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A B S T R A C T

Multi-component RE2Si2O7 have gained scientific interest due to their combination of improved properties which 
can be used for T/EBC (thermal and environmental barrier coating) application. This work addresses the role of 
Sc3+, Lu3+, Yb3+, Er3+, Y3+, and Ho3+ cations in the reactivity with CMAS of single and multi-component rare- 
earth silicates having either equiatomic or non-equiatomic RE contents. Thermochemical powder interactions 
were investigated at 1350 and 1400 ◦C through the reaction products. The reaction products include RE2Si2O7, 
apatite (Ca2RE8(SiO4)6O2) and pyroxene-type (Ca(Mg,Fe)[(Si,Al)2O6]) phases. The observed trends indicate that 
Sc3+, Lu3+, and Yb3+ are slowly dissolved in CMAS without causing any crystalline phase formation, meanwhile, 
Er3+, Y3+, and Ho3+ rapidly crystallized the apatite phase. Non-equiatomic multi-component materials can be 
designed to tune physical, mechanical, environmental, and other relevant properties depending on the con
centration of RE elements.

1. Introduction

Higher efficiency in gas-turbine engines requires components to 
withstand higher temperatures capabilities. Single crystal nickel-based 
superalloy is the traditionally used material for engine hot section 
components [1,2]. The current demand to increase the temperature 
operation limited the component based on nickel-based superalloy. 
Silicon carbide (SiC) fiber-reinforced SiC ceramic matrix composites 
(SiC/SiC CMCs) have emerged as a suitable substitution material. CMC 
offers higher operation temperature resistance and lower densities, 
significantly reducing the total weight of the engine [3,4]. The extreme 
combustion environments, such as high velocity and high temperature 
water vapor, compromises the durability of CMC components. A 
passivation silica layer is formed in a water vapor environment leading 
to recession of the surfaces. Therefore, a protection layer called envi
ronmental barrier coatings (EBCs) has been introduced to delay the 
recession. EBCs mainly provide protection against high temperature 
water vapor [5–7]. An additional environmental issue is the ingestion of 
siliceous oxides (volcanic ash, sand, and dust) into the engine during 
service. Siliceous oxides or CMAS (calcium-magnesium-aluminosili
cates) melt at ~1200 ◦C, which is below the turbine inlet temperature, 
then infiltrate through porosity, consume the coating via chemical re
action, and can induce mechanical failure of the system [8,9]. Thermal 

barrier coating (TBCs) is an insulated and protective layer based on 
zirconia material for nickel-based superalloy [2,10]. TBCs, especially 
Gd2Zr2O7 or 65YZr (ZrO2-65 wt% Y2O3), are recognized for their ability 
to react with CMAS and yield reaction products such as apatite and 
garnet that delay the infiltration and consumption of the TBC material 
and then minimize the CMAS degradation [11–13]. Thermal barrier 
coatings (TBCs) and environmental barrier coatings (EBCs) are protec
tion systems for components of gas-turbine engines that have enhanced 
their temperature of operation as a consequence of their thermodynamic 
efficiency.

Thermal and environmental barrier coatings (T/EBCs) seek to 
combine the concept of both TBC and EBC and, therefore, their 
outstanding properties to protect hot section components based on SiC- 
SiC CMCs [3]. Thus, a T/EBC system must provide thermal and envi
ronmental protection for CMCs. Two approaches have described the 
T/EBC system: 1) a multi-layer system consisting of a silicate-based 
material (EBC) and a zirconia-based material (TBC) and 2) a 
single-layer based on a multi-component material [8,14].

Single rare earth disilicates (REDS, RE2Si2O7) are front runners as 
candidates for T/EBCs applications. In particular, REDS with small rare 
earth (RE) elements, like Sc, Lu, and Yb, are attractive due to their co
efficient of thermal expansion (CTE) being close to CMCs (4.5–5.5 
x10− 6 ◦C-1) and not present polymorphs. Er, Y, and Ho disilicates 
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showed acceptable CTE values, however, undergoing polymorphic 
transformations (α, β, γ, and δ) leading to CTE changes [15–17]. The 
phase transformation in REDS (i.e. α→β→γ) can be avoided by mixing of 
additional RE3+ cations in a solid-solution (multi-component material) 
[18].

Multi-component disilicates (MC REDS) have attracted significant 
interest in recent years due to the novelty of the solid-solution design 
creating strong lattice distortion and resulting in unusual properties, for 
instance, low thermal conductivity. The thermal conductivity of single 
disilicates of Sc, Lu, Yb, and Y was reported from ~2.6–4.5 W m− 1K− 1 

(≥1000 ◦C) [14,19,20]. In contrast, a multi-component 
(Y0.2Yb0.2Sc0.2Gd 0.2Lu 0.2)DS showed a lower thermal conductivity in 
the range of ~1.5 W m− 1K− 1 (≥1000 ◦C) due to the difference in atomic 
masses by substitutional-solid-solution phonon-scattering [20]. 
Multi-component disilicates can offer a significant reduction in thermal 
conductivity for T/EBC applications.

The original multi-component approach aims to achieve these 
remarkable properties through the equiatomic ratio of their components 
[19,20]. Almost all multi-component disilicates reported for T/EBC 
applications conserve the original concentration, e.g., near-equiatomic 
ratio. In contrast, non-equiatomic multi-component disilicates have 
not been reported for T/EBC applications. In the case of high entropy 
alloys (HEA), non-equiatomic composition with significantly different 
proportions (Fe40Mn27Ni26Co5Cr2) showed single-phase solid-solution 
successfully and excellent mechanical properties as well [21,22]. 
Therefore, similar results can be expected when exploring 
non-equiatomic multi-component disilicates (or monosilicates), which 
can provide lower thermal conductivity. Hence, non-equiatomic 
multi-component disilicates are evaluated as potential candidate mate
rials for T/EBCs in this study.

Different methodologies have been used to synthesize disilicate 
powders, such as co-precipitation, sol-gel, etc., however, the most 
common and successful homogenization method is the mechanical 
milling and mixing of oxide powders [23,24]. This method usually re
quires long milling (~48 h) and heat treatment (~24 h) times [25,26]. 
An efficient homogenization methodology can reduce this processing 
time which is very essential in screening many different compositions. In 
this context, resonance acoustic mixers (RAM) have been used which is 
time-efficient to reach a homogeneous powder mixture [23].

Single and multi-component REDS have been studied against CMAS 
corrosion, and it was found out that RE-apatite (Ca2RE8(SiO4)6O2) is the 
main reaction product that can reduce CMAS further attack on EBCs 
[25–27]. However, its crystallization consumes a larger portion of the 
material coating, leading to early coating failure. From the extensive 
studies about CMAS resistance in REDS, the role of each RE3+ cation in a 
multi-component and its reaction products are still under investigation. 
In TBC materials and CMAS, the changes in solubility for each RE3+

cation are more pronounced in the early stages and can be associated to 
the reactivity [28]. Therefore, this work addresses the evaluation of the 
effect of Sc3+, Lu3+, Yb3+, Er3+, Y3+, and Ho3+ cation on the reactivity of 
single and equiatomic/non-equiatomic multi-component disilicates 
with CMAS at high temperatures (1350 and 1400 ◦C) during the early 
stage of the reaction up to 1 h.

2. Experimental procedure

2.1. Synthesis of REDS powders

Six single rare earth disilicates of Sc, Lu, Yb, Er, Y, and Ho were 
synthesized by solid-state reaction of powder mixtures prepared by 
resonance acoustic mixing, RAM (LabRAM-II, Resodyn, Butte, MT, 
USA). Sc2O3, Lu2O3 (>99.9 %, chempur), Er2O3, Y2O3, Ho2O3 (>99.9 %, 
auer-remy), Yb2O3 (>99.5 %, ampere) and SiO2 nano-powders (>99.5 
%, chempur), were used as raw materials in this synthesis process. The 
powders were mixed in their respective stoichiometric contents with an 
excess of silica (10 wt%). The amount of extra silica was determined by 

several experiments to produce the desirable phase. The powders were 
mixed with yttria-stabilized ZrO2 balls with 2 mm diameter and deion
ized water in plastic bottles. The operation conditions of RAM were 100 
g acceleration during 10 min or 15 min. The mixed powders were dried 
on a hot plate under magnetic stirring and later shifted to a box furnace 
(Ceram-Aix GmbH & Co. KG, D-5100, Germany) where heat treatments 
were carried out at 1400 ◦C for yttrium disilicate (YDS), at 1500 ◦C for 
holmium disilicate (HoDS), and at 1650 ◦C for scandium disilicate 
(ScDS), lutetium disilicate (LuDS), ytterbium disilicate (YbDS), and 
erbium disilicate (ErDS) for 5 h. The annealing temperatures were 
initially selected based on the various disilicate phase diagrams, spe
cifically aiming for the β- and γ-polymorph [15] stability regions. The 
theoretical temperatures were slightly adjusted due to the presence of 
excess silica in the powder mixtures. The synthesized powders were 
crushed in a mortar to obtain fine powder.

The respective weight ratios of synthesized single disilicates were 
used to prepare five equiatomic MCDS and three non-equiatomic MCDS, 
which are summarized in Table 1. The design of the non-equiatomic 
MCDS was intended to maximize the influence of both smaller and 
larger cations such as Sc and Y. The multi-component mixtures were 
mixed and dried under conditions similar to those of prior single sys
tems. The multi-component systems were isothermally heated at 
1650 ◦C for 5 h and crushed using a mortar to reduce the particle size 
(~0.75 - 2 μm). For the microstructural and chemical analysis, the 
resulting powders were covered with a carbon-based epoxy (Gatan G1, 
G2) and were then embedded into an epoxy for standard metallographic 
preparation.

2.2. REDS powder mixture interactions with CMAS

The interaction experiments were carried out with two different 
CMAS (CMAS1 and CMAS2). The chemical composition (Table 2), 
thermal behavior, structural and microstructural properties of these 
CMAS have been reported elsewhere [29].

Single, equiatomic, and non-equiatomic disilicate powders were 
mixed with CMAS powders (REDS + CMAS) using mortar in a 60:40 wt 
ratio. That ratio ensured the continuous formation of reaction products 
as proposed in early studies [13]. The mixed powders were placed on a 
platinum foil and heat treated at 1350 and 1400 ◦C with isothermal hold 
using a tube furnace (Carbolite Gero GmbH, HTRH 17/70/300, Ger
many) for 1 h and air quenched to room temperature. The molten 
mixtures were separated mechanically into two pieces. One-half of the 
molten samples were ground by mortar to obtain fine powders for x-ray 
diffraction studies. The second half of the molten samples were placed 
on an Al2O3 plate and covered with an epoxy to follow the same 
metallographic preparation similar to that of synthetized powders 
(section 2.1).

2.3. Characterization

Powder x-ray diffraction, XRD, was employed to identify crystalline 
phases in synthesized REDS (single and multi-component), and the 
molten powder mixtures (REDS + CMAS). XRD measurements were 
performed with CuKα (λ = 1.5406 Å) radiation, a step size of 0.01◦ and a 

Table 1 
Stoichiometry of the synthesized multi-component composition.

System Multi-component Abreviation

Equiatomic (Y0.5Yb0.5)2Si2O7 MC1
(Y0.33Yb0.33Er0.33)2Si2O7 MC2
(Y0.25Yb0.25Er0.25Ho0.25) 2Si2O7 MC3
(Y0.2Yb0.2Er0.2Ho0.2Lu0.2) 2Si2O7 MC4
(Y0.16Yb0.16Er0.16Ho0.16Lu0.16Sc0.16) 2Si2O7 MC5

Non-equiatomic (Y0.5Yb0.1Er0.1Ho0.1Lu0.1Sc0.1) 2Si2O7 MC6
(Sc0.4Lu0.2Yb0.2Er0.2)2Si2O7 MC7
(Sc0.3Lu0.15Yb00.15Er0.15Y0.25)2Si2O7 MC8
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scan rate of 4◦/min from 10 to 90 ◦C in 2-theta (Bruker D8 Advance, 
Bruker AXS, Karlsruhe, Germany). Identification and quantification of 
crystal phases were performed by Rietveld method using the EVA/Topas 
4.2 software package. The prepared single and multi-component REDS 
powders, as well as the molten powder mixtures, were microstructurally 
analyzed by scanning electron microscopy, SEM (DSM Ultra 55, Carl 
Zeiss NTS, Wetzlar, Germany). The chemical composition of the REDS 
and molten mixtures was measured using energy dispersive spectros
copy, EDS (UltiMate/Aztec, Oxford Instruments, Abingdon, UK), using 
backscattering electron mode (BSE). The reaction products and residue 
melt of the powder mixtures have been analyzed by their corresponding 
XRD patterns, microstructures and chemical analysis.

3. Results

3.1. Phase formation in single RE2Si2O7 and multi-component disilicates 
(RE1

3+, RE2
3+, RE3

+3 …)2Si2O7

Representative XRD diffraction patterns of the synthesized single 
disilicates systems are presented in Fig. 1. The employed annealing 
temperatures enabled the formation of the desirable phase. Disilicates of 
Sc, Lu, Yb, and Y showed monoclinic β-RE2Si2O7 (C2/m) as the primary 
phase, while ErDS and HoDS exhibited the γ-RE2Si2O7 (P21/b) structure 
(Fig. 1) [15]. An analysis of the structural parameter was also carried 
out, and a comparison of cell volume and cation radio [51] is shown in 
Table 3. As expected for single disilicates, the cell volume increases in 
the order of ScDS < LuDS < YbDS < ErDS < YDS < HoDS, which 

corresponds to their RE3+ cation size.
Fig. 1 shows the microstructure of the synthesized powders, which 

exhibit faceted shapes surrounded by a dark Si-rich (confirmed by EDS 
analysis) phase. The excess SiO2 that was added during the synthesis 
might have caused this phase formation. Employing the XRD patterns 
could not identify any Si crystalline phase. Thus, it is assumed that SiO2 
must be in an amorphous state. In all cases, the XRD structural analysis 
confirmed that single monoclinic crystalline phases (β or γ) were formed 
via the applied synthetic method.

Multi-component REDS systems were synthesized using single dis
ilicate powders. In all multi-component systems, the β-phase was found. 
Also, an additional γ-phase was also observed in (Y0.33Yb0.33Er0.33)2

Si2O7 (MC2) and (Y0.25Yb0.25Er0.25Ho0.25)2Si2O7 (MC3) as shown in 
Table 4. The Rietveld method quantification revealed that MC2 presents 
83.6 % and 16.4 % of γ and β phase, respectively. On the other hand, 
MC3 showed 97.3 % of β-phase and 2.7 % of γ-phase. Similarly, to single 
REDS, XRD did not observe the Si-rich phase.

Generally, the cell volume and radii of equiatomic multi-component 
REDS can be determined through the average of the single REDS values. 
However, non-equiatomic multi-component requires a different 
approach. Therefore, Equation (1) and Equation (2) based on the frac
tions of volume and radii, are proposed for non-equiatomic MC REDS 
that can also be used for equiatomic systems.

The calculated lattice parameters and cell volumes for all the MC 
REDS are shown in Table 4. In general, the cell volume of equiatomic 
and non-equiatomic multi-component disilicate (Vmult) can be deter
mined in terms of the volume of a single REDS (Equation (1)) as the sum 
of all the volume fractions (χvol) of each singular system. Rietveld results 
in Table 4 confirmed that Equation (1). 

Vmult =
∑n

i=1

χvol(REDS)i
χn

Equation 1 

The chemical formula for disilicates can be represented as A2Si2O7, 
where “A” site can incorporate a variety of rare-earth cations e.g., 
belonging to the 4fn configuration as La→Lu, also Sc and Y [30]. Hence, 
multi-component disilicates can be represented as (RE1

3+, RE2
3+, RE3

+3 

…)2Si2O7. The ionic radii of the RE+3 cation (“A” site) had shown an 
effect on the chemical character of the REDS. Similar to the cell volume 
calculation, the radii of equiatomic and non-equiatomic multi-cations 
(rmult) can be expressed in terms of cation radii through the sum of radii 
fraction (χrad) belonging to each cation into the disilicates (Equation 
(2)). 

rmult =
∑n

i=1

χrad
(
RE3+

)

i
χn

Equation 2 

Table 2 
Chemical composition of CMAS [29].

Source Chemical composition (mol. %)

SiO2 CaO MgO Al2O3 FeOx TiO2 SO3 Ca:Si Ca:Si with Si extra

CMAS1 41.7 24.5 12.4 11.0 8.7 1.6 – 0.59 0.43
CMAS2 35.2 28.5 10.5 9.3 7.3 1.3 7.7 0.80 0.59

Fig. 1. X-ray diffraction (XRD) patterns and SEM micrographs of the synthe
sized single RE2Si2O7 (RE = Sc, Lu, Yb, Er, Y, and Ho) powders identified as D.

Table 3 
Summary of cell parameters, volumes and calculated radii of the single dis
ilicates synthesized composition.

System Abreviation Volume calculated 
(Å3)

Radius of the cation RE3+ (Å) 
[51]

Sc2Si2O7 ScDS 252.11 0.745
Lu2Si2O7 LuDS 275.96 0.861
Yb2Si2O7 YbDS 277.96 0.868
Er2Si2O7 ErDS 280.29 0.890
Y2Si2O7 YDS 285.34 0.900

Ho2Si2O7 HoDS 282.96 0.901
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3.2. Reaction behavior of single RE2Si2O7 with CMAS

All the single disilicates exhibited a single reaction product after 
CMAS interaction, except ScDS (Table 5). The reaction products have 
not shown significant structural and microstructural differences with 
respect to the CMAS composition (except ScDS mixtures) or tempera
ture. Fig. 2 presents the reaction product micrographs of single REDS 
powders with CMAS2 (only for ScDS case reactions with both CMAS1 
and CMAS2 are also shown) at 1350 and 1400 ◦C for 1 h. The reaction 
products and residue melt of the powder mixtures have been analyzed 
by their corresponding XRD patterns, microstructures and chemical 
analysis.

3.2.1. CMAS interactions with single Sc, Lu, and Yb disilicates
The disilicate phase was identified as the only crystalline reaction 

product for Sc, Lu, and Yb mixtures (Figs. 2 and 3). The disilicate phase 
corresponds to the monoclinic β-phase (C2/m, space group), which is 
related to the faceted grains (D) shown in Fig. 2. Moreover, character
istic indication for the amorphous residue melt was observed in the XRD 
and related to G in Fig. 2. The chemical composition of faceted grains 
measured by EDS was close to the nominal stoichiometry of RE2Si2O7 for 
RE = Sc, Lu, and Yb, as shown in Table 6.

The pyroxene-type phase (Py) (Ca(Mg,Fe)[(Si,Al)2O6]) was only 
observed in the ScDS + CMAS2 mixture. This phase is characterized by 
small crystal formations that surround the REDS grains (Fig. 2). The 
monoclinic pyroxene phase (C2/c, space group) was identified through 
the characteristic peaks around 27 and 29◦ (Fig. 3). The measured 
chemical composition reveals that such crystals are constituted by Al, 
Mg, Ca, Fe, and Sc (Table 7). Sc and Si are the main constituents of 
pyroxene crystals in mixtures at 1350 ◦C. At 1400 ◦C, the Sc content 
decreases while Ca increases. The residual melts (G, in Fig. 2, Appendix 
1) contain about 5.5, 4.8, and 8 at. % of Sc, Lu, and Yb, respectively 
(Fig. 4) at 1350 and 1400 ◦C. At 1400 ◦C, the RE concentrations are 
found to increase. In general, CMAS1 dissolves a lower concentration of 
RE compared to CMAS2 at 1400 ◦C.

3.2.2. CMAS interaction with single Er, Y, and Ho disilicates
Apatite phases have been formed in the Er, Y, and Ho mixtures which 

can easily be identified by their needle-type crystal morphologies 
(Fig. 2). The respective XRD patterns reveal the characteristic hexagonal 
crystal structure (P63/m) (Fig. 3). A peak shift of (211) towards higher 
2θ values typically indicates a decrease in the lattice parameter from Ho 

to Er. The chemical composition (Ca2RE8(SiO4)6O2) of Er-, Y-, and Ho- 
apatite was verified by EDS and presented in Table 8. RE content in
creases with the RE3+ cation size (from Er to Ho) in apatite, as well with 
the temperature. Only Er-apatite contained Al in the amounts of ~5 at. 
%. Apatites crystallized from Ca-rich deposits, like CMAS2, showed the 
highest Ca content. Few traces of Mg were also detected (~0.3 at.%) in 
apatite. The chemical analysis of the residues reveals that Er, Y, and Ho 
concentrations lie in the range of 7.7–12.1, 6.8–9.3, and 5.8–7.2 at.%, 
respectively (Fig. 4). Higher concentrations of the RE3+ cation were 
observed for residue mixtures of Er, Y, and Ho compared to Sc, Yb, and 
Lu mixtures.

3.3. Reaction behavior of multi-component (RE1
3+, RE2

3+, RE3
+3 …)2Si2O7 

with CMAS

Micrographs of the reaction products formed from MC REDS and 
CMAS2 interaction after 1 h at 1400 ◦C are shown in Fig. 5. The effect of 
each RE3+ cation on reaction products was analyzed from a chemical 
perspective, and the RE content for each reaction product is given in 
detail below.

3.3.1. CMAS interactions with equiatomic multi-component REDS
Except of MC5, all the equiatomic MC REDS (MC1-MC4) have 

formed unanimously an apatite phase as a single reaction product. The 
apatite crystal structure was confirmed through XRD (not shown here), 
and by the elemental mappings. Apatites are composed of RE3+ multi- 
cations with the chemical formula assumed to be Ca2(RE1

3+, RE2
3+, 

RE3
3+ …)8(SiO4)6O2 as showed in Table 9. Fig. 6a depicts the RE3+ cation 

concentration in the apatite structure w.r.t. the RE3+ ionic radii in multi- 
component REDS. All the MC apatites have slightly higher Er, Y, and Ho 
concentrations than Yb, Lu, and Sc. MC apatites formed from MC REDS 
that included Y3+ in their initial composition (MC1, MC2, MC3, MC4, 
and MC5) have shown the highest concentration of Y3+ in comparison to 
other RE3+ cations. MC REDS including Sc3+, such as MC5, showed 
lower concentration values of Sc (1.3 at. %) in the apatite, implying that 
Sc3+ cation is less preferably incorporated into the apatite structure from 
an equiatomic system.

MC5 was the only equiatomic MC REDS that has formed two reaction 
products namely the apatite and disilicate. This MC disilicates exhibits 
higher concentrations of Sc, Lu, and Yb (smaller cations) compared to 
Er, Y, and Ho (larger cations), see Table 10. A decreasing tendency in the 
concentration from Sc (10.6 at.%) to Ho (6.4 at.%) is observed in the 
disilicate phase, and the near-equiatomic ratio was not preserved after 
the CMAS reactions (Fig. 6b).

The average total concentration of all RE3+ cations in the residual 
melts was measured as ~10.5 at. % after 1 h at 1400 ◦C (CMAS2) as 
presented in Fig. 7 and Appendix 2. In case of MC1-MC4, where only 
apatite was formed, the individual contents each RE3+ cation values 
were similar to each other. On the other hand, in case of MC5 Lu and Yb 
contents were lower to other RE3+ cations. Ca concentration in the 
residue is nearly constant (~18 at. %) for MC1-MC4 where as its content 
has risen up to 21.2 at. % for MC5. Mg, Al, Fe, and Ti contents are 
apparently constant in all equiatomic residue glasses (Appendix 2).

Table 4 
Comparison of the lattice parameters, volume and radii for equiatomic and non-equiatomic disilicates.

System Multi-component Volume calculated using the Ecuation 1 (Å3) Volume calculated by Rietveld (Å3) Radius calculated using the Ecuation 2. Phase

Equiatomic MC1 281.6 281.8 0.884 β
MC2 281.2 279.0 0.886 β, γ
MC3 281.6 280.1 0.889 β, γ
MC4 280.5 281.9 0.884 β
MC5 275.7 276.1 0.860 β

Non-equiatomic MC6 279.6 279.9 0.876 β
MC7 267.6 267.0 0.821 β
MC8 271.0 272.1 0.846 β

Table 5 
Summary of reaction products between single REDS with CMAS.

Deposit Temperature 
(◦C)

ScDS LuDS YbDS ErDS YDS HoDS

CMAS1 1350 DS DS DS Ap Ap Ap
1400 DS DS DS Ap Ap Ap

CMAS2 1350 DS +
Pyr

DS DS Ap Ap Ap

1400 DS +
Pyr

DS DS Ap Ap Ap
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3.3.2. CMAS interaction with non-equiatomic multi-component REDS
The three non-equiatomic MC compositions tested with CMAS yield 

a single reaction product. The Y-rich non-equatomic MC system (MC6) 
exhibits an MC apatite crystal (Fig. 5). The apatite shows higher Y- 
content (27.8 at. %, Table 9), which was intentionally introduced into 

Fig. 2. SEM micrographs of REDS + CMAS powder interactions at 1350 ◦C and 
1400 ◦C for 1 h. The reaction products formed between CMAS2 (CMAS1+ScDS) 
and disilicates of Sc, Lu, Yb, Er, Y, and Ho concerning disilicate (D), apatite (Ap) 
phases and melt residue (G).

Fig. 3. a) XRD patterns of REDS + CMAS2 powder interactions at 1400 ◦C for 1 
h. b) Comparison of the shift of the (211) peak according to RE3+ radii, Er3+, 
Y3+, and Ho3+.

Table 6 
Normalized chemical composition of un-reacted REDS.

System CMAS Temperature (◦C) Si (at.%) RE (at.%)

ScDS CMAS1 1350 51.5 48.5
CMAS1 1400 51.1 48.9
CMAS2 1350 51.5 48.5
CMAS2 1400 51.4 48.6

LuDS CMAS1 1350 52.6 47.4
CMAS1 1400 52.7 47.3
CMAS2 1350 52.6 47.4
CMAS2 1400 52.7 47.3

YbDS CMAS1 1350 51.4 48.6
CMAS1 1400 51.5 48.5
CMAS2 1350 49.5 50.5
CMAS2 1400 51.4 48.6
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the system during the design of a non-equiatomic system (Table 1). For 
equiatomic MC the resulting apatite does not maintain the initial equal 
RE3+ cation ratio. Instead, the larger presence of larger RE3+ cation has 
been observed which follows the trend i.e., Sc3+→ Ho3+ (Fig. 6).

Sc-rich non-equiatomic MC (MC7) resulted in a non-equiatomic MC 
disilicate after CMAS interaction. The resulting MC disilicates exhibited 
larger Sc content (19.3 at. %) as shown in Table 10. In the MC disilicate, 
Lu3+, Yb3+, and Er3+ cations have maintained their initial RE3+ cation 
concentration, suggesting no reaction. The combination of higher Sc and 
Y non-equitomic MC system (MC8) yields the MC disilicate phase as a 

reaction product. Compared with the initial composition, the MC dis
ilicate displays slightly higher concentrations of Sc3+ and Y3+ cations 
and similar Lu3+, Yb3+, and Er3+ values.

The total RE content in the residues are 13.9, 8.4, and 11.3 at. % for 
MC6, MC7, and MC8, respectively (Fig. 7 and Appendix 2). The 
enrichment of a specific RE3+ cation in the residual melt is consistent 
with the initial MC REDS design. For example, MC6, with a higher Y 
ratio (50 %), presents the highest Y content in the glass (6.2 at. %) Fig. 7. 
The chemical composition of the residual melt reveals a non-equiatomic 
RE3+ cation ratio in the glass. Small cations (Sc3+, Lu3+, and Yb3+) have 
a larger presence than larger cations (Er3+ and Ho3+).

4. Discussion

4.1. Crystallization products of single and MC REDS with CMAS

The CMAS reactivity of six single REDS, five equiatomic MC, and 
three non-equiatomic MC REDS was evaluated by analyzing their reac
tion products and residual melts. In the present experiments, the tem
perature had no significant effect on the formation of reaction products. 
The slight differences in Ca content between CMAS 1 and 2 led to 
changes in the reaction product formation only in mixtures containing 
ScDS. In case of TBCs specifically 65YZr and Gd2Zr2O7, the slight dif
ferences in the Ca-content between CMAS 1 and 2 have led to a 
considerable change in reaction product formation especially in terms of 
apatite or garnet layers [12,13]. The additional silica in the initial REDS 
powders is assumed to be incorporated into the residual glass compo
nents. Consequently, the initial extra SiO2 content and the Ca:Si ratio 
were adjusted, resulting in a decreased Ca:Si ratio as depicted in Table 2. 
No intrinsic crystallization products formed solely from CMAS elements 
were observed in any of the systems.

The disilicate phase (β, monoclinic) was found as a single reaction 
product in mixtures of single ScDS, LuDS, and YbDS systems. Similar 
morphologies of disilicate grains before and after CMAS interaction 
indicate that the base materials (ScDS, LuDS, and YbDS) have not 
reacted with CMAS (Figs. 1 and 2). The lower reactivity (microstructural 
changes) of these DS systems could be also beneficial for blocking the 
CMAS infiltration given that the coating system is fully dense. However, 
this inertness could lead into a through-thickness dilatation, which 
might cause blister cracking, e.g., ScDS [25,31]. Unlike in previous 
studies, which reported the formation of the Yb-apatite phase in CMAS 
compositions with higher Ca content (>27 mol%) at elevated temper
atures such as 1400 ◦C, the YbDS system in this work exhibited only the 
DS phase as the reaction product [26]. The un-reacted Sc, Lu, and Yb 
disilicates are not considered reactive crystallization products capable of 
mitigating CMAS infiltration. Thus, the Sc, Lu, and Yb DS systems are 
rated in this study as being non-protective against CMAS infiltration 
though their reactivity might change with other CMAS compositions.

Er, Y, and Ho DS have formed a crystalline apatite phase (Ca2RE8(
SiO4)6O2) as a reactive crystallization product after CMAS interaction 
(Figs. 2 and 3). It is generally accepted that apatite is best described by 
the formula A2B8(TO4)6O2 where A site prefers Ca2+, Mg2+, and Zr4+

cations, B site by RE3+ cations while Si4+ occupies the T site forming the 
tetrahedral [32,33]. RE-apatites have shown a direct relation between 
the cation size on the enthalpy formation, unit-cell lattices, etc. For 
instance, the unit-cell (a, c) increases with larger RE3+ cations. i.e. Lu3+

(smaller RE) < La3+ (larger RE) [34]. In the case of formation enthalpies, 
there is a lower value for Yb-apatite (smaller RE3+) in comparison to 
Nd-apatite (larger RE3+). Moreover, the stability of RE-apatites in
creases with their RE3+ cation size, meaning Y-apatite is more stable 
than Yb-apatite [35,36]. It is expected that RE-apatites formed from 
CMAS corrosion with TBC or EBC materials present a similar trend 
regarding the RE3+ cation size. Considering those enthalpy of formation 
trends, the Er-, Y-, and Ho-apatite are more favorable than Sc-, Lu-, and 
Yb-apatite [36].

The pyroxene-type phase observed as an additional product only in 

Table 7 
Normalized chemical composition of pyroxene-type phase.

Mixture Temperature 
(◦C)

Si Al Mg Ca Fe Sc

(at.%)

ScDS +
CMAS2

1350 46.0 4.7 8.1 14.6 5.0 21.6

ScDS +
CMAS2

1400 44.9 6.1 10.1 19.4 5.6 13.9

Fig. 4. Si (a), Ca (b), and RE (c) concentration of the residual melt in term of 
RE3+ cation size for single REDS after CMAS interactions (CMAS1 and CMAS2) 
at 1350 and 1400 ◦C.

Table 8 
Normalized chemical composition of crystallized apatites.

System CMAS Temperature (◦C) Si RE Ca Al

(at.%)

ErDS CMAS1 1350 36.5 48.2 10.7 4.6
CMAS1 1400 36.5 49.1 10.1 4.3
CMAS2 1350 37.6 45.4 12.3 4.7
CMAS2 1400 36.1 48.5 11.1 4.3

YDS CMAS1 1350 40.2 49.4 10.4 –
CMAS1 1400 38.1 51.5 10.4 –
CMAS2 1350 40.6 47.2 12.2 –
CMAS2 1400 38.5 50.1 11.4 –

HoDS CMAS1 1350 38.8 49.4 11.8 –
CMAS1 1400 36.2 52.5 11.3 –
CMAS2 1350 37.3 50.0 12.7 –
CMAS2 1400 36.1 51.4 12.5 –
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the case of ScDS when reacted with CMAS2 (Fig. 2), which is promoted 
by the presence of other elements such as Si, Mg, Sc, and Ca. Based on 
the nominal chemical composition (Ca(Mg,Fe)[(Si,Al)2O6), pyroxene- 
type can be denoted as (Mg0.34Fe0.19Sc0.47)Ca(Si0.9Al0.1)2O6 (1400 ◦C) 
considering the substitution model [33]. The pyroxene crystals grow 
when the temperature increases, as shown in Fig. 2.

The partition coefficient (D) is described as the ratio of a specific 

element distributed between two different phases in equilibrium [37,
38]. The concept of partition coefficient has been used to evaluate the 
preferential formation of apatite and garnet of various RE3+ cations 
when reacted to CMAS [37,38]. Fig. 8 presents the apatite and garnet 
partition coefficient as a function of the RE3+ cation radius reported by 
Poerschke et al. [37]. In addition, the partition coefficients of pyroxene 
(clinopyroxene, green zone) and a complementary zone for apatite and 
garnet related to the Sc3+ cation (dotted zone) were included. The 
additional zones were plotted based on the partition coefficient 
collected from geological data [39–45]. On the other hand, the partition 
coefficient of Er-, Y-, Ho-apatite, and Sc-pyroxene, are calculated from 
this study, is presented in Fig. 8 (grey and purple symbols). According to 
the Dapatite, all the apatites (Er, Y, and Ho) were found in the predicted 
apatite zone proposed in the literature [37].

Fig. 8 shows a relation between the partition coefficients of pyroxene 
and the RE3+ cations. With the exception of Sc3+, all the RE3+ cations 
presented a partition coefficient below 1, suggesting a low tendency to 
form pyroxenes. In the case of Sc3+, the partition coefficients (literature 
and calculated) are mostly above 1, indicating a tendency to form py
roxene. For the Sc3+ cation, the D for apatite and pyroxene shows a 

Fig. 5. SEM images and EDS chemical mapping of the reaction products from CMAS2 mixture powder interactions with multi-component disilicates (equiatomic 
systems = MC1, MC2, MC3, MC4, and MC5, non-equiatomic systems = MC6, MC7, and MC8) at 1400 ◦C during 1 h.

Table 9 
Normalized chemical composition of crystallized MC apatites at 1350 ◦C and 
CMAS2.

System Si Ca Sc Lu Yb Er Y Ho

(at.%)

MC1 38.2 13.0 – – 22.8 – 26.0 –
MC2 38.1 12.6 – – 16.1 16.2 17.0 –
MC3 37.7 12.2 – – 11.7 12.7 13.2 12.5
MC4 37.5 12.0 – 8.7 9.6 10.5 11.1 10.6
MC5 37.2 12.9 1.7 7.8 9.1 10.7 10.6 10.8
MC6 38.1 12.9 1.3 4.2 5.0 5.3 27.8 5.4
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contrary tendency, e.g., higher D for pyroxene than apatite. This result 
agrees with the absence of an apatite phase in Sc mixtures in the current 
study. From the diagram, the trend to form garnet increases with small 
cations including Sc3+. However, garnets were not observed in any of 
the RE3+ cations studied. Nevertheless, the observed pyroxene phase 
might have been formed due to the higher Ca content in CMAS2, which 
can lead to secondary reaction products after extended periods of time. 
Another hypothesis is that the pyroxene could have been crystallized 
during cooling. The present study cannot prove the protection of the 
pyroxene phase against CMAS.

4.2. Residual melts in single REDS mixtures

Even though no reaction products were observed in Sc, Lu, and Yb 
mixtures, their residual melts showed certain amount of RE as evidence 
of the dissolution of the initial material after 1 h at 1350 and 1400 ◦C 
(Fig. 4c). The amount of SiO2 in the residual melt increases with larger 
RE3+ cations like Er3+, Y3+, and Ho3+. Meanwhile, Sc3+, Lu3+, and Yb3+

cations showed lower concentrations suggesting a slow dissolution or 

lower reactivity with CMAS, which could not form reaction products like 
apatite (Fig. 4a). Nonetheless, a time-based study should be conducted 
to determine the reaction kinetics, which was beyond the scope of this 
research. Slightly higher Si values were observed in case of Y compared 
to Ho interactions. This behavior may be associated with the different 
electronic configurations of Y3+ or the thermal stability of Y-apatite [30,
46].

Additionally, the Ca content in the residue decreases for all the 
mixtures, even in residues where no apatite is crystallized (Fig. 4b). 
Especially, lower values of Ca in Sc, Lu, and Yb do not correspond to any 
apatite formation. The Ca ions are substituted by RE3+ cation in the 
melt. However, the absence of Ca in the reaction product cannot be 
explained. From chemical analysis, Mg, Fe, and Ti concentrations are 

Fig. 6. Comparison contents of Sc3+, Lu3+, Yb3+, Er3+, Y3+, and Ho3+ in multi- 
component apatite (a), disilicates (b) phases after CMAS2 interaction at 1400 ◦C 
for 1 h. Note that MC5 is the only system which forms both Ap + REDS.

Table 10 
Normalized, chemical composition of crystallized MC disilicate at 1350 ◦C and 
CMAS2.

System Si Sc Lu Yb Er Y Ho

(at.%)

MC5 49.5 10.6 9.4 9.3 7.6 7.2 6.4
MC7 50.3 19.3 10.6 9.5 10.3 – –
MC8 50.4 16.1 8.2 7.4 7.1 10.8 –

Fig. 7. Si (a), RE (b), and Ca (c) concentration of the residual melt in term of 
RE3+ cation size for MC REDS after CMAS interactions (CMAS2) at 1400 ◦C.

Fig. 8. Comparison of partition coefficient between clinopiroxenes, phosphate 
apatite and garnet.
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apparently constant for both CMAS compositions and temperatures and 
do not contribute to the formation of primary or secondary reaction 
products, with the exception of ScDS. For larger atomic radii, the lower 
presence of Ca and higher presence of Si in the melt explain the for
mation of apatites. Slight variations in Ca and Si content for Y and Ho 
might indicate that Y has a higher reactivity compared to Ho.

4.3. Effect of multi-cations on reaction products

Upon reaction with CMAS equiatomic and non-equiatomic MC sys
tems have resulted in either un-reacted MC disilicates and/or crystal
lized into MC RE-apatite (Fig. 7). In the case of MC apatite (Fig. 6a), the 
results indicate a clear tendency of higher presence for larger RE3+

cation constituents (Er3+, Y3+, and Ho3+). In general, A and B sites in 
A2B8(TO4)6O2, are preferentially occupied by Ca2+ and RE3+ cations 
[32,33]. The B site can also be occupied by Ho3+, Y3+, Er3+, … etc., in a 
solid solution to form a multi-component apatite. Additionally, the A 
and B sites should be similar in size. Due to a larger difference between 
the radii of Ca (1.12 Å) and Sc (0.745 Å), Lu (0.861 Å), and Yb (0.868 Å), 
apatite formation tendency decreases for single and multi-component 
systems consisting of those respective RE3+.

On the other hand, the enthalpy of formation (ΔH◦) plays an 
important role in the crystallization of apatites. The enthalpy of for
mation of apatites based on a single RE3+ cation such as Yb- Er-, Y-, and 
Ho-apatite have been reported as − 407.56 ± 16.64, − 542.31 ± 13.90, 
− 622.45 ± 11.05, and − 643.60 ± 4.17 (kJ mol− 1), respectively where 
Ca2Ho8(SiO4)6O2 is more stable that Ca2Yb8(SiO4)6O2 [36,47]. There
fore, under equilibrium conditions Ho-apatite formation is considered 
more favorable than Yb-apatite. In general, the RE3+ cation size has a 
direct correlation to the enthalpy of formation of RE-apatites 

Fig. 9. Schematic representation of the effect of the RE3+ cations (RE2Si2O7) and Ca:Si ration of CMAS on apatite and disilicates formation as a reaction product (a). 
MC REDS are plotted in terms of the calculated radio using Equation (1).

Fig. 10. Comparison of state-of-the-art TBC, EBC, and proposed T/EBC con
cepts in terms of physical, mechanical and environmental properties. *T =
Temperature, t = time, p = pressure and v = velocity.
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(Ca2RE8Si6O26 and RE9.33□0.67Si6O26), where larger RE3+ ionic radii 
exhibit lower values of ΔH◦ e.g. Ca2Nb8(SiO4)6O2, -845.72 ± 27.54 than 
smaller RE3+ ionic e.g., Ca2Yb8(SiO4)6O2, -407.56 ± 16.64 (kJ mol− 1) 
[36]. In multi-component apatites, it is anticipated that the contribution 
of the formation enthalpy will be accordingly to the fraction of the RE3+

cation. Thus, multi-component apatites involving more significant 
amounts of larger RE3+cations are expected to have lower values of ΔH◦. 
The contribution of these enthalpies can be related to the higher content 
of Ho, Y, and Er in the apatite structure for equiatomic multi-component 
presented in Fig. 6a.

Additionally, MC disilicates as products show a reverse tendency w.r. 
t. the RE3+ ionic sizes (Fig. 6b). i.e., higher radii RE3+ elements show less 
presence in MC REDS. This tendency is in good agreement with single 
REDS systems where Sc, Lu, and Yb exhibit more disilicates.

In general, equiatomic and non-equiatomic multi-component dis
ilicates have formed non-equiatomic disilicates as reaction/precipita
tion products.

4.4. Residual melts in multi-component mixtures

In equiatomic MC REDS mixtures, irrespective of the reaction 
products, similar RE concentrations were found in the glassy residues 
(Fig. 7). In non-equiatomic MC residues, the tendency has a direct de
pendency on the initial RE concentration before the reaction. The Ca 
consumption is led by the apatite formation regardless of equiatomic or 
non-equiatomic MC. However, the Ca consumption is higher in residues 
from MC with higher ionic radii, i.e. MC1, MC2. As expected, Si contents 
increase with the dissolution of MC REDS. The Si concentration is 
slightly lower for the MC REDS system, where apatite is formed, than in 
Er, Y, or Ho systems with the same reaction product. Comparing single 
and MC REDS in terms of the chemical composition, it can be concluded 
that the dissolution and reactivity will depend on the RE3+ cation(s) size 
that constituted the initial single or MC REDS system (Equation (1) and 
Equation (2)).

4.5. Trend of CMAS reaction products based on atomic radii

In terms of CMAS reaction with single and multi-component REDS, in 
addition to the RE3+ ionic radii the Ca:Si ratio in CMAS was identified as 
one key criterion for forming reaction products such as apatite or garnet. 
Fig. 9 depicts the dependency of Ca:Si ratio and the RE3+ ionic radii on 
the reaction product formation using the current and results literature 
data (single and multi-component) [26,31,48,49]. It is worth 
mentioning that the Ca:Si ratio for the present mixtures has been 
calculated assuming the extra silica was incorporated into the residue 
glass (Table 2). Based on the comparison, two main zones were identi
fied: a) disilicate (blue) and b) apatite (orange) (Fig. 9a). The disilicate 
zone was associated with two ranges, the first was the combination of 
the entire Ca:Si range with RE3+ radii between ~0.74–0.86 Å. The 
second corresponds to Ca:Si ratio from ~ 0 to 0.22 and RE3+ radii be
tween ~0.87–1.04 Å. The apatite zone is related to a Ca:Si ratio of about 
0.4–1 and RE3+ radii between ~0.88–1.04 Å. Few compositions were 
found in between apatite and disilicate zones (i.e., YbDS). Thus, a third 
zone (zebra) was plotted as an intermediate zone where both reaction 
products might form. Additional data points are required to visualize the 
total range for Ca:Si ratio and RE3+ cations.

Fig. 9b displays the relation of calculated multi-component RE3+

ionic radii (Equation (1)) with Ca/Si ratio and apatite/DS formation. 
MC5 (equiatomic), MC7, and MC8 (non-equiatomic) are in the region of 
disilicate formers. Meanwhile, MC1, MC2, MC3, MC4, MC5, and MC6 
are classified as apatite formers. MC5 (equiatomic) could be found in a 
dual zone, suggesting both apatite and disilicate formation under given 
conditions (Fig. 5). This trend is quite similar to the observation in single 
REDS shown in Fig. 9a, which confirmed the preference for larger RE3+

cations (single or MC) to form apatite with Ca-rich CMAS. Thus, smaller 
RE3+ cations (single or MC) and Ca-low CMAS are strongly correlated to 

disilicate reaction products.

4.6. Towards the design of T/EBC systems

Assuming that the apatite phase provides enough protection against 
CMAS, all equi- and non-equiatomic MC REDS except MC7 and MC8 
compositions are attractive candidates for T/EBC (single- or multi- 
layer). However, their thermal conductivity, toughness, and water 
vapor stability properties should match the range indicated in the spider 
diagram Fig. 10 [50].

Selecting the appropriate composition from the huge number of 
probable multi-component systems demands for a robust and efficient 
strategy. The combination of experimental and theoretical data can lead 
to an optimized scanning of relevant behavior under different critical 
properties. Ongoing efforts focus on integrating this methodology into 
the screening of thermal and environmental properties for multi- 
component T/EBC candidates.

5. Conclusions

A novel synthesis method was developed for rapid production of 
single REDS, equi- and non-equiatomic MC REDS powders for applica
tion as thermal and environmental barrier coatings. Irrespective of the 
number of RE3+ cations present, all the synthesized compositions 
exhibited high temperature stable, single phase β- and γ-RE2Si2O7. The 
CMAS reactivity of all the produced REDS powders was tested at high 
temperature for two CMAS compositions, and the reaction products 
were studied in detail. There was a clearly tendency in terms of reaction 
products and the RE3+ cation size for all single and MC REDS. The 
important findings after the reaction with CMAS are summarized below: 

• The disilicate reaction product is dominant in CMAS interaction with 
single or multi-component REDS constituted by Sc3+, Lu3+, and Yb3+

(small radii). This trend is similar in both equi- and non-equiatomic 
multi-component REDS.

• Apatite is a predominant reaction product formed for single or 
equiatomic REDS based on Er3+, Y3+, and Ho3+ (larger radii). In case 
of non-equiatomic multi-component REDS based on larger cations, 
apatites have also been formed.

• The pyroxene phase as a secondary reactive product grows prefer
entially in mixtures with small RE cations e.g. Sc, which limits the 
possibility to form with other RE3+ cations

• The chemical composition of the residual melts reveals that larger RE 
cations consume more Ca to crystallize apatite whereas smaller RE 
cations dissolve slowly and reprecipitate in to disilicates.

• In case of non equiatomic multi-component REDS systems, it is 
promising to increase the share of larger RE cations such as Y3+, e.g., 
(Y0.5Yb0.1Er0.1Ho0.1Lu0.1Sc0.1)2Si2O7, which increases the effective
ness to promote CMAS resistance and the remaining RE compositions 
can be used for tuning other properties.
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