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Abstract 1 

The effects of ingestion of airborne particles from pyroclastic events of active volcanoes by 2 

aeronautical turbines and their subsequent reaction with thermal barrier coatings (TBCs) 3 

have attracted the attention of the scientific community in recent years. The reaction products 4 

of infiltration experiments of lanthanum-gadolinium zirconate (LGZO) ceramics with molten 5 

ashes from the active Colima volcano at 1250 oC for 10 h are presented and discussed as a 6 

function of the Gd+3 content. Five ceramic compositions, varying the Gd+3 content in solid 7 

solution were synthesized by the chemical coprecipitation and calcination method of pressed 8 

powders. These compositions include pure lanthanum and gadolinium zirconates, LZO, and 9 

GZO, respectively. Penetration depth and identification, and in some cases quantification of 10 

the reaction products between the molten ash and LGZO ceramics were performed by 11 

scanning electron microscopy (SEM), chemical composition with energy dispersive X-ray 12 

spectroscopy (EDS), grazing incident X-ray diffraction (GIXRD) as well as micro-Raman 13 

spectroscopy. Despite having the thinnest apatite layer compared to the other infiltrated 14 

LGZO compositions, the LZO ceramic exhibited the greatest infiltration resistance with an 15 

infiltration depth of approximately 23 µm from the surface. The phase characteristics of the 16 

reaction layers were dependent on the gadolinium content. LZO, LGZO25, and LGZO50 17 

(x=0, 0.25, and 0.5) showed the presence of apatite as well as monoclinic and tetragonal 18 

zirconia, while LGZO75 and GZO (x=0.75 and 1), additionally showed the presence of cubic 19 

zirconia and anorthite. As the Gd+3 content increases in the LGZO solid solutions, the 20 

wavenumber value corresponding to the stretching vibrational mode of the silicon tetrahedra 21 

in apatite shifts from 862 to 877 cm-1, which is associated to a decrease in Si-O bond lengths. 22 

These findings indicate that the amount of rare earth cations dissolved in the melt plays an 23 

important role in the precipitation of the reaction products. 24 
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1. Introduction 27 

The thermodynamic performance of aircraft turbines is enhanced by increasing the operating 28 

temperature at the turbine entry. Nonetheless, this increase can have a significant impact on 29 

the metallic components in the hot section of the turbines. Thermal barrier coatings (TBCs) 30 

are extensively used in the aerospace industry to protect such metallic components. For this 31 

purpose, 6-8 wt.% yttria stabilized zirconia (7YSZ) is the most prevalent thermal barrier 32 

material [1]. However, maximum operating temperatures for 7YSZ have been reached, due 33 

to the metastable character of the non-transformable tetragonal t’-phase. Such limits are 34 

observed at high temperatures, where destabilization of the t’-phase is induced by the 35 

transformation into a stable monoclinic phase during cooling [2], [3]. In addition, it has been 36 

extensively reported that 7YSZ degrades upon contact with molten calcium-magnesium-37 

aluminosilicates (CMAS) compounds at similar temperatures [4], [5]. Some airborne Si-rich 38 

particles such as volcanic ashes (VAs) are ingested by the turbine, infiltrating through the 39 

porosity of the coating to finally solidify upon cooling to produce residual stresses that can 40 

cause the failure of the TBCs [6]. Thus, the working temperature and durability of TBCs are 41 

directly limited by the interplay of complex thermochemical and thermomechanical 42 

interactions with the molten siliceous particles [7]–[9]. Due to the potential damage, they can 43 

inflict on TBCs, siliceous residues pose a significant risk to aircraft turbomotors. The most 44 

well-known case occurred with the eruption of Eyjafjallökull volcano in 2010, which 45 

imposed severe limitations on European air traffic [9]. 46 

The interactions between TBCs and molten Si-based particles have been primarily studied 47 

using synthesized CMAS deposits. However, the composition of VAs can differ significantly 48 

from CMAS. VAs possess considerably more elements that are not present in CMAS [10]. 49 

For instance, the chemical composition of volcanoes such as Eyjafjallökull or Colima has 50 

been reported to contain Fe, K, Na, and Ti [5] thus generating important differences in Ca, 51 

Mg, Al and Si between CMAS and VAs. Consequently, these chemical contrasts can result 52 

in significant variations in thermal behavior and reactivity behavior of the molten glass with 53 

the thermal barrier ceramic during infiltration [10]. 54 

In Mexico, several active volcanoes constantly present eruptive activity and pose a constant 55 

threat to aircraft. Among them is the Colima volcano, which is located in a high-traffic air 56 

corridor and continuously emits significant amounts of siliceous debris into the atmosphere 57 



that can reach aircraft turbines and infiltrate TBCs. Although the effect of Colima VA on the 58 

integrity of aircraft TBCs has not been particularly reported, several studies have been 59 

conducted on the effect of VAs or CMAS on a wide range of siliceous particles compositions 60 

to understand the risk associated with their infiltration into 7YSZ TBCs [5], [10], [11]. 61 

