II isotherm.
The lower and upper branches of the hysteresis loop were in the range of p/p” = 0.5-0.8 and the hysteresis
was classified, accordingly to IUPAC, as type H1 associated to porous materials with cylindrical-like
pores or agglomerates of approximately uniform spheres. As in the case of the CZ sample, at pressure
higher than p/p° ~0.8, the absorption and desorption isotherms showed nearly vertical shapes due to the
condensation on macropores and mesopores, suggesting also the presence of a Type II isotherm part.
The PSD calculated using the BJH method (Figure 2b) showed two peaks, one at around ~44 A assigned
to the mesopores, and another with a maximum around ~710 A assigned to the macropores.

The SSA increased from 32.4 m?-g™! to 52.7 m?-g~! on the CCZ40 and CCZ60 samples, respectively,
whereas it decreased to 48.0 m?-g~! in the CCZ80 sample with the highest content of calcium, suggesting
that the progressive amount of the Ca(OH), and CaO species did not continuously increase the SSA of
the oxides. Accordingly, the pore volume also showed a similar trend that increased from 0.095 cm3-g ™1
up to 0.160 cm>-g~! on the CCZ40 and CCZ60 samples, respectively, but decreased to 0.123 cm>-g ™!
on the CCZ80 one. It is noteworthy that the CZ perovskite shows a unimodal distribution of pores
with the maximum located at 800 A. When the perovskite is used as spacer, the porosity of the sorbent
shows a bimodal distribution—one peak is still located at 800 A, whereas the second peak is at 50 A.
The pore volume increases with the increase of CaO content.

3.1.3. SEM Images of the As-Prepared Sorbents

The characteristic morphology of the as synthetized sorbents was observed by SEM images and
the main results are shown in Figure 3. The CZ powders showed the typical morphology of perovskite
synthetized using the auto—combustion method, using glycine as fuel, with aggregated particles having
several dimensions with an average size of 227 + 118 nm, with different shapes, i.e., spherical, elongated
(similar to tetragonal), and planar. The addition of calcium, forming the CCZ samples, substantially
modified the morphology. The CaZrO; particles showed a spherical morphology deposited on much
larger particles with three—dimensional polygon shapes, partially attached to each other, assigned
to CaO and/or Ca(OH), species. The number of CaZrOj; particles followed the sample order of
CCZ40 > CCZ60 > CCZ80, decreasing, as expected, according to the higher Ca content compared to
Zr. On the basis of the XRD analysis, the bigger particles consisted exclusively of Ca(OH), in CCZ80,
whereas they were formed by Ca(OH), and CaO in the other samples. In particular, for CCZ40 the
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major phase was still constituted by Ca(OH),, whereas in CCZ60 there was an opposite trend with
the CaO phase double with respect to Ca(OH),. As shown in Figure 3, CCZ40 and CCZ60 showed
a similar morphology with partially aggregated particles, whereas the CCZ80 sample showed more
particle agglomeration.

The average size of the CaO, Ca(OH),, and CaZrOs particles measured on the as—prepared CCZ
samples is reported in Figure 4. The average size of the CaZrOj3 particles was 79 + 27 > 48 + 10 <
53 + 14 nm for the CCZ40, CCZ60, and CCZ80 samples, respectively. The size of the bigger particles
attributed to CaO and Ca(OH), species showed a similar trend. In fact, it was 485 + 69 nm > 255 + 53 nm
<366 + 99 nm for the CCZ40, CCZ60, and CCZ80 samples, respectively. Therefore, the particles of all
the species first decreased and then increased as the calcium content increased. SEM images appear to
be in agreement with BET results, where the largest surface area was found for the CCZ60 sample.

(b)

(d)

Figure 3. Scanning electron microscopy (SEM) images using secondary electron of as—prepared samples:

(a) CZ, (b) CCZ40, (c) CCZ60, and (d) CCZ80.
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Figure 4. Average size of the CaO, Ca(OH),, and CaZrOj particles measured by SEM of as—prepared
CCZ samples.
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3.2. CO;, Capture Performance

Figure 5 show the results of the thermogravimetric/differential thermal analysis (TG/DTA) obtained
in Ar flow on freshly prepared sorbents before the carbonation and calcination cycles; the results are
also summarized in Table 2 In the temperature range 350-500 °C, the TG curves of the CCZ40, CCZ60,
and CCZ80 samples showed a weight loss of 5.9%, 13.2%, and 17.6%, respectively, accompanied by
a strong endothermic peak reported on the DTA curve, attributed to the decomposition of calcium
hydroxide to calcium oxide. At higher temperatures, between 600 and 750 °C, a second endothermic
peak was observed, which was associated with a weight loss equal to about 2.3% (CCZ40), 4.1%
(CCZ60), and 4.6% (CCZ80) related to the decomposition of calcium carbonate to calcium oxide. For
temperatures above 800 °C, there were no variations in weight or heat flows, indicating that the phases
of the samples were stable.

. Ca(OH)»Ca0 .

. CaC0O;—Cal :

90

TG (%)

804

DTA (W g")

-1.2 T T T T T T T T
100 200 300 400 500 6800 700 800 900

Temperature (°C)

Figure 5. Thermogravimetric/differential thermal analysis (TG/DTA) curves of CaO-CaZrOj at different
% of CaO.

Table 2. Peak temperature (from differential scanning calorimetry (DSC)) and weight loss (from

thermogravimetric analysis (TGA)) of the samples.

Sample Ca Species Peak Temperature (°C) Weight loss (%)
cz CaCOs3 792.0 1.6
cow oo = z
o e 2z
cm oo ::2:; 7

The cyclic CO, capacity under mild conditions of the CCZ samples is shown in Figure 6. The CO,
uptake of CCZ40 remained constant for 12 cycles with about 0.31 grams of CO, uptake per gram of
sorbent, a value closer to the theoretical one, which corresponded to almost 100% of CaO conversion.
The initial CO, uptake of the other samples increased with the CaO amount, reaching 0.47 and 0.57 g
of CO, per gram of sorbent for the CCZ60 and CCZ80 samples, respectively. The corresponding initial
CO; conversion was ~100% for CCZ60, whereas it was lower, about ~90%, for the CCZ80 one. Contrary
to the stability found for the CCZ40 sample, the other samples showed a decrease of the CO, uptake
per gram of sorbent after 12 cycles. In fact, the final CO, uptake was 0.34 and 0.42 g of CO, per gram
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of sorbent for the CCZ60 and CCZ80 samples, respectively. The calculated loss of CaO conversion was
about —27% for both CCZ60 and CCZ80 samples.
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Figure 6. Stability and performance tests of CCZ samples under mild conditions showing the CO,
uptake over 12 carbonation/calcination cycles (a) and the calculated CaO conversion (b).

Given its promising stability, the CCZ40 sample was analyzed under severe conditions.
A comparison of the first and last carbonatation steps observed by TG analysis is reported in
Figure 7. The carbonation reaction at 650 °C showed a typical two-step profile, i.e., a rapid weight
increase, after a few minutes, attributed to the fast gas—solid reaction, followed by a much slower
weight increase due to the diffusion resistance of CO, gas to reach CaO across the as—formed CaCO3
shell. As mentioned before, under mild conditions the weight gain at 650 °C remained very stable.
In fact, only a small increase in the diffusion—controlled step with the cycle number was observed.
During the temperature ramp in Ar, all cycles showed a rapid decrease in weight that terminated at
about 780 °C.
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Figure 7. TGA weight profiles vs. time of the CCZ40 sorbent under mild conditions (red line) and
under severe conditions (green line) for the first and last cycles.

In the isotherms at 650 °C, the first cycle under severe conditions showed a weight increase very
similar to that found under mild conditions, with a rapid increase in the mass of CaCOj3. Contrary to
what was observed under mild conditions, the presence of a high partial pressure of CO, during the
temperature ramp avoided the decomposition of CaCO3, and the mass remained constant up to about

151



Metals 2020, 10, 750

890 °C; when it reached 900 °C, the rapid decarbonation CaCO3 — CaO + CO; occurred, accompanied
by a mass decrease. However, the last cycle showed a significantly different trend. In the isotherm
at 650 °C, the formation of CaCOj; decreased markedly due to the increased diffusion resistance.
In the subsequent temperature ramp, the formation of CaCOj increased rapidly again, because it was
kinetically favored, returning to a similar weight gain. The CO, uptake and the corresponding CaO
conversion (%) during 12 cycles under severe conditions are reported in Figure 8. In carbonation
isotherms at 650 °C, a decrease in performance was observed and the final CO, uptake and the CaO
conversion (%) were equal to 0.26 grams of CO, per gram of sorbent and 82%, respectively, with a
deactivation of 18%. However, it should be noted that after four cycles the activity decayed very slowly,
tending to stabilize. Furthermore, it was noted that in the subsequent temperature ramps there was a
greater overall stability as shown by the stable CO, uptake and CaO conversion at the representative
temperature of 850 °C, even at a higher CO, concentration of 80 vol%.
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Figure 8. Stability and performance tests of CCZ40 sample under severe conditions showing the CO,
uptake over 12 cycles (a) and the calculated CaO conversion (b) in the isotherm step at 650 °C (red) and
at 850 °C during the temperature ramp up to 900 °C (blue).

3.3. Shrinking Core Model

The gas—solid reaction for CaO carbonatation was analyzed according to the well-known shrinking
core spherical grain model described in Equation (5) in its derivative form and in Equation (6) in its
integral form. The variable X is the conversion of CaO to CaCOj and 17 is the grain model reaction rate.
When the reaction is under the kinetic regime, the diffusion effects are negligible, and Equation (5) is
represented by a straight line with slope 7’:

_ax - =3 ®)
dt(1-X)3
P—(l—Xﬁ]:roxt ©)

The |1-(1- X)%] against time curves together with the straight line representing the apparent
kinetic regime for the first and last carbonatation steps under mild and severe conditions are reported
in Figure 9. At the beginning of the experiments, the solid sample can be regarded as an agglomerate
of non—porous grains reacting in absence of both extra—particle and intra—particle diffusional effects.
Thus, the progress of the reaction, X, in the investigated sample can be examined by the shrinking
core spherical grain model. As expected in the first cycle, a reaction rate 7%, corresponding to 0.12
and 0.13 min~!, was obtained under mild and severe conditions, respectively. After 12 cycles under
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mild conditions, the reaction rate did not decrease and 1’ remained as the same value as the first
one, i.e., 0.12 min~!. The linear phase seems to hold within the first four minutes of carbonation
when the sorbent is calcined under mild conditions. Conversely, operating under severe conditions
entailed a significant decrease in the reaction rate 1 to 0.06 min~!. The linear behavior of carbonation
holds in the first three minutes when the sorbent is regenerated under sever conditions. As the
carbonation proceeds, the solid reagent is coated by a non-porous carbonate layer. The carbon dioxide
is transported via solid state diffusion and the overall process can be controlled by the slower diffusion
process, and the reaction intensity decreases (see Figure 9).
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Figure 9. CaO carbonatation kinetic curves of the CCZ40 sorbent for the first and last cycles under mild
conditions (blue) and under severe conditions (red) and the corresponding slope extraction according
to the grain model.

3.4. SEM Images of Used Sorbents

The characteristic morphology of the used sorbents was observed by SEM images, and the
main results are shown in Figure 10. The CA sample, after the CO, capture and release cycles,
showed characteristic morphologies, also detected in the synthesized sample. However, the main
morphology corresponded to aggregated particles of elongated and planar shape. The average
length was 371 + 129 nm, greater than that measured on the as—prepared samples, due to the overall
particle sintering. The CCZ samples, after the calcium looping cycles, showed a significantly different
morphology than that of the as—prepared samples. The amount of CaZrO; particles decreased by
increasing the CaO content, as expected, maintaining a similar spherical morphology in all the samples
similarly to that of the freshly prepared samples. The particles were mainly attached to those of CaO
in the CCZ60 and CCZ80 samples, while many particles were also dispersed and separated from
those of CaO in the CCZ40 sample, which had the greatest amount of CaZrO;. After the calcium
looping cycles, the main morphological difference was found in the particles constituted by the
Ca(OH); and CaO phases. In fact, they became CaO particles with significantly larger dimensions
with respect to the freshly prepared samples and with a main morphology of spherical or even cubic
and tetragonal particles.

The average size of the CaO and CaZrO; particles measured after calcium looping cycles on the
CCZ samples is reported in Figure 11. As noted also in the freshly prepared CCZ samples, the size of
the CaZrOj3 particles had an inverse volcano trend in which the particles had the dimensions 79 + 16
> 51 £ 9 <66 + 14 nm in the CCZ40, CCZ60, and CCZ80 samples, respectively. It is interesting to
note that the dimensions measured both in the fresh samples and after the calcium looping cycles
were similar, suggesting that the CaZrOj3 particles were stable towards sintering. On the contrary,
the CaO particles were significantly larger than those of CaO and Ca(OH), present in the fresh samples.
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The particle size of CaO increased proportionally to the Ca content in the samples, being 525 + 101 <
588 + 166 < 604 + 137 nm in the CCZ40, CCZ60, and CCZ80 samples, respectively.

(d)
Figure 10. SEM images using secondary electron of used samples: (a) CZ, (b) CCZ40, (c) CCZ60, and
(d) CCZ80.
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Figure 11. Average size of the CaO and CaZrOj; particles measured by SEM after calcium looping
cycles of the CCZ samples.

4. Conclusions

CaZrOj3 was introduced into CaO-based sorbents to increase stability during repeated CO,
capture/release cycles. The CaO-CaZrO; sorbents with different CaO contents (40, 60, and 80 wt%)
were synthesized using the self~combustion method. The calcium looping process was performed
under mild and severe conditions. Under mild conditions (decarbonation in pure Ar), the CO,
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capture capacity increased with the CaO content. After 12 cycles, the most stable sorbent was the
one with 40 wt% of CaO (CCZ40), which maintained a CaO conversion to CaCOj3 nearly 100% and
a CO, uptake of 0.31 g COy/gsorbent- The CCZ40 sample showed high performance even operating
under severe conditions (decarbonation under 85% CO;) with a decrease of the CO, uptake from
0.31 g CO2/gsorbent 0 0.26 g CO2/gsorbent- This experimental result confirms the negligible diffusional
resistance of CO, throughout the particle and the good gas—solid contacting even at the inner core
of the sorbent particle. SEM images of the used sorbent showed larger micrometric CaO aggregates
surrounded by nanometric CaZrOj3 particles. The best stability was attributed to the correct balance
between CaO, the active component, and the CaZrO3; nanoparticles. The experimental data gathered
from the thermogravimetric analyzer corroborated the adoption of the shrinking core spherical model
for the interpretation of CaO conversion to CaCO3. A maximum reaction rate of 0.12-0.13 min~! was
evaluated during carbonation in the multi—cycling CO; capture under mild conditions. The reaction
rate evaluated at the 12th cycle decreased to 0.06 min~! when the sorbent was regenerated under
severe conditions.
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