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Summary 
The melting and crystallization behavior of four quaternary CaO-MgO-Al2O3-SiO2 or calcium-

magnesium-aluminosilicates (CMASs) was investigated. The CaO:SiO2 ratios of these systems were 
based on various terrestrial sources of ingested particles relevant to gas turbine engine operating 
environments. Melting behavior was characterized using differential scanning calorimetry, and high-
temperature intrinsic crystallization products were determined by furnace heat treatments of the glasses at 
1,200, 1,300, and 1,400 °C. The silicates exhibited a wide range of melting temperatures from ~1,240 up 
to ~1,500 °C, with most of the compositions exhibiting incongruent melting behavior. High-temperature 
crystallization products included CaSiO3, CaAl2Si2O8, Ca2MgSi2O7, and Ca(Mg,Al)Si2O6, although SiO2 
was the only crystalline phase observed at 1,400 °C. 

1.0 Introduction  
The incorporation of ceramic matrix composites (CMCs) coated with environmental barrier coating 

(EBC) in gas turbine engines has aided in increasing operating temperatures and improving engine 
efficiency and performance (Refs. 1 and 2). However, the rise in inlet temperatures has introduced new 
challenges in engine materials development. A prominent issue facing EBC materials is interactions with 
silicate particulates primarily composed of calcium-magnesium-aluminosilicates (CMASs) and other 
oxides. Early studies of siliceous particulate interactions in gas turbine engines were largely focused on 
the mechanical damage mechanism in which silicate particulates eroded engine materials and clogged 
component cooling channels, which reduced engine performance (Ref. 3). However, with the rise in 
turbine inlet temperatures above the melting temperature of the particulate material (≥1,200 °C) and/or 
reduction in cooling air, CMAS damage shifts from solely mechanical to a combined mechanical and 
thermochemical degradation mechanism. 
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The thermochemical degradation of EBCs caused by CMAS is heavily dependent on particulate 
composition, although the composition of CMAS can vary greatly based on origin. The earliest studies of 
particle ingestion investigated damage to engines operating in the Middle East, including the study of 
Blackhawk helicopter engines operating in the Persian Gulf (Refs. 3 and 4). Engine deposits from these 
regions of the world were typically high in CaO content, with moderate additions of Al2O3, MgO, or FeO. 
NiO and TiO2 were found in trace amounts, which likely come from the engine components themselves, 
and alkali salts such as Na2O and K2O were also found in trace amounts in these deposits. Conversely, 
unlike many sand-type compositions, volcanic ash is very high in SiO2 content with less contribution of 
modifiers such as CaO, as observed in early investigations of CMAS damage of engine components from 
Mt. St. Helen’s ash (Ref. 5). There was renewed interest in volcanic ash deposits following the 2010 
Eyjafjallajökull and 2011 Grimsvötn eruptions in Iceland and the immense impact that these natural 
events had on airspace corridors (Refs. 6 and 7). The variation in deposit origin and composition is 
significant because modifiers such as CaO are extremely relevant in the crystallization of phases from the 
melt as a pathway for CMAS mitigation (particularly the rare-earth (RE) apatite-type silicate 
Ca2RE8(SiO4)O2 reported in several investigations (Refs. 8 to 13)).  

In recent studies, prospective EBC materials were evaluated for their reaction with CMAS 
compositions formulated with the goal of determining thermochemical effects based on changing 
CaO:SiO2 ratios in the glasses (Refs. 14 and 15). Besides apatite and other extrinsic crystallization 
products forming from the melt as a function of CaO:SiO2 ratio, the changes in glass composition also 
influenced reaction efficacy with the EBC materials due to partial melting and some observed 
crystallization of the glasses themselves. Establishing the melting and crystallization products and the 
kinetics of the reaction pathway is important in knowing the direction the melt composition will trend. 
Therefore, when studying the reactivity of EBC materials with CMAS, the full evolution of the melt 
needs to be considered. Preliminary CMAS property data was briefly reported in these investigations 
(Ref. 14), but full analysis and findings of the CMAS compositions have not yet been reported in 
literature. Assessment of the glass composition thermal properties must be carried out to better understand 
the behavior of these glasses with coating materials. Thus, the purpose of this study is to report melting 
and crystallization properties of synthetic CMAS compositions formulated with varying CaO:SiO2 ratios 
used in molten silicate reactivity testing with EBC and thermal barrier coating (TBC) materials. 