Rare earth zirconates (REZs) have been studied due to their high resistance to Si-based 62 

molten particle infiltration, as well as their excellent features as thermal barrier materials, 63 

such as low thermal conductivity, sintering resistance, phase stability, etc. [12]. In the 64 

temperature range of turbine engines La2Zr2O7 (LZO) and Gd2Zr2O7 (GZO) ceramics have a 65 

particularly high infiltration resistance [9], [13]–[17]. During the infiltration of these ceramic 66 

materials, the molten silica-based particles dissolve the REZs, promoting their constituents 67 

to diffuse away from the dissolution front and forming local saturated regions that promote 68 

the precipitation of crystalline products from the melt. In REZs, the mechanism to stop 69 

infiltration is related to the precipitation of rare-earth apatites (Ca2RE8(SiO4)6O2, Ap) with 70 

needle-like morphologies that can partially seal the infiltration channels and limit the 71 

thickness of the infiltrated layer [3], [9], [12], [15], [18]. 72 

On the other hand, it has been reported that lanthanum-gadolinium zirconate ceramics ((La1-73 

xGdx)2Zr2O7, LGZO) demonstrate solid solutions over a broad range of compositions [14] and 74 

have lower thermal conductivity than pure LZO and GZO [16]. In addition, a previous study 75 

reported the formation of Ap and other Si-based phases as reaction products from LZO, 76 

LGZO, and GZO powder mixtures with three different VAs [13]. However, no study has yet 77 

been conducted on the behavior of these dense LGZO solid solutions under VAs infiltration 78 

from SiO2-rich Mexican volcanoes. The study of the risk associated with VA damage 79 

inflicted by the Colima volcano on highly densified ceramics to evaluate the intrinsic 80 

resistance of LGZO materials to infiltration is another essentially unexplored aspect. The 81 

application of local characterization techniques to assess, at a micrometric scale, the reaction 82 

products and subsequently associate them with the risks posed by airborne VAs particles to 83 

LGZO ceramics is still needed. 84 

This work provides information on the reaction products to elucidate the mechanism of 85 

Colima VAs infiltration in LGZO ceramics and thus, evaluate the level of risk associated 86 

with this interaction. For this purpose, highly densified LGZO ceramics were sintered from 87 

powders synthesized by coprecipitation in different ratios of La and Gd. Infiltration 88 



experiments were conducted with Colima VA at 1250 °C for 10 h. The infiltrated samples 89 

were characterized with different techniques seeking to identify characteristics as a function 90 

of infiltration depth such as such as scanning electron microscopy with energy dispersive X-91 

ray spectroscopy (SEM/EDS), grazing incident X-ray diffraction characterization (GIXRD), 92 

and micro-Raman spectroscopy. These results are intended to provide a fundamental 93 

understanding of the infiltration phenomena of Colima VAs by identifying their reaction 94 

products on LZGO ceramics. 95 

2. Experimental procedure 96 

2.1. Synthesis of powders and dense ceramics 97 

(La1-xGdx)2Zr2O7 ceramics were prepared with molar fractions x of 0, 0.25, 0.5, 0.75, and 1, 98 

labeled as LZO, LGZO25, LGZO50, LGZO75, and GZO, respectively. The synthesis method 99 

was the reverse coprecipitation-calcination employing the following precursors : lanthanum 100 

oxide (La2O3, Alfa Aesar, 99.9 %), gadolinium oxide (Gd2O3, Alfa Aesar, 99.9 %) dissolved 101 

in an aqueous solution of nitric acid (HNO3, Meyer, 70 %) and zirconium oxychloride 102 

(ZrOCl2
.8H2O, Alfa Aesar, 99.9 %) dissolved in water. To obtain the (La1-xGdx)2Zr2O7, 300 103 

mL of solution was stoichiometrically prepared with the corresponding molar amounts. Each 104 

solution was carefully dropped over 21 mL of ammonium hydrate (NH3, Sigma Aldrich, 30 105 

% in water), and the pH value was maintained at 11 while stirring. After the reaction, the 106 

obtained gel-like precipitates were subsequently filtered using a filter paper of pore size of 107 

0.45 μm and washed with deionized water. The washed precipitates were then dried at 110 108 

°C for 24 h. Each (La1-xGdx)2Zr2O7 powder was calcined at 1300 °C in a box furnace (Thermo 109 

Scientific, f46110DCM-33) for 10 h and dry-milled (8000D mill, SpexSamplePrep) into fine 110 

powders with size between 0.2 μm to 1 μm with the characteristic pyrochlore phase. 111 

Dense ceramics were prepared by weighing 0.3 g of the corresponding calcined powder and 112 

isostatically pressed under 194 MPa in a Cold isostatic press machine (MTI Corporation, 113 

YLJ-CIP-20B). The green bodies were sintered at 1450 °C for 10 h to obtain highly densified 114 

ceramics (relative density above 94%) were obtained. 115 

2.2. Infiltration experiments 116 

The infiltration experiments were carried out, using ashes from the Colima volcano, collected 117 

from an eruption that occurred in 2015 and provided by the Geosciences Department of the 118 

National Autonomous University of Mexico (UNAM) REF. For the infiltration experiments, 119 



20 mg of Colima VAs was deposited on each square centimeter of the ceramic surface by 120 

using an adhesive mask with a known area. The infiltration experiments were performed 121 

under isothermal conditions in air at 1250 °C for 10 h with heating and cooling rates of 10 122 

°C/min. The infiltration temperature was chosen based on previous TGA-DSC analyses of 123 

these Colima VA [5] ensuring that the VA reached the melting range temperature so that 124 

molten glass could infiltrate through the ceramic volume. 125 

2.3.Materials characterization  126 

The crystalline characteristics of the VAs in their “as-received” condition as well as of the 127 

sintered ceramics of the LGZO system were determined by X-ray diffraction (XRD) using a 128 

diffractometer (Rigaku, SmartLab) with Cu Kα1 = 1.54 Å, in the 2θ angle range of 20 ° to 70 129 

°, a step size of 0.02 ° and recording time of 0.5 s. 130 

Cross-sections of the infiltrated samples, prepared by standard metallographic techniques, 131 

were used to study the infiltration depth, reaction layers, and individual reaction products by 132 

SEM (JEOL, JSM-7610F) coupled with a back-scattering electrondetector (BSE). The 133 

chemical composition of the reaction products was measured by energy dispersive X-ray 134 

spectroscopy (EDS) coupled to the SEM. micro-Raman spectroscopy (WiTec, Alpha 300RA 135 

Raman Microscope) was carried out to identify the reaction products as a function of distance 136 

from the surface.  137 

GIXRD in the 2θ angle range from 20 ° to 70 ° with a constant omega angle of 3 º, step size 138 

of 0.02 ° and a recording time of 0.5 s was carried out on infiltrated samples that were grinded 139 

with material removals of approximately 15 m before each measurement. Finally, the XRD 140 

and GIXRD patterns were adjusted by the Rietveld method [19] to identify crystalline phases 141 

in VAs, the structural parameters in LGZO, and the contribution of reprecipitated phases, 142 

their amounts and distribution over the reaction layers of infiltrated LGZO50 and GZO 143 

samples. The data analysis was performed using the software FullProf Suite [20] (More 144 

details are presented in the supplementary material). 145 

3. Results and discussion 146 

3.1.Characterization Colima volcanic ash  147 

Fig. 1a shows the XRD pattern for Colima VA in its as-received state. The XRD pattern of 148 

the Colima VA reveals the presence of several phases. The peaks at 22.2 º, 23.8 º, and  27.7 º 149 

of 2θ correspond to the (1-1-1), (012) and (2-1-1) planes of analbite, NaAl(Si,Al)3O8  [21], 150 



(ICSD collection code: 180328). The highest peak at 28.3 º corresponds to the (011) plane of 151 

SiO2 (ICSD collection code: 89658) [22]. The diffraction peak with low intensity at 35.5º 152 

can be assigned to (113) plane of Fe3O4 (ICSD collection code: 159973) and anorthite (ICSD 153 

collection code: 52343) with a peak at 22.2º. 154 

Phase quantification by the Rietveld method, Fig. 1c, confirmed analbite as the main phase 155 

(63.5%), while the content of SiO2 and Fe3O4 are 20.1 and 4.3 %, respectively. The albite 156 

phase is also found to be 5.9 %, which is consistent with similar experiments reported with 157 

Colima VAs [5]. Finally, anorthite was found in a 6.3 %. The chemical composition of 158 

Colima VAs determined by ICP as reported by Rivera-Gil et al. [5] showed SiO2 (77.0 %), 159 

Al2O3 (4.3%), Na2O (7.9%), CaO (4.3%), and Fe2O3 (4.1%). This VA also showed minor 160 

constituents such as TiO2 (0.8%), K2O (0.2%), and MgO (0.3%). It is worth mentioning that 161 

SiO2, Fe2O3, CaO, and TiO2 play the main role in infiltration kinetics and the formation of 162 

reaction products [15], [23], [24]. 163 

3.2. Characterization of (La1-xGdx)2Zr2O7 ceramics 164 

Fig.2a shows the diffraction patterns of the sintered LGZO ceramics. The peaks at 29, 34, 165 

48, and 61.5 ° of 2θ correspond to (222), (400), (440), and (444) planes of the pyrochlore 166 

phase, respectively. The peak around 2θ = 37° corresponds to the (331) plane originates from 167 

the pyrochlore superstructure, and indicates ordering in the structure [13], [17]. The low 168 

intensity of the (331) in GZO evolves progressively as the La3+ content in LGZO solid 169 

solutions increases, suggesting that the structure becomes more ordered with La3+ 170 

substitution at the Gd3+ site. This behavior is consistent with the knowledge that the ordered-171 

disordered state of pyrochlore-type REZs is mainly determined by the ratio of the average 172 

ion radius of the RE+3 site to the ion radius of Zr4+ [16]. In the case of  LZO, the substitution 173 

of the La3+ site by Gd3+, which is a smaller ion reduces the the average ionic radius, leading 174 

to disorder of the structure as Gd3+ increases in the solid solution [25]. Fig.2b shows a 175 

magnified section of the LGZO peaks corresponding to the diffractions of the (622) plane 176 

diffractions and reveals the shift of these peaks towards higher values of 2θ as Gd3+ in LGZO 177 

solid solutions increases. Fig. 2c shows the linear shift of the lattice parameter, obtained from 178 

Rietveld refinement (see supporting information for details). The lattice parameter values 179 

change with the variation of the solid solution composition from 10.80 Å for LZO to 10.53 Å 180 

for GZO. The values obtained are consistent with those reported by Wan et al. [16] shown 181 



with square symbols in Fig 2c. The changes in the crystal lattice parameters indicate that 182 

Gd3+ has occupied the La3+ site to form the LGZO with different compositions. According to 183 

the results, all LGZO compositions comprise the pyrochlore phase and no additional phase 184 

was observed. 185 

Raman spectroscopy was performed on the LGZO samples to confirm the formation of the 186 

pyrochlore phase in the ceramics. It has been reported that fluorite, the precursor of the 187 

pyrochlore phase has only one Raman active mode F2g. On the other hand, the ideal cubic 188 

pyrochlore structure, which belongs to the Fd3̅m space group has been reported to have four 189 

or even six active Raman modes, depending on the observed REZ [26]–[29]. Fig. 3a-e shows 190 

the different Raman spectra of the LGZO samples. For each composition, their corresponding 191 

modes were denoted as; Eg for O-La,Gd bending vibration, A1g for La,Gd-OII stretching 192 

vibration, one F2g for O-Zr-O bending and two F2g for Zr-OII, and Zr-OI stretching vibrations 193 

can be observed, respectively [26], [30] confirming that the precursor fluorite phase structure 194 

was completely transformed into pure pyrochlore under these calcination and sintering 195 

conditions. 196 

Fig. 3f shows the wavenumber for each vibrational mode of pyrochlore as a function of x in 197 

(La1-xGdx)2Zr2O7. As x increases, the Raman active modes of the pyrochlore tend to shift 198 

slightly toward higher values, indicating that the bond lengths become shorter as La+3 is 199 

replaced by Gd+3, due to the radius of La+3 (1.95 Å) being larger than that of Gd+3 (1.80 Å), 200 

which is consistent with the decrease in the lattice parameter shown at Fig. 2c. 201 

3.3.Infiltration and interactions between Colima volcanic ashes and dense ceramics 202 

In this section, the reaction products precipitating from the infiltrated ceramics are discussed. 203 

The phases precipitated their morphologies and distribution changes as a function of the 204 

infiltrated rare earth zirconate. The characteristics of the reaction layer were studied by 205 

different techniques to comprehend the interplay of the reaction products in the infiltration. 206 

3.3.1. SEM, elemental composition and mapping of infiltrated ceramic cross 207 

sections 208 

An overview of the cross-section of LGZO ceramics infiltrated at 1250 °C for 10 h is shown 209 

in Fig. 4a-e. Interactions between Colima VA and LGZO samples reveal variations in the 210 

reaction products, their morphologies, and their distribution. For infiltrated LZO, LGZO25, 211 

and LGZO50 ceramics, two zones, labeled as Z1 and Z2 are observed. Z1 shows globular 212 



phases distributed at the top of the reaction layer, with a size around 1-4 μm for LZO and 213 

decreases in size until less than 1 μm is observed for LGZO50. On the other hand, Z2 exhibits 214 

a dense layer of about 15 μm for LZO and increases to 20-25 μm for LGZO25 and LGZ50. 215 

Unlike Z1, Z2 exhibits a mixture of globular and needle like morphologies, which have been 216 

previously identified as m, t, c-ZrO2 and RE-apatite phases, respectively REF. For Colima 217 

VA interactions with LGZO75 and GZO, similar microstructures are observed. However, 218 

both LGZO75 and GZO exhibit an additional zone at the bottom, labeled Z3 with a thickness 219 

of about 25 μm; these zones show the presence of a scattered thin phase embedded in a dense 220 

matrix. As Gd content in LGZO ceramics increases, the distance from the surface tends to be 221 

greater as shown in Fig. 4f. Colima VA infiltration depths appear to follow a linear trend as 222 

Gd3+ content increases. The distance for LZO was only 22.9 μm, while for GZO the 223 

infiltration reached 84.2 μm. This result is affected by several factors that will be discussed 224 

below. 225 

Elemental mappings of the cross sections of the infiltrated ceramics, Fig. 5a-e, reveal the 226 

distribution of the principal elements involved in the chemical reactions during infiltration. 227 

Al is predominantly distributed in the glass above and within the Z1 regions of all samples. 228 

However, the Z3 regions of the infiltrated LGZO75 and GZO ceramics also exhibit the 229 

presence of Al at the bottom although with a different distribution, suggesting the presence 230 

of an Al-rich phase within this zone [31]. Ca is detected in the Z2 and Z3 regions of the glass, 231 

in all infiltrated samples. Si is present in the Z1, Z2, and Z3 regions of the glass in all the 232 

infiltrated samples. Zr is observed in the REZ ceramics and in the reprecipitated phases in 233 

Z1, Z2, and Z3 regions. 234 

The elemental compositions of the reaction products (Fig. 6a-c) match the stoichiometric 235 

values of zirconia in its monoclinic (m-ZrO2), tetragonal (t-ZrO2), and cubic (c-ZrO2) phases 236 

as well as Ap, and anorthite (CaAl2Si2O8, An) [13], [32]. These phases are commonly 237 

reported as reaction products in infiltrated REZs [10]. Additionally, reprecipitated phases 238 

were also identified by GIXRD (discussed in section 3.3.3). Fig. 6a shows that c-ZrO2, of 239 

which the highest amount of RE element reported in solid solution (around 5-10 at.%) 240 

[13][33][14], is more likely to reprecipitate in infiltrated Gd-rich zirconates such as LGZO75 241 

and GZO [14]. In contrast, m-ZrO2, which dissolves a negligible amount of La or Gd in solid 242 

solution (up to 2 at.%) [13] [33][14] predominantly reprecipitates in infiltrated LZO. The 243 



elemental composition of the reprecipitated zirconia from Colima VA interactions with 244 

LGZO25 and LGZO50 is largely identical to that of m-ZrO2 and t-ZrO2, which dissolves 245 

approximately 2-5 at.% of La or Gd [33], [34]. RE element composition in reprecipitated 246 

zirconia phases tends to increase as Gd content in infiltrated LGZO ceramics increases, while 247 

Zr element composition decreases. This trend enables the definition of the locations where 248 

m-ZrO2, t-ZrO2, and c-ZrO2 are favorable to reprecipitate based on their compositions and 249 

infiltrated LGZO (Fig. 6a).  250 

It has also been reported that the Ap phase is a common reaction product as siliceous debris 251 

reacts with different REZs [9], [13], [29], [35], [36]. This phase exhibits a fine needle-like 252 

hexagonal morphology that prevents infiltration by forming a dense sealing layer at the REZs 253 

[9], [13]. Fig. 4a-exhibits Ap among the reprecipitated phases in the Z2 and Z3 regions. The 254 

elemental compositions of the Ap phases in Z2 and Z3 regions are identical to that of the 255 

rare-earth Ap (Ca2(La,Gd,Zr)8((Si,Al)O4)6O2), with Zr+4 and Al+3 cations occupying the RE+3 256 

(La+3,Gd+3) and Si+4
 sites, respectively [9], [13]. The quantity of RE elemental composition 257 

that Ap can incorporate tends to increase as the Gd+3 content of LGZO ceramics raises (Fig. 258 

6b). In contrast, the elemental composition of Si and Ca remains practically constant. On the 259 

other hand, the elemental composition of Al tends to decrease in Ap reprecipitated from Gd-260 

rich zirconates. 261 

The elemental composition of the embedded Al-rich phase, observed in the Z3 region is 262 

depicted in Fig. 6c. This composition corresponds to the An phase, and GIXRD (discussed 263 

in section 3.3.3) has also confirmed this phase. As indicated by the elemental map in Fig. 5e, 264 

the An phase is an intrinsic crystallization product rich in Al, and Si. The An phase exists in 265 

LGZO75 and GZO and contains Ca, Al, and Si. LGZO75 has a larger Al content (68.4 %) 266 

than GZO (47.9 %), while the GZO has a higher Si content (41.7 vs. 25.6 %). In contrast, the 267 

Ca content of LGZO75 and GZO is 6.0 % and 10.4%, respectively. 268 

3.3.2. Phase identification by Raman spectroscopy 269 

Several bands, corresponding to reprecipitated m-ZrO2, t-ZrO2, c-ZrO2, Ap, and An phases, 270 

are visible in Raman spectra as a function of distance from the surface of the infiltrated 271 

ceramics (Fig. 7a-e). The bands centered around 190, 484, 613, and 635 cm-1
 match with 272 

those observed in m-ZrO2 phase [37], [38]. Consequently, their presence exposes the 273 

distribution of m-ZrO2 throughout the reaction layers of all the infiltrated samples. These 274 



bands are predominantly observed as Colima VA infiltrate null or low-Gd3+-content LGZO 275 

ceramics, such as LZO, LGZO25, and LGZO50. Moreover, these bands are most likely to be 276 

found at low infiltration depths of the reaction layer. 277 

The bands centered at 292 and 324 cm-1 correspond to t-ZrO2. These bands appear to increase 278 

with increasing distances from the surface and are present in all interactions. The LGZO75 279 

and GZO infiltrated ceramics predominantly exhibit bands corresponding to c-ZrO2 along 280 

with An phase. c-ZrO2 has been reported to present an amorphous-like Raman spectrum 281 

showing a broad band around 670 cm-1 [38]. The bands at 503 and 770 cm-1
 correspond to 282 

An phase, which has been reported to be reprecipitated frequently in infiltrated GZO [39]. 283 

The band around 850 cm-1 observed in the Z2 and Z3 regions in all the interactions 284 

corresponds to the symmetric stretching mode of SiO4 tetrahedra in Ap [40] and crystallizes 285 

with all interactions involving Colima VA and LGZO. 286 

As shown in Fig. 8a, the wavenumber values of the planar bending vibrational mode of t-287 

ZrO2 and the symmetric stretching vibrational mode of Ap were analyzed as a function of 288 

Gd+3 content in infiltrated LGZO to better understand the reaction products resulting from 289 

interactions between LGZO and VA. It was observed that the wavenumber of the planar 290 

bending vibrational mode of t-ZrO2 increases with increasing Gd3+ content in the infiltrated 291 

LGZO ceramics. This shift toward higher wavenumber values indicates that the bond lengths 292 

of the atoms involved in these vibration modes become shorter as the Gd3+ concentration in 293 

the solid solutions of the infiltrated LGZO ceramics increases. 294 

Fig. 8b shows the correlation between the wavenumber values of these two vibrational modes 295 

as a function of the Gd3+ content in LGZO solid solutions and the range of distance from the 296 

surface at which they appear. According to the results, the wavenumber values for each 297 

infiltrated LGZO ceramic remained constant as the distance from the surface increased. 298 

However, it was also observed that infiltrated GZO reprecipitated as t-ZrO2 exhibited this 299 

vibrational mode at the highest wavenumber value and the highest range in distance from the 300 

surface where this phase was present. In contrast, infiltrated LZO reprecipitated a t-ZrO2 that 301 

exhibited this vibrational mode at the lowest wavenumber value and the lowest range in 302 

distance from the surface. 303 

The shift to higher wavenumber values indicates a decrease in bond length of atoms 304 

associated with the concerned vibrational mode, which is associated with a decreasing lattice 305 



parameter of the phase. Therefore, LGZO ceramics with a low-Gd3+ content reprecipitate 306 

more t-ZrO2 than LGZO solid solutions with high-Gd3+ content. 307 

3.3.3. Crystalline phases according to the depth of infiltration  308 

To identify the reprecipitated phases, GIXRD was performed as a function of distance from 309 

the surface on the LGZO50 and GZO samples interacting with Colima VA, as shown in Fig. 310 

9a-c and Fig. 9d-f, respectively. The cross-section microstructure of the infiltrated LGZO50 311 

sample, which exhibits the morphology of the reprecipitated products along the reaction layer 312 

is depicted in Fig. 9a. Fig. 9b shows the corresponding GIXRD patterns and phases identified 313 

by Rietveld fitting at different distances from the surface. The dashed gray and orange lines, 314 

labeled as Yobs and Ycalc, are the GIXRD patterns and their calculated Rietveld fittings, 315 

respectively, while the colored lines represent the reprecipitated identified phases. The cyan 316 

line observed at the bottom corresponds to the Rietveld fitting for LGZO50 ceramic. Fig. 317 

9Error! Reference source not found.c shows the phase percentage obtained from the 318 

Rietveld fitting for each observed phase as a function of distance from the surface. The m-319 

ZrO2 phase is in the majority and reprecipitates with t-ZrO2 and c-ZrO2 in traces in the 320 

outermost layer of reaction products. It can be observed that as the distance to the surface 321 

increases, the m-ZrO2 phase decreases from 43% to 16%, but t-ZrO2 and Ap phases increase 322 

from 31 to 60 % and 3 to 15 %, respectively, confirming the presence of Ap in the dense 323 

layer right above LGZO50. However, c-ZrO2 can also be observed with an 8 % at 35 µm. 324 

This reveals that the interaction between LGZO50 with Colima VA reprecipitates mainly m-325 

ZrO2 (43-50 %) near the glass (solidified VA reservoir) with lower amounts of t-ZrO2 (26-326 

31 %), but as the distance from the surface increases t-ZrO2 and Ap reprecipitate in higher 327 

amounts (60 % and 15 % respectively).  328 

Fig. 9d. shows the microstructure in cross-section of the infiltrated GZO ceramic and the 329 

morphology of the reprecipitated products along the reaction layer. In Fig. 9e, the 330 

corresponding GIXRD patterns and phases identified by the Rietveld method at different 331 

distances from the surface are presented. Fig. 9f shows the phase percentages obtained by the 332 

Rietveld method from each GIXRD pattern. For this interaction, GZO and Colima VA, c-333 

ZrO2 with a 57 % is the majority reprecipitated phase throughout the infiltrated region and 334 

decreases slightly up to 48 %, as the distance from the surface increases. The Ap phase with 335 

12-7 % remains almost unchanged throughout a large part of the infiltrated region. Similarly, 336 



the t-ZrO2 phase was identified, which seems to increase as the distance from the surface 337 

increases from 16 % to 32 %. Also, m-ZrO2 can be observed reprecipitating in higher amounts 338 

just in the vicinity of the glass contact, at shallow depths from the surface. These results 339 

indicate that in the infiltrated GZO ceramic, the percentage of the Ap phase remains constant 340 

over a wide range of distances from the surface (25 to 84 µm) and reprecipitates along with 341 

a higher percentage of the c-ZrO2 phase (around 57 %). 342 

3.4. Insight of the crystallization mechanism of the reaction products 343 

The infiltrated LZO shows not only the shortest infiltration distance from the surface (23 µm) 344 

but two zones with different morphology in the reaction layer (Fig.4a). Z1 shows mainly 345 

reprecipitated m-ZrO2 while Z2 shows a thin dense layer of Ap. However, traces of t-ZrO2 346 

phase in Z1 and Z2 were also confirmed by Raman spectroscopy (Fig. 7a), where 347 

characteristic bands at 484, 313, and 862 cm-1 from m-ZrO2, t-ZrO2 and Ap were observed at 348 

19 µm distance from the surface, falling within the zone labeled as Z2 (see Fig. 4a). EDS 349 

analysis allowed the identification of precipitated zirconia, with the composition of m-ZrO2, 350 

corroborated by the Raman spectra (Fig. 7a and Fig. 8a). The presence of m-ZrO2 and traces 351 

of t-ZrO2 can be explained by the equilibrium phase diagram for lanthanum and zirconium 352 

oxides, in which LZO and t-ZrO2 phases are in equilibrium at 1250 °C but upon cooling the 353 

t-ZrO2 transforms into m- ZrO2 at temperatures around 1000 °C [13], [33]. Therefore, t-ZrO2 354 

bands observed by Raman spectroscopy (Fig. 7a and Fig. 8a) are associated with this 355 

metastable phase. 356 

On the other hand, the thin Z2 region shown by the infiltrated LZO suggests a rapid 357 

crystallization of the Ap phase, which is favored by two facts. Firstly, Ap has been reported 358 

to crystallize faster as the RE radius increases in some REZ, such as in infiltrated GZO and 359 

Y4Zr2O7 (YZO), where Gd+3 ionic radius is larger than Y+3 [12], [35]. Thus, the 360 

crystallization of Ap in the infiltrated LZO is favored because La+3 possesses the largest ionic 361 

radius of the lanthanide series [10], [41]. Secondly, m-ZrO2 can only incorporate a low or no 362 

RE cation content in solid solution [13]. Consequently, a significant amount of dissolved 363 

RE+3 ions is available to promote rapid crystallization of the stable Ap phase that effectively 364 

mitigates the infiltration. 365 

The infiltrated LGZO25 and LGZO50 show a similar microstructure in the reaction layers 366 

and an infiltration distance from the surface of 40 µm on average. In these two ceramics, Z1 367 



and Z2 extend to a greater depth of infiltration from the surface. Gadolinium oxide 368 

preferentially stabilizes c-ZrO2 while lanthanum oxide stabilizes t-ZrO2, which subsequently 369 

transforms to m-ZrO2 upon cooling. In LGZO solid solutions, these two dissolved rare-earth 370 

oxides compete to precipitate in one or the other zirconia phase. In the case of infiltrated 371 

LGZO50, Raman spectra (Fig. 7c) and the GIXRD diffraction pattern (Fig. 9c) confirm that 372 

all three zirconia phases coexist in the Z1 region near the glass. However, m-ZrO2 appears to 373 

be the dominant phase. This result suggests that at this distance from the surface, on average 374 

there is a slightly higher concentration of La+3 than Gd+3 cations dissolved in the melt, which 375 

promotes the crystallization of m-ZrO2
 just below the glass. Z2, on the other hand, has a 376 

higher presence of t-ZrO2 which reprecipitates along with Ap, (Fig. 7c and Fig. 10c). The 377 

following hypothesis is proposed to explain the majority percentage of this phase in Z2. La+3 378 

and Gd+3 are two rare-earth cations dissolved in the melt that compete with each other. Under 379 

equilibrium conditions at 1250 °C, La+3 dissolved in the melt tends to precipitate in m-ZrO2. 380 

However, traces of t-ZrO2 can be observed, as mentioned, and explained previously for 381 

infiltrated LZO samples. Gd+3
 dissolved into the melt, otherwise, induces c-ZrO2 382 

reprecipitation as previous works have shown [12].  383 

Furthermore, considering the Gd2O3-ZrO2 phase diagram for simplicity, despite the 384 

complexity of the overall system due to all the stringent oxides involved, c-ZrO2 and t-ZrO2 385 

coexist in equilibrium at 1250 °C [34], so t-ZrO2 is also feasible to reprecipitate under cooling 386 

such as those carried out in this work (10 °C/min) and as it will be discussed further below 387 

for infiltrated GZO sample. EDS (Fig. 6a) reveals that for infiltrated LGZO50, the measured 388 

composition of the zirconia matches the composition of t-ZrO2 for this interaction as prior 389 

works have also confirmed [5], [9]. 390 

Ap reprecipitated from infiltrated LGZO50 (Fig. 4c) is less effective in stopping infiltration 391 

of molten VA than the Ap reprecipitated from the infiltrated LZO. Although the distance 392 

from the surface, Z2, at which this Ap reprecipitates is greater compared to the infiltrated 393 

LZO. The XRD pattern and Raman spectra (Fig. 9c and Fig. 7c) confirm that this Ap 394 

precipitates together t-ZrO2, which can retain more RE+3 cations in solid solution compared 395 

to m-ZrO2. Consequently, a smaller amount of RE+3 dissolved in the melt will be available 396 

to promote the crystallization of Ap compared to La-rich zirconate ceramics. Furthermore, it 397 



can be observed that this Ap is not as dense as that precipitated in the interaction between 398 

VA-LZO. 399 

As shown in Fig.4f, the infiltrated LGZO 75 and GZO exhibit infiltration distances from the 400 

surface of 65 and 84 µm, respectively. Furthermore, Fig. 4d and Fig 4e show different phase 401 

distributions in the reaction layer compared to the infiltrated LZO, LGZO25, and LGZO50 402 

ceramics, which can be explained by the mechanism in which these phases reprecipitate 403 

along the reaction layers. Only the infiltrated GZO samples will be explained in depth 404 

because the reaction layer of infiltrated LGZO75 ceramic presents a similar microstructure. 405 

For infiltrated GZO, GIXRD patterns and phase percentages shown in Fig. 9b and Fig. 9c, 406 

respectively prove that the reprecipitated phases observed in Z1 correspond to a mixture of 407 

m-ZrO2, t-ZrO2, and c-ZrO2, respectively. This latter appears as the majoritarian zirconia 408 

phase reprecipitated throughout the reaction layer; Z1, Z2, and Z3 regions. The predominance 409 

of c-ZrO2 as molten siliceous debris interacts with GZO has been reported as a reprecipitated 410 

phase in previous works[12], [13]. Previous research has demonstrated that c-ZrO2 can 411 

incorporate a larger amount of RE in solid solution than m-ZrO2 and t-ZrO2 [33], [34]. 412 

The Z2 in GZO (Fig. 4e), which is the region where Ap reprecipitates extends over a larger 413 

depth of infiltration compared to the other infiltrated LGZO solid solutions. The 414 

reprecipitated Ap in Z2 appears to be less efficient in stopping infiltration compared to La-415 

rich zirconates. The GIXRD patterns and phase percentages shown in Fig. 8b and Fig. 8c 416 

reveal the presence of the Ap phase showing a phase percentage of about 7 %. It can also be 417 

seen that the Ap phase reprecipitates together with a considerable and majority amount of c-418 

ZrO2, which as mentioned can contain a large amount of RE cations in a solid solution. This 419 

finding implies that during the crystallization of this Gd-Ap, there is a smaller amount of 420 

dissolved RE+3 cations available in the melt to promote the crystallization of Ap compared 421 

to La-rich zirconates. Furthermore, other researchers have reported that additional silicate 422 

phases such as anorthite, garnet, and cuspidine can also reprecipitate together with Gd-Ap in 423 

GZO as infiltrated [10], [31]. 424 

Finally, EDS analysis (Fig. 6c) performed on Z3 embedded phases, GIXRD patterns, and 425 

phase percentages (Fig. 9b-c) confirm the presence of An, which is an Al-rich phase. The Z3 426 

depicted in Fig. 4e shows that An phase is embedded in a dense reprecipitated layer of a 427 

mixture of c-ZrO2, t-ZrO2, m-ZrO2, and Ap, as confirmed by phase percentages in Fig. 9f and 428 



Raman spectra shown in Fig.7e. In addition, EDS analysis reveals that for this interaction, 429 

Ap contains a lesser amount of Al in solid solutions which may suggest that during infiltration 430 

local regions in the melt were saturated with this cation. On the other hand, several works 431 

have also reported that An phase can reprecipitate at the bottom of the infiltration region [18], 432 

[31].  433 

4. Conclusions 434 

The study of the Colima VAs, LGZO sintered ceramics, and the characterization of the cross-435 

section infiltrated samples led to the following conclusions. 436 

• Si-rich Colima VAs have phases such as SiO2, (20.1 %), analbite (63.5 %), anorthite 437 

(6.2 %), albite (5.9 %), and small amounts of Fe oxides (4.3 %). 438 

• The trend of increasing the Gd+3 content in LGZO was confirmed, in which the cell 439 

parameter linearly decreases from 10.80 Å to 10.52 Å for LZO and GZO, respectively. 440 

• The main vibrational modes of the LGZO sintered ceramics shift to higher 441 

wavenumber values as Gd+3 content increases in their composition, for instance F2g 442 

stretching vibrational mode. This shift to higher wavenumber, from 306.04 to 315 cm-443 

1, is related to a decrease in the bond distance, Zr-O associated to this mode, which in 444 

turn agrees with the decrease in the cell parameter. 445 

• The Gd+3 content has an important effect on the infiltration depth. A high Gd+3 446 

content in LGZO causes a large infiltration depth. In the reaction layer, distance from 447 

the surface as a function of the Gd+3 content shows an increasing linear trend, 448 

exhibiting 23 and 84 µm for LZO and GZO, respectively. 449 

• LZO reprecipitates a thin packed La-Ap, embedded in a mixture of m-ZrO2 and t-450 

ZrO2, which is more effective to stop infiltration, in comparison to the Ap 451 

reprecipitated by Gd-rich zirconates. 452 

• As the gadolinium content in the lanthanum-gadolinium zirconate system increases, 453 

a less dense apatite is produced that is less effective in stopping infiltration compared 454 

to lanthanum-rich zirconates. 455 

• An unknown?? phase seems to reprecipitate at the bottom of the infiltrated Gd-rich 456 

zirconate ceramics. This phase was detected by GIXRD performed on the grinded 457 

infiltration reaction layer of the infiltrated GZO samples showing a phase percentage 458 

of around 9.0 %. 459 



• The distribution of the reprecipitated Aps in the reaction layers was identified by the 460 

mode associated with the stretching vibration of the silicon tetrahedra, which appears 461 

around 850 cm-1 and shifts to higher wavenumber as Gd+3 content increases in the 462 

LGZO samples. 463 

• The higher wavenumber value of the corresponding reprecipitated Ap, the higher 464 

distance from the surface range in which this phase precipitates. This is associated 465 

with the amount and sort of atoms in solid solution that these Aps can retain. 466 
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Figure caption 610 

Fig. 1. a) X-ray diffraction patterns for Colima VA showing the main constituent phases, b) 611 

enlarged section of main Colima VA XRD pattern. Yobs and Ycal correspond to the 612 

experimental data and Rietveld fitting respectively, Colored lines correspond to the identified 613 

phases, c) cake chart with the phase percentages obtained from the Rietveld fitting. 614 

Fig. 2. a) X ray diffraction patterns for LGZO ceramics. b) enlarged sections of the peak 615 

(622) shift and c) lattice parameter as function of LGZO ceramic. Wan results shown for 616 

comparison. 617 

Fig. 3. Deconvoluted main peaks from Raman spectrum of a) LZO, b) LGZO25, c) LGZO50, 618 

d) LGZO75 and e) GZO ceramics. f) Wavenumber as a function of LGZO ceramic showing 619 

the vibrational modes shifts. 620 

Fig. 4. SEM images of the cross-section infiltrated dense ceramics of a) LZO, b) LGZO25, 621 

c) LGZO50, d) LGZO75 and e) GZO. f) distance from surface as function of LGZO ceramic. 622 

Fig. 5. Elemental mappings of Al, Ca, Si and Zr from the infiltrated LGZO ceramic. Yellow 623 

dashed rectangle in c) and d) corresponds to the infiltrated samples used for the GIXRD 624 

analysis. 625 

Fig. 6. Elemental compositions of reprecipitate a) zirconia, b) apatite and c) anorthite phases 626 

as function of LGZO ceramic. 627 

Fig. 7. Raman spectra as function of distance from surface for interactions between a) LZO, 628 

b) LGZO25, c) LGZO50, d) LGZO75 and e) GZO with Colima VA showing identified 629 

phases of Ap, m-ZrO2, t-ZrO2, and c-ZrO2, An, and pyrochlore (P) and their distribution along 630 

the reaction layers. 631 

Fig. 8. Wavenumber shift associated to the main vibrational mode of Ap and t-ZrO2, 632 

respectively, a) as function of Gd+3 content in LGZO and b) as function of distance from 633 

surface range where this mode, associated to their corresponding phase, appears. 634 

Fig. 9. For LGZO50 and GZO, respectively, a) and d) Cross-section SEM images. b) and e) 635 

GIXRD patterns, Yobs, as a function of distance from surface, Ycalc from the Rietveld 636 

adjustment and colored lines for the identified phases. c) and f) Phase percentages obtained 637 

from Rietveld adjustment of the GIXRD patterns. 638 

 639 


