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Abstract 

 To improve the oxidation behavior of Yb-Gd-Si, 0.5 and 1 at% of Ti-containing 

Yb-Gd-Si (denoted as YGTS-0.5 and YGTS-1, respectively) were fabricated by arc 

melting. The oxidation behaviors of both YGTS specimens were evaluated by oxidation 

tests performed in a temperature range of 600–1200 °C for 1, 2, 4, and 8 h in air. 

Additionally, thermogravimetric analysis (TGA) was conducted at the abovementioned 

temperature range in air and steam. Oxidation tests at 1200 °C revealed no significant 

changes in the oxidation rate. Moreover, the oxidation tests revealed that Yb-Gd-Si and 

YGTS-0.5 became powdery after oxidation, whereas YGTS-1 maintained its form. 

Detailed microstructural observations indicated that the formation of TiO2 and other 

oxides in the Yb-Ti-O phase and oxide-containing Yb, Gd, Ti, and Si suppressed the 

formation of Yb2O3, which caused drastic oxidation at intermediate temperatures (600–

900 °C). These results indicated that the addition of 1 at% of Ti to Yb-Gd-Si was effective 

in improving its oxidation behavior. 

 

Keywords: Yb-silicide; Gadolinium; Titanium; High temperature degradation 
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1. Introduction 

 Rare earths are considered as additive elements for functional materials because 

of their uniquely-evolved magnetic, optical, and electrical properties, owing to the 

electrons in their 4f subshells [1–5]. Focusing on rare-earth elements and their compounds, 

rare-earth borides, carbides, oxides (including silicates, titanates, and zirconates), and 

silicides with high melting points are desired for high‐temperature structural materials 

and coatings [6–12].  

In particular, rare-earth silicates and silicides are considered as potential 

candidates for environmental barrier coatings (EBCs) for aero-gas turbine engines [13–

20]. EBCs are mainly composed of two layers of coating: a topcoat and a bond coat. These 

layers are coated onto SiC fiber-reinforced SiC (SiC/SiC) matrix composites, which are 

used as components in advanced gas turbine engines [13–15, 21, 22]. Yb silicates 

(Yb2SiO5 and Yb2Si2O7) are applied as the topcoat and protect SiC/SiC composites from 

harsh environments (1300–1700 °C, total pressure 10–30 atm, and partial H2O pressure 

of 1–3 atm [23]) since their weight loss at 1500 °C in steam is almost zero, which is much 

lower than that of SiC and oxides that were once used as topcoats (e.g., mullite and 

barium–strontium aluminosilicates) [24]. The bond coat acts as a buffer layer to increase 

the adhesion between the topcoat and SiC/SiC composites. Si has been used as a bond 

coat since the bond coat was introduced as a component of EBCs. Although Yb silicates 

in the topcoat withstand temperatures of ~1500 °C in a steam environment, Si limits the 

heat resistance of EBCs because its melting point is ~1414 °C, and the formation of 

crystalline SiO2 (cristobalite) causes the delamination of EBCs because local tensile stress 

is developed by the phase transformation of cristobalite along with volume shrinkage 

(4.5%) at 220 °C [14, 25, 26]. 
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Recently, some researchers have evaluated the degradation behavior of rare-earth 

silicides for their application as advanced bond coat materials [17–20]. They investigated 

the degradation behaviors of Yb3Si5 and Yb5Si3 at temperatures up to 1200 °C in air, 

steam, and mixed environments because their melting point is higher than that of Si [19, 

20]. The studies revealed that these silicides oxidize, and Yb2O3, Yb2SiO5, and Yb2Si2O7 

form ultimately. In particular, the formation of Yb2SiO5 and Yb2Si2O7 is suitable for bond 

coat material because the topcoat is composed of these silicates. However, the formation 

of Yb silicates substantially reduces the phase stability during heat exposure. For instance, 

Yb3Si5 forms a Si-Yb3Si5 eutectic phase with a melting temperature of 1125 ℃, and 

Yb5Si3 forms Yb3Si5 and SiO2 during oxidation. Moreover, a rapid weight gain was 

observed for both silicides at 700–800 ℃ in air, steam, and mixed environments due to 

the formation of Yb2O3. 