2.0 Experimental Methods 
2.1 Glass Formulation 

Four CMAS compositions were formulated based on relevancy to previous studies and the turbine 
engine operating environment. The Krämer (Ref. 16) glass was used in many investigations of coating 
materials with CMAS and was originally formulated based on early studies of siliceous deposits in gas 
turbine engines (Ref. 4). The focus of many investigations on a single CMAS composition readily allows 
for direct comparison of corrosion behavior between studies, but such a methodology is limited in the 
scope of understanding the transitions between degradation mechanisms. CaO:SiO2 ratios of two 
additional CMAS compositions were determined from a desert sand composition previously investigated 
for its thermal and mechanical properties (Ref. 17) and chemical analysis on 2010 Eyjafjallajökull 
volcanic ash (Table 1). 
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As shown in Table 1, glassy deposits in turbine engines are typically multicomponent, complex 
systems that also have alkali oxides such as Na2O and K2O, as well as iron oxides. In this study, the 
melting and crystallization of glasses as a function of CaO:SiO2 are being evaluated. Thus, the model 
CMAS compositions mentioned previously were normalized into calcia-magnesia-alumina-silica systems. 
Degradation mechanisms are generally controlled by CaO and SiO2 content, so these systems have been 
simplified to four-component systems to study the effects of this ratio (Table 2). This was done by a 
weighted division of the other oxide content based on the existing individual amounts of CaO, MgO, 
Al2O3, and SiO2. By normalizing the compositions in this way, the CaO:SiO2 ratio is kept equal to the 
original composition. An example of this normalization is shown in Equation (1) for CaO: 

 
2 3 2

CaOCaO CaO
CaO MgO Al O SiOo o

o
n o

o o
X

 
= + ⋅  + + + 

  (1) 

The n subscript represents the normalized mole percent of the oxide and the o subscript represents the 
original mole percent of the oxide. X is the total mole percent of the other oxides present in the glass. 
 
 

TABLE 1.—REFERENCE DEPOSIT COMPOSITIONS 
Oxide, 
mol% 

Krämer 
(Ref. 16) 

Desert sand 
(Ref. 17) 

Eyjafjallajökull 
volcanic ash 

CaO 35.00 27.8 6.15 

MgO 10.00 4.0 4.18 

Al2O3 7.00 5.0 10.02 

SiO2 48.00 61.6 66.99 

Fe2O3 --------- 0.6 4.41 

K2O --------- 1.0 1.21 

Na2O --------- -------- 5.00 

TiO2 --------- -------- 1.39 

Trace --------- <0.5 0.66 

CaO:SiO2 0.729 0.451 0.092 

 
 

TABLE 2.—REFERENCE DEPOSIT COMPOSITIONS, 
NORMALIZED TO FOUR-COMPONENT SYSTEMS 

Oxide, 
mol% 

Krämer 
(Ref. 16) 

Desert sand 
(Ref. 17) 

Eyjafjallajökull 
volcanic ash 

CaO 35.00 28.25 7.04 

MgO 10.00 4.07 4.79 

Al2O3 7.00 5.08 11.47 

SiO2 48.00 62.60 76.70 

CaO:SiO2 0.729 0.451 0.092 
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Additionally, the MgO-Al2O3 molar content was kept constant between the compositions and equal to 
the Krämer glass so that only behavior based on differences in CaO and SiO2 content were observed here. 
This was done by setting up a system of equations based on the compositions of the reference CMAS 
glasses. The CaO:SiO2 ratios of these glasses are constant c, expressed as 

 xc
y

=   (2) 

where x is the mole percent of CaO and y is the mole percent of SiO2. The sum of x and y is equal to the 
total (100) minus the remaining oxides z as 

 100x y z+ = −   (3) 

where z is the total sum of (MgO+Al2O3). Using these two equations, SiO2 (y) for each composition was 
calculated as  

 100
1

zy
c
−

=
+

  (4) 

and CaO (x) as 

 100x z y= − −   (5) 

These nominal compositions are renamed CMAS–1 (Krämer), CMAS–2 (desert sand), and CMAS–3 
(Eyjafjallajökull volcanic ash) in this study and are listed in Table 3. Given the large gap in CaO:SiO2 
ratio between CMAS–2 and CMAS–3, an additional CMAS glass (CMAS–2.5) was developed as a 
midpoint CaO:SiO2 ratio composition between CMAS–2 and CMAS–3. 
 

TABLE 3.—NOMINAL COMPOSITIONS OF CALCIUM- 
MAGNESIUM-ALUMINOSILICATE (CMAS) GLASSES 

Oxide, 
mol% 

CMAS–1 CMAS–2 CMAS–2.5 CMAS–3 

CaO 35.000 25.810 17.723 6.975 

MgO 10.000 10.000 10.000 10.000 

Al2O3 7.000 7.000 7.000 7.000 

SiO2 48.000 57.190 65.277 76.025 

CaO:SiO2 0.729 0.451 0.271 0.092 

 
TABLE 4.—COMPOSITIONS OF SYNTHESIZED CALCIUM- 

MAGNESIUM-ALUMINOSILICATE (CMAS) GLASSES,  
DETERMINED BY INDUCTIVELY COUPLED PLASMA 

ATOMIC EMISSION SPECTROSCOPY 
Oxide, 
mol% 

CMAS–1 CMAS–2 CMAS–2.5 CMAS–3 

CaO 32.766 26.720 17.768 7.259 

MgO 8.820 9.778 10.218 9.568 

Al2O3 6.843 7.665 7.859 7.660 

SiO2 51.571 55.836 64.155 75.512 

CaO:SiO2 0.635 0.479 0.277 0.096 
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2.2 Calcium-Magnesium-Aluminosilicate (CMAS) Glass Synthesis 

CaCO3 (>99.0 percent from Alfa Aesar), MgO (99.95 percent from Cerac, Inc.), Al2O3 (>99.0 percent 
from Almatis, Inc.), and SiO2 (99.5 percent from Alfa Aesar) were used as starting powders for glass 
synthesis. The powders were mixed in their respective weight ratios in ethanol using 10-mm spherical 
Al2O3 media on a ball mill for 24 h. The mixtures were dried on a hotplate before heat treatment in a box 
furnace. The furnace was ramped 1 °C/min to 850 °C, holding for 10 h to burn off CO2 and prevent 
boilover during melting. The heat-treated powders were then placed in a platinum crucible and melted in 
a box furnace at 1,500 °C with a ramp rate of 10 °C/min. After a 1-h hold, the melt was quenched in water 
to produce a glass. The resulting glass frit was ground in a mortar and pestle before milling again in 
ethanol using 10-mm spherical Al2O3 media for 24 h to obtain fine glass powders. The compositions of 
the final glass powders were determined using inductively coupled plasma atomic emission spectroscopy 
and are listed in Table 4. 

2.3 Furnace Heat Treatments and Characterization 

The glass powders were uniaxially pressed into ~1-g pellets with a diameter of 12.7 mm and heat 
treated in a box furnace in platinum foil crucibles. The pellets were heated at a ramp rate of 10 °C/min to 
1,200, 1,300, and 1,400 °C with an isothermal hold at 1 h, followed by quenching in air using a cooling 
fan. Measurement of sample temperature after furnace removal resulted in estimated quench rates of ~900 
to 1,000 °C/min. The samples were then cross sectioned. One half of a cross-sectioned pellet was polished 
to a 1-μm finish using conventional metallographic techniques, and the other half was crushed and ground 
into a powder in a mortar and pestle.  

Differential scanning calorimetry (DSC) was carried out to determine crystallization and melting 
temperatures of the synthesized glasses. The experiments were performed in air on a Netzsch STA 409 
instrument using platinum crucibles with lids. The platinum crucibles were placed on sapphire (Al2O3) to 
prevent adhesion to the sample stage during analysis. Samples were measured from room temperature to 
1,500 °C at a ramp rate of 10 °C/min under airflow of 50 mL/min. An empty crucible was heated with the 
program to obtain a temperature calibration curve, and a sapphire standard was run to obtain a baseline 
curve for measurement. Finally, sample powders were weighed out between ~20 to 30 mg so that the 
mass of the sample was similar to the mass of the standard. Sample powders were placed into the 
platinum crucibles and pressed into compacts before analysis. Each sample was run on one cycle of the 
described temperature program. 

Crystallographic information was obtained on the as-synthesized and heat-treated CMAS using x-ray 
diffraction (XRD) (D8 Advance, Bruker). XRD results were analyzed using whole pattern fitting to 
determine relative amounts of crystalline phases with JADE software (Materials Data, Inc.). 
Microstructural features of the polished pellet cross sections were characterized by scanning electron 
microscopy (SEM) (Thermo Fisher (FEI Company) Q250 Environmental SEM, Phenom ProX). 
Compositional analysis was carried out using energy dispersive spectroscopy (EDS) and was used to 
confirm crystalline reaction products observed in XRD. 

3.0 Results 
3.1 Calcium-Magnesium-Aluminosilicate (CMAS) Melting Temperature and Behavior   

The XRD analysis of the as-synthesized glasses is displayed in Figure 1. There are noticeable 
amorphous humps in all the scans and no peak indicating detectable crystallinity. The amorphous humps  
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Figure 1.—X-ray diffraction scans of starting calcium-magnesium-

aluminosilicate (CMAS) glasses. Diffraction angle (θ). 
 

exhibit shifts to lower angles and increases in intensity as SiO2 content in the glass increases. Figure 2 
shows the DSC graphs of the CMAS glasses tested up to 1,500 °C. The change in heat was measured in 
watts (W, joules per second) per gram. The DSC scan of CMAS–1 is displayed in Figure 2(a) and shows 
peaks indicating both crystallization and melting events occurring during evaluation. The two exothermic 
peaks between 950 to 1,050 °C indicated crystallization of the glass occurring within this range of 
temperature, while the very sharp endothermic peak between ~1,210 to 1,260 °C was indicative of 
melting. The sharp nature of this endothermic peak suggests congruent melting of the glass within this 
temperature range, which may be characteristic of a eutectic composition.  

Like CMAS–1, DSC results of CMAS–2 (Figure 2(b)) also indicated crystallization of the glass 
occurring in the range of ~950 to 1,050 °C, although the melting behavior was more complex than that of 
CMAS–1. The endothermic peak in the CMAS–2 scan began at ~1,150 °C. However, the three 
overlapping endothermic peaks in the DSC data may suggest that melting of this composition occurred in 
three steps, with the completion of melting at ~1,290 °C. The exothermic peaks corresponding to 
crystallization events for CMAS–2.5 were shifted to slightly higher temperatures than CMAS–2 at ~1,000 
to 1,175 °C. Compared to CMAS–2, melting of CMAS–2.5 (Figure 2(c)) occurred in a much narrower 
range of temperatures. The shape of the endothermic peak was very sharp, similar to the eutectic nature of 
CMAS–1, although there were slight shoulders on both sides of this peak. In CMAS–3 (Figure 2(d)), 
crystallization and melting of the glass occurred in a much smaller range of temperatures, between ~1,190 
and ~1,250 °C. Unlike CMAS–1 and CMAS–2, the exothermic behavior of CMAS–3 was exhibited by a 
much smaller peak in magnitude, followed by a very sharp endothermic peak, possibly indicating some 
eutectic melting behavior of part or all of the glass composition. In all the scans, no other exothermic 
peaks were observed after melting events, likely demonstrating that additional crystallization is no longer 
favorable above the melting temperatures identified in the DSC scans. 
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Figure 2.—Differential scanning calorimetry (DSC) scans 

at 10 °C/min of calcium-magnesium-aluminosilicate 
(CMAS). (a) CMAS–1. (b) CMAS–2. (c) CMAS–2.5. 
(d) CMAS–3. Dashed lines indicate temperatures 
utilized for furnace heat treatments. Y-axes in graphs 
are not shared and vary in magnitude.  

 
Because DSC baseline and standard measurements were made prior to running scans on the glass 

powders, it was possible to quantify the evolution of heat during crystallization and melting. Using code 
written in Python programming language (Python Software Foundation), the areas of the exothermic and 
endothermic peaks in the DSC data were estimated. The area under the DSC curve is equal to the total amount 
of heat exchanged during the reaction, which at constant pressure, is equal to the change in enthalpy H  
(Ref. 18). The DSC curves are plots of the change in heat Q measured over the change in temperature T, as 

 QQ
T
∂

∆ =
∂

  (6) 

The temperature of the sample is related to the heating rate β (change in T over time t) during analysis, 

 d
d
T
t

β =   (7) 

and the change in Q over t is calculated as  

 d
d

Q T Q
T t t
∂ ∂

⋅ =
∂ ∂

 
(8) 
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The change in H is then equal to the integral of the change in Q over t as 

 
0

d
t QH t

t
∂

∆ =
∂∫   (9) 

Thus, for the exothermic peaks, the H of crystallization was calculated, and the H (or heat) of fusion 
was calculated for the endothermic peaks. Gaussian distributions were fitted onto the DSC data as the 
approximate functions for the peaks, with the sum of the peaks as an approximation of the entire DSC 
curve: 

 ( ) ( )2
2

1
, , , exp

2

n
n

n n n n
n

t
f t A A

 − µ µ σ = −
 σ
 

∑   (10) 

where µ is the mean, σ is the standard deviation, and A is the amplitude of each distribution. Figure 3 
displays the graphs of the Python analysis, and the calculated enthalpies from each peak for all the CMAS 
compositions listed in Table 5. 
 
 

 
Figure 3.—Peak fitting results of differential scanning calorimetry (DSC) data of calcium-

magnesium-aluminosilicate (CMAS). (a) CMAS–1. (b) CMAS–2. (c) CMAS–2.5. (d) CMAS–3. 
Calculated enthalpies of labeled peaks are listed in Table 5. 
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TABLE 5.—CALCULATED CALCIUM-MAGNESIUM- 
ALUMINOSILICATE (CMAS) ENTHALPIES OF 

CRYSTALLIZATION AND FUSION FROM 
PEAKS FITTED IN FIGURE 3 

Sample Exothermic, 
J/g 

Endothermic, 
J/g 

CMAS–1 Peak 1: 192.1 
Peak 2: 137.8 

Peak 3: –358.4 

CMAS–2 Peak 1: 190.3 
Peak 2: 41.8 

Peak 3: –95.3 
Peak 4: –53.3 
Peak 5: –62.6 

CMAS–2.5 Peak 1: 156.6 
Peak 2: 52.9 

Peak 3: –36.7 
Peak 4: –75.5 
Peak 5: –36.7 

CMAS–3 Peak 1: 93.2 Peak 2: –43.1 

 
 

 
Figure 4.—Calcium-magnesium-aluminosilicate (CMAS) images. (a) Backscattered emission (BSE) micrograph of 

CMAS–1. Anorthite (An). Wollastonite (Wo). Åkermanite (Åk). Energy dispersive spectroscopy maps after heat 
treatment at 1,200 °C for 1 h. (b) Calcium. (c) Magnesium. (d) Aluminum. (e) Silicon. (f) X-ray diffraction scans of 
CMAS–1 after heat treatment. Diffraction angle (θ). 

3.2 Calcium-Magnesium-Aluminosilicate (CMAS) Furnace Heat Treatments 

Furnace heat treatments were performed on pressed pellets of the CMAS glasses at 1,200, 1,300, and 
1,400 °C for 1 h, and the subsequent crystallization products were investigated and identified through a 
combination of SEM and XRD. CMAS–1 (Figure 4(a)) crystallized to wollastonite (α-CaSiO3), anorthite 
(CaAl2Si2O8), and åkermanite (Ca2MgSi2O7) at 1,200 °C, while diopside (Ca(Mg,Al)Si2O6) and anorthite 
crystallized in CMAS–2 at this temperature (Figure 5). The high-residual amorphous content in CMAS–2 
was evidenced by the large residual glass matrix surrounding the diopside (brighter phase) and anorthite 
precipitates in Figure 5(a). Conversely, CMAS–1 seemed to be largely crystalline at 1,200 °C, as 
evidenced by the backscattered emission (BSE) micrograph in Figure 4(a). Additionally, while CMAS–2 
still exhibited a slight amorphous region in the XRD data, an amorphous region was not observed in 
CMAS–1. Both CMAS–1 and CMAS–2 became fully molten again at 1,300 °C, showing good agreement 
with the melting and crystallization behavior observed in the DSC analysis.  

CMAS–2.5 exhibited crystallization of diopside and cristobalite (SiO2) at 1,200 °C. There was cracking 
observed in the cristobalite phase, possibly due to the high-low polymorph phase transformation (Ref. 19). 
Like CMAS–2, there was a substantial residual matrix observed in SEM micrographs (Figure 6(d)) at this 
temperature. At both 1,300 and 1,400 °C, crystalline phases are detectable in XRD analysis, although the 
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peaks decreased greatly in magnitude from the intensity at 1,200 °C. This indicates a decrease in 
crystallinity and an increase in residual melt content at these higher temperatures (Figure 6(b) and (c)). As 
shown in Figure 7(a), CMAS–3 crystallized to enstatite (MgSiO3), as well as anorthite and cristobalite at 
1,200 °C. Like CMAS–2.5, crystalline phases were still observed at 1,300 and 1,400 °C. SEM results in 
Figure 7(b) (1,300 °C) and Figure 7(g) (1,400 °C) showed cristobalite present in a residual glass matrix. 
XRD analysis of CMAS–3 (not shown here) confirmed cristobalite as the crystalline phase of SiO2, with 
peaks of both the high and low cristobalite polymorphs present. 

 

 
Figure 5.—Calcium-magnesium-aluminosilicate (CMAS) images. (a) Backscattered emission micrograph of 

CMAS–2 after heat treatment at 1,200 °C for 1 h. Anorthite (An). Diopside (Di). Glass (G). (b) X-ray diffraction 
scans of CMAS–1 after heat treatment. Diffraction angle (θ). 

 

 
Figure 6.—X-ray diffraction scans of calcium-magnesium-aluminosilicate (CMAS–2.5) after heat treatment at  

(a) 1,200 °C for 1 h, (b) 1,300 °C for 1 h, and (c) 1,400 °C for 1 h. Diffraction angel (θ). (d) Backscattered 
emission micrograph of CMAS–2.5 after heat treatment at 1,200 °C for 1 h. Diopside (Di). Glass (G). 
Cristobalite (Cri). 
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Figure 7.—Calcium-magnesium-aluminosilicate (CMAS) images. (a) Backscattered 

emission (BSE) micrograph. (b) BSE micrograph of CMAS–3 after heat treatment 
at 1,300 °C for 1 h. Energy dispersive spectroscopy maps of CMAS–3 after heat 
treatment at 1,200 °C for 1 h. (c) Calcium. (d) Magnesium. (e) Aluminum.  
(f) Silicon. (g) BSE micrograph of CMAS–3 after heat treatment at 1,400°C for 1 
h. Anorthite (An). Clinoenstatite (En). Cristobalite (Cri). Glass (G). 

4.0 Discussion 
It was expected that the endpoints of melting of the compositions would shift to higher temperatures 

with the decrease in CaO:SiO2 ratio. The endpoint of melting for CMAS–2 was ~1,290 °C, about ~20 °C 
higher than CMAS–1, although its onset of melting was ~60 °C lower than CMAS–1. For both CMAS–2.5 
and CMAS–3, the endpoints of melting events observed in the DSC trace were ~1,240 and ~1,235 °C, 
respectively. However, the heat treatments at 1,300 and 1,400 °C indicated the presence of crystalline 
phases at these temperatures. As previously noted, these glasses were melted at 1,500 °C for 1 h to obtain 
completely amorphous materials, and additional melting could have occurred outside the analysis range. It is 
believed that all crystallization events were captured in the DSC scans of the glass. Thus, if complete 
melting occurred after crystallization within the range of temperatures tested, due to conservation of energy, 
the total measured enthalpy of crystallization should be roughly equal to the total measured enthalpy of 
fusion. The differences between the total enthalpies of crystallization and fusion were ~8, ~9, ~33, and 
~73 percent for CMAS–1, CMAS–2, CMAS–2.5, and CMAS–3, respectively. While the fit of Equation (10) 
could contribute to this difference, the R2 values for the four CMAS compositions were 0.9798, 0.9956, 
0.9915, and 0.9757, respectively, which are representative of the quality of fit to the original DSC data. 
Since heat treatment studies confirmed full melting of CMAS–1 and CMAS–2 above 1,260 and 1290 °C, 
respectively, this ~8 to 9 percent difference between enthalpies can also be attributed to the error associated 
with this estimation technique, as all crystallization and melting events for CMAS–1 and CMAS–2 have 
occurred within the range of temperatures tested in DSC. In this case, subtracting this error from CMAS–2.5 
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and CMAS–3, there is still a ~24 and ~64 percent difference, respectively, between the exothermic and 
endothermic events observed in the DSC data. The actual values of these differences are 60.6 and 50.1 J/g, 
meaning that there was slightly more heat evolution for crystallization events over melting events within the 
temperatures tested, which supports the possibility that additional melting occurred outside the range of 
temperatures tested. 

In addition to changes in melting behavior, the change in CaO:SiO2 ratio shifts the glasses into 
varying phase regions in the quaternary CaO-MgO-Al2O3-SiO2 system. Each CMAS composition studied 
here is plotted on the liquidus diagram in Figure 8, which is a CaO-MgO-SiO2 ternary system at 15 wt% 
Al2O3 (the CMAS compositions were formulated at ~12 wt% Al2O3).  

At similar Al2O3 content, this diagram was used for phase comparison between the CMAS 
compositions. CMAS–1 exhibited probable eutectic behavior in DSC analysis (Figure 2(a)), as melting 
occurred within a very small temperature range. The eutectic behavior is consistent with previous 
analyses of this CMAS composition and the location on the phase diagram in Figure 8 (Ref. 16).  
CMAS–1 falls within the anorthite region of the phase diagram, and from microscopic analysis, it 
appeared that anorthite (dark gray) crystallized first from the melt, as the wollastonite (lightest gray) and 
åkermanite (intermediate gray) precipitates formed an overlay over the anorthite (Figure 4(a)). Whole 
pattern fitting results of the XRD scans of the glasses are listed in Table 6, the values of which are 
pertaining to the ratios of the crystalline products in each CMAS system. After heat treatment at 1,200 °C, 
the amount of wollastonite and anorthite formation was roughly equal, whereas there was almost two 
times the amount of wollastonite over åkermanite. Because the synthesized glass composition was not 
exactly on the 10 mol% MgO line, it is possible that the crystallization path upon heating could have gone 
towards the boundary of the wollastonite-anorthite regions, which would shift away from the eutectic 
point, and result in a less congruent melting than what was hypothesized based on DSC analysis.  

Both SEM and DSC analysis indicated incongruent melting of CMAS–2, which also falls within the 
anorthite region, but very close to the boundary of the pyroxene region (a solid solution range consisting 
of diopside and enstatite). As shown in the DSC analysis (Figure 2), this composition likely melts in three 
steps, becoming completely molten again at 1,300 °C (confirmed via heat treatment data). No phase other 
than anorthite and diopside was observed with this CMAS composition after furnace heat treatments, so it 
is difficult to discern whether, upon heating, the crystallization path moves toward the intersection of the 
anorthite-pyroxene-melilite regions or the intersection of the anorthite-pyroxene-tridymite regions. 
However, any additional phase that was present may crystallize at lower temperatures and then become 
molten again by 1,200 °C. It is possible that åkermanite (an end member of melilite) could form, but 
additional heat treatments are needed below 1,200 °C to confirm. At higher SiO2 content, CMAS–2.5 falls 
almost on the point of intersection of the anorthite-pyroxene-tridymite regions, although cristobalite was 
the SiO2 polymorph observed in heat treatments of this CMAS composition. Theoretically, tridymite 
forms from β-quartz upon heating above ~870 °C, then transforming to cristobalite around ~1,470 °C. 
However, many findings have indicated that the tridymite transformation is bypassed in favor of directly 
forming cristobalite in pure SiO2 (Refs. 21 and 22). Cristobalite also crystallized in CMAS–3, which is 
within the SiO2-rich region of the diagram. As cristobalite was still observed at 1,300 and 1,400 °C, the 
endothermic peak in the CMAS–3 DSC scans could be attributed to the congruent melting of enstatite and 
anorthite in this system above 1,200 °C. In these SiO2-rich CMAS compositions, while it is desirable to 
see crystallization up to 1,400 °C, crystallization of cristobalite may not be ideal, as the phase does 
exhibit extensive cracking due to the high-low polymorph phase transformation, which could provide 
additional pathways for infiltration of the residual melt.  
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Figure 8.—CaO-MgO-SiO2 liquidus diagram at 15 wt% Al2O3 (Ref. 20). 

Calcium-magnesium-aluminosilicate (CMAS) compositions synthesized in this 
study are highlighted by blue circles, and MgO content is highlighted with red 
line. Possible eutectic points observed in this study are highlighted by green 
circles. Anorthite (AN). Cristobalite (Crs). Forsterite (Fo). Melilite (Mel). 
Merwinite (Mer). Mullite (Mul). Periclase (Per). Pyroxene (Pyr). Spinel (Spl). 
Tridymite (Trd). 

 
  

TABLE 6.—WHOLE PATTERN FITTING RESULTS OF RELATIVE RATIOS OF CRYSTALLINE PRODUCTS 
IN WEIGHT PERCENT (wt%) FORMED AFTER HEAT TREATMENT AT 1,200 °C FOR 1 h 

Sample Wollastonite 
α-CaSiO3 

Anorthite 
CaAl2Si2O8 

Åkermanite 
Ca2MgSi2O7 

Diopside 
Ca(Mg,Al)Si2O6 

Enstatite 
MgSiO3 

Cristobalite 
SiO2 

CMAS–1 42.1 38.3 19.6 ------ ----- ----- 

CMAS–2 ----- 12.1 ----- 87.9 ----- ----- 

CMAS–2.5 ----- ----- ----- 58.4 ----- 41.6 

CMAS–3 ----- 28.4 ----- ----- 28.5 43.1 

 
 

SiO2 crystallization was observed in two of the four CMAS compositions (CMAS–2.5 and CMAS–3), 
but anorthite seems to be a common phase appearing in heat treatments of not only the CMAS 
compositions within this study, but within other silicate systems investigated for interactions with coating 
materials (Refs. 23 to 27). In order to increase the CMAS resistance of 7 wt% yttria-stabilized zirconia 
(7YSZ), Aygun et al. investigated codoping with Al2O3 and TiO2, showing that the combination of both 
Al3+ and Ti4+ provided an excess of Al3+ for ease of anorthite (CaAl2Si2O8) crystallization and nucleation 
sites with Ti4+ (Ref. 28). Anorthite on its own melts at ~1,550 °C (Ref. 29), so it was hypothesized that 
this reaction could result in a barrier layer to prevent further CMAS infiltration. However, in the current 
study, anorthite did crystallize only as a low-temperature phase and was no longer observed above this 
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temperature. Additionally, it is currently unknown as to why anorthite was not observed in CMAS–2.5 
heat treatments. Based on current results, crystallization of anorthite may be beneficial in CMAS 
mitigation at 1,200 °C and below, but additional factors such as kinetics may prevent formation of this 
phase in certain CMAS compositions.   

From these results, a concern arises to the incongruent melting of all the CMAS glasses synthesized 
except for CMAS–1. Because melting does not occur at a single temperature, there is the possibility of 
partial reactions occurring when these glasses are exposed to the EBC and TBC materials. While the 
primary concern of CMAS degradation is at temperatures above 1,200 °C, incongruent melting of CMAS 
may mean that reactions with EBC materials may occur at temperatures much lower than the full melting 
temperature. Future work will involve further characterization of the melt process to investigate 
composition evolution, including additional DSC scans to determine crystallization and melting kinetics. 
With decreasing CaO:SiO2 ratio, the endpoint of melting for each composition shifted to higher 
temperatures, although this trend did not seem to influence the amount of amorphous content formed for 
each glass. At 1,200 °C, while results suggest near full crystallization of CMAS–1 and CMAS–3, both 
CMAS–2 and CMAS–2.5 contain substantial amounts of residual glass, as evidenced by the BSE 
micrographs (Figure 5(a) and Figure 6(d)). The greater presence of amorphous content in CMAS–2 and 
CMAS–2.5 at 1,200 °C could result in greater reactivity with these CMAS compositions at lower 
temperatures.  

5.0 Conclusions 
Four calcium-magnesium-aluminosilicate (CMAS) glass compositions were formulated from 

reference deposit chemistries and their melting and crystallization behaviors were evaluated. The 
variation of the CaO:SiO2 ratio shifted the crystallization of the glasses into differing phase fields. Both 
CMAS–1 and CMAS–2 crystallize within the anorthite field of the quaternary, although CMAS–1 
exhibited behavior consistent of a eutectic, whereas CMAS–2 exhibited incongruent melting behavior. 
Initial melting for both CMAS–1 and CMAS–2 occurred as low as ~1,050 °C, meaning that interactions 
with CMAS could occur lower than 1,200 °C. CMAS–2.5 and CMAS–3 both crystallize within SiO2-
regions of the quaternary, and like CMAS–2, exhibited incongruent melting behavior. Differential 
scanning calorimetry analyses suggest that the full melting temperatures of CMAS–2.5 and CMAS–3 are 
close to 1,500 °C, given that crystalline phases were still observed for these compositions at 1,400 °C. 
Although decreasing CaO:SiO2 ratio raised the melting temperatures slightly, large residual amorphous 
content was still observed for CMAS–2 and CMAS–2.5 at 1,200 °C. Low-temperature interactions of the 
environmental barrier coating materials with these two compositions could be enhanced due to the greater 
availability of residual glass and melting of the glasses below their full melting temperatures. 
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