To improve phase stability, researchers designed Gd-containing Yb-silicide (Yb-

Gd-Si) with a melting point of 1500 ℃ or higher using calculation phase diagram 

(CALPHAD) because compounds in Gd-Si systems also have higher melting points than 

Si [27]. Calculated phase diagram for Yb-Gd-Si system clearly showed that Yb-Gd-Si 

contained Yb, Gd, and Si by 15–30, 10–30, and 50–65 at% maintained solid phase even 

above 1500oC. Heat exposure results of Yb-Gd-Si (Yb25Gd20Si55), under the same 

conditions as mentioned above (~1200oC), indicated that a liquid phase is not formed 

during heat exposure, and the addition of Gd to Yb-silicides is effective in improving its 

phase stability. Yb-Gd-Si formed complex oxides in the Yb-Gd-Si-O system at 

temperatures above 900 ℃, and its weight gain therein was suppressed. However, a rapid 

weight gain due to the formation of Yb2O3 at 700–800 ℃ was still observed. The 

formation of Yb2O3 at 700–800 ℃ causes pest-like degradation of Yb silicides and Yb-
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Gd-Si. Although the addition of Gd improved the phase stability of Yb silicides, the 

oxidation behavior in the low-temperature region (700–800 ℃) did not change as 

compared to that of the Yb silicates. Thus, an improvement in the oxidation behavior of 

Yb-Gd-Si at low temperatures is required for their application as bond coat materials. In 

the present study, Ti-containing Yb-Gd-Si was fabricated because Ti is actively used to 

improve the oxidation behavior of alloys (e.g., Ni-based superalloys) [28]. The objectives 

of this study are to evaluate the oxidation behavior of Ti-containing Yb-Gd-Si and discuss 

the relationship between the presence of Ti and oxidation behavior. 

 

2. Materials and methods 

2.1. Materials 

 Ti-containing Yb-Gd-Si (denoted as Yb-Gd-Ti-Si) was fabricated using an arc-

melting furnace. Yb (purity: 99.9 at%, Mitsui Kinzoku Trading Co. Ltd., Japan), Gd 

(purity: 99.9 at%, Mitsui Kinzoku Trading Co. Ltd., Japan), Ti (purity: 99.9 at%, Nirako 

Co. Ltd., Japan), and Si (purity: 99.99 at%, Kojundo Chemical Corp., Japan) granules 

were used as raw materials. The granular mixtures with compositions of Yb:Gd:Ti:Si = 

30:14.5:0.5:55 and 30:14:1:55 (at%) were used (hereafter denoted as YGTS-0.5 and 

YGTS-1, respectively) because these compositions were determined based on the 

designed Yb-Gd-Si (using CALPHAD, FactSage 7.3, CRCT: Centre for Research in 

Computational Thermochemistry, Canada) with a melting point of 1500 °C or higher. Arc 

melting was repeated four times with additional Yb because Yb evaporates easily in an 

inert atmosphere. Detailed expression for the fabrication was almost the same as reported 

in the previous study [27]. Microstructural observation and evaluation of the samples 

were conducted by scanning electron microscopy (SEM; JSM-6510SA, JEOL, Japan) 
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with X-ray energy dispersive spectroscopy (EDX). Additionally, the crystal structures 

were evaluated using X-ray diffraction (XRD; MiniFlex 600, Rigaku, Japan) with the 

measurement range for diffraction angle is 20-80o using CuK (Wavelength: 0.154nm). 

Furthermore, the surfaces of the samples were etched using aqua regia to evaluate the 

mean grain sizes using the intercept method. The mean linear intercept length (𝑙)̅, which 

is a parameter related to the grain size, is expressed by the following equation: 𝑙 ̅ = 𝐿𝑛𝐿,         (1) 

where 𝐿 and 𝑛𝐿 represent the length of a line drawn in a micrograph and the number of 

grains intersected by that line, respectively. Then, the area of the grain boundaries (𝑆𝑣) is 

calculated using 𝑙 ̅ as follows: 𝑆𝑣 = 2𝑙 ̅.         (2) 

 

2.2 Degradation behaviors of Yb-Gd-Ti-Si 

 A heat exposure test of the samples with dimensions of 6.0 × 6.0 × 4.0 mm at 

1200 ℃ in air was conducted by using an infrared (IR) furnace (IR-QP1-4S, Yonekura 

MFG Co., Ltd, Osaka, Japan). To evaluate the oxidation rates of YGTS-0.5 and YGTS-1, 

the samples were exposed to 1200 °C in air for 1, 2, 4, and 8 h. Before heating, Ar was 

introduced into the furnace at 500 mL min–1, and an Ar atmosphere was maintained during 

heating. After reaching 1200 °C, the Ar flow was terminated, and air was introduced at 

500 mL min–1. After the holding time at 1200 °C, the air flow was stopped, and the Ar 

flow at 500 mL min–1 was initiated to prevent further oxidation. The detailed conditions 

for the heat exposure test using the IR furnace were the same as those used in the previous 

study and summarized in the literature [27]. In addition, another oxidation test was 
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conducted where the samples were heated at a heating rate of 50 ℃ min–1 in air. After 

reaching 1200 °C, the samples were cooled to room temperature (25 °C) at a cooling rate 

of ~50 ℃ min–1. After the test, the exposed samples were embedded in epoxy resin to 

observe their cross-sections. Their microstructures were observed and characterized by 

SEM (JSM-IT100, JEOL) with EDX. XRD was carried out by the same condition 

mentioned above for the evaluation of the crystalline structures. In addition, the weight 

gains of the samples with a uniform weight of ~10 mg during heat exposure in air and 

steam (~100 vol% H2O) were measured using thermogravimetric analysis (TGA; 

NETZSCH 2000 SE-a, NETZSCH, Germany); the samples were heated to 1200 °C at a 

heating rate of 5 ℃ min–1. 

 

3. Results and discussion 

3.1 Microstructures of Yb-Gd-Ti-Si 

 The microstructures of YGTS-0.5 and YGTS-1 are presented by back-scattering 

electron images in Figs. 1(a) and (b), respectively. Three different shades of contrast are 

exhibited: a bright contrast, gray contrast, and dark contrast. The bright and gray contrasts 

were also observed in Yb-Gd-Si and represented the Yb2O3 (impurities formed during arc 

melting) and Yb-Gd-Si phases, respectively [27]. A detailed observation of the gray 

contrast region revealed that two different shades of contrast occurred, which represented 

two phases: A brighter gray region (P1 in Fig. 1(c)) and a darker gray region (P2 in Fig. 

1(c)). The EDX map and point analysis of these regions (see Fig. 1 (c) and Table 1) 

indicate that the two phases were of Yb-Gd-Si, with Yb, Gd, and Si contents of 15–30, 

10–30, and 50–65 at%, respectively and it is natural because Yb-Gd-Si has two stable 

phases at the composition ranges, s, which is calculated by previous study [27]. For the 



8 

 

EDX map analysis, the darkest region randomly occurred in the samples and was 

considered as Ti and Ti-Si phases. This is because the area with the darkest contrast 

increased with an increase in Ti content in YGTS, and the contrasts of the back scattering 

electron (BSE) images of the samples evolved with the low atomic contents of Si and Ti 

as compared to those of Yb and Gd. The XRD patterns for Yb-Gd-Si, YGTS-0.5, and 

YGTS-1 are shown in Fig. 2. No significant changes due to the addition of Ti were 

observed in the XRD patterns. This was expected because the amount of Ti in the samples 

was much less than that of Yb, Gd, and Si. Furthermore, to clarify the microstructural 

changes caused by the addition of Ti, BSE images of the etched surfaces of Yb-Gd-Si, 

YGTS-0.5, and YGTS-1 with EDX analysis for Yb, Gd, Si, and Ti are shown in Figs. 3(a) 

and (b), respectively. It seemed as though the number of grains in the samples decreased 

and the size of crystalline in samples increased with an increase in Ti content. The 

enlarged views and EDX analysis clearly show that the Ti-containing phases exhibit 

intergranular corrosion and are composed of different compounds in the Ti-Si system. 

These results indicate that the addition of Ti to Yb-Gd-Si causes a decrease in the Si 

content. However, there was no significant effect on the phase stability because the Ti 

content in the present study was relatively small, and the required range of Si content in 

Yb-Gd-Si to form phases with a melting point of 1500 °C or higher is 50–65 at%. The 

mean linear intercept length (𝑙)̅ and the area of the grain boundaries (𝑆𝑣) are shown in 

Figs. 4(a) and (b), respectively, and these were almost the same for Yb-Gd-Si and YGTS-

0.5. 𝑙 ̅ for Yb-Gd-Si and YGTS-0.5 was ~90 m. Moreover, 𝑙 ̅ for YGTS-1 was greater 

and its 𝑆𝑣 was smaller than that of the other two samples. These results suggest that the 

grain size of the samples increased and the area of the grain boundaries decreased with 

the addition of Ti. 
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3.2 Degradation behaviors of Yb-Gd-Ti-Si 

BSE images with EDX analyses for Yb-Gd-Si [27] and YGTS-1 after oxidation 

at 1200 °C for 1 and 8 h are shown in Figs. 5(a)–(d). For Yb-Gd-Si, the continuous bright 

contrast represents Yb2O3 and the other contrasts in the oxidized region represent oxides 

in the Yb-Gd-Si-O system with different contents of Yb, Gd, and Si as reported 

previously[27]. A continuous Yb2O3 region can be seen above the unoxidized region and 

below the oxides in the Yb-Gd-Si-O system. For YGTS-1, continuous Yb2O3 formed in 

the oxides of the Yb-Gd-Si-O system. In addition, circular Yb2O3 was scattered in the 

unoxidized region. The Ti-Si phase can be seen in unoxidized region, and the 

concentration of Ti signal in the oxidized region can also be recognized. These 

microstructural characteristics were different from those observed in the oxidized Yb-Gd-

Si. 

 The XRD patterns for Yb-Gd-Si, YGTS-0.5, and YGTS-1 including some 

patterns of Yb and Gd silicates are shown in Fig. 6. Similar XRD patterns were obtained 

after the oxidation of these samples. Although it was difficult to confirm the formation of 

the TiO2 phase owing to the complex XRD patterns after oxidation, a peak probably 

corresponding to the TiO2-based phase was observed in YGTS-0.5 and YGTS-1. 

The thicknesses of oxidized region as a function of time and half power of time 

are illustrated in Figs. 7(a) and (b), respectively. The difference in thickness between Yb-

Gd-Si, YGTS-0.5, and YGTS-1 for each oxidation time was ~10–30 m. Assuming that 

the oxidation proceeded, oxygen diffusion through the oxidized region and the increased 

rate of growth of the thickness of the oxidized region (defined as the oxidation rate, 𝑘𝑝) 

were proportional to the half power of time (Fig. 7(b)). The oxidation rates of Yb-Gd-Si, 
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YGTS-0.5, and YGTS-1 were 18.3, 18.6, and 18.7 μm ℎ−12, respectively. The results of 

the oxidation tests at 1200 °C indicated no significant changes with the addition of Ti in 

Yb-Gd-Si. However, the microstructures after oxidation were different, and the formation 

of TiO2 was recognized by the addition of Ti. To clearly understand the effect of Ti on the 

oxidation behavior of Yb-Gd-Si, the evaluation at temperatures lower than 1200 °C was 

necessary. 

The appearance of samples after oxidation up to 1200 °C in air is summarized in 

Fig. 8. The forms of the Yb-Gd-Si and YGTS-0.5 samples were not maintained after the 

oxidation. The results completely differ from those obtained by oxidation at 1200 °C and 

show drastic oxidation below 1200 ℃ in air. Moreover, YGTS-1 maintained its form even 

after the test, which implies that the addition of Ti is effective in improving the oxidation 

behavior at temperatures lower than 1200 °C. TG curves for Yb-Gd-Si, YGTS-0.5, and 

YGTS-1 in air and steam environments are presented in Figs. 8(a) and (b), respectively. 

For the TG curves obtained in air, the total weight gain during the TG test increased with 

the addition of Ti in Yb-Gd-Si. However, the weight gains of YGTS-0.5 and YGTS-1 in 

the temperature range of 600–900 °C decreased by ~1–5% compared to that of Yb-Gd-

Si. In particular, the oxidation rates in 850–900 °C for Yb-Gd-Si and YGTS-0.5 were in 

the range of ~1.2–2.3 × 10–2 °C–1, whereas that of YGTS-1 was ~9.9 × 10–3 °C–1. The 

results clearly show that the oxidation rate decreased with an increase in the Ti content in 

Yb-Gd-Si. For TG studies in a steam environment, the suppression of weight gain for 

YGTS-0.5 and YGTS-1 was clearly observed. These results indicate that the rate of 

weight gain in the intermediate temperature region (600–900 °C) decreases with the 

addition of Ti. For instance, the rates of weight gain at 850–900 ℃ for Yb-Gd-Si, YGTS-

0.5, and YGTS-1 were ~0.89–2.7 × 10–1 °C–1, ~7.7 × 10–2 °C–1, and ~4.7 × 10–2 °C–1, 
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respectively. In a previous study, the oxidation behavior of Yb-Gd-Si did not depend on 

the amount of H2O, although it strongly correlated to the oxygen partial pressure in the 

atmosphere because the oxidation proceeded by the formation of Yb2O3, wherein the 

Gibbs free energy of formation was quite low (~–1000 kJ mol–1 at 600–900 ℃ [29]). 

Thus, the results imply that the addition of Ti suppresses the formation of Yb2O3 during 

oxidation.  

To study the effect of Ti on the oxidation behavior at 600–900 °C, BSE images 

with EDX mapping (oxygen) after oxidation at 700 ℃ and 900 ℃ for YGTS-1 are 

presented in Fig. 10(a). Oxides formed on the surface with a thickness of ~10–20 m, and 

oxidation proceeded along the cracks toward the inside of the sample by ~200 m in the 

depth direction after oxidation at 700 °C. The oxidized region increased (by 300–400 m) 

with an increase in the oxidation temperature, and a continuous oxide region with a 

thickness of ~100 m was formed on the surface. However, oxidation along the cracks 

was not observed for the sample after oxidation at 900 ℃. For the EDX analysis of 

samples after oxidation at 700 °C (Fig. 10(b)), oxides composed of Yb, Ti, and O were 

formed near the surface. The oxides existing within 100 μm or more with respect to the 

thickness direction were composed of Ti and O. However, the Gibbs free energy of the 

formation of TiO2 at 700 ℃ (~–800 kJ mol–1 [30]) was much higher than that of Yb2O3, 

and the formation of TiO2 before that of Yb2O3 was difficult. Although the detailed 

thermodynamic properties are unknown, it is hypothesized that the formation of the 

oxides in the Yb-Ti-O system prevented the formation of Yb2O3 because similar behavior 

was observed by Yb-Si-O in the Yb-Si system. In this case, Yb2SiO5 and Yb2Si2O7 formed 

despite the Gibbs free energy of formation of SiO2 being much higher than that of Yb2O3. 

In addition, Ti existed as a compound in the Ti-Si system and not as Ti metal. After 
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oxidation at 700 ℃, Si was not detected in the Ti-containing oxides (see Fig. 10(b)). These 

results indicate that the addition of Ti led to the formation of TiO2 and hence, the 

formation of Yb2O3 was prevented. The oxides formed in the Yb-Ti-O system also 

contributed in inhibiting the formation of the continuous Yb2O3 phase. From the detailed 

observation of the cross-sections in Figs. 10(c) and (d), it is hypothesized that more 

complex oxides composed of Yb, Gd, Ti, and Si formed after oxidation at 900 °C. As 

mentioned above, the mechanism of formation of Ti-containing oxides is quite complex, 

and the addition of Ti improved the oxidation behavior at intermediate temperatures (600–

900 °C). In addition, it probably prevented oxidation from intergranular corrosion and 

from cracks in the samples because Ti existed in the intergranular corrosion regions of 

YGTS (see Fig. 3). These results implied that the formation of Yb2O3 was prevented and 

the oxidation at 600-900 oC was suppressed. To evaluate the microstructural changes 

caused by the addition of Ti, more detailed thermodynamic and microstructural analyses 

for complex oxides is required as a further study. 

 

4. Conclusion 

 The effect of Ti addition in Yb-Gd-Si on the degradation behavior was evaluated 

in the present study. The key-points acquired from the degradation tests of Ti-containing 

Yb-Gd-Si (YGTS) are as follows: 

 The phase stability of Yb-Gd-Si was not affected by the addition of Ti (0.5 and 

1 at%) because the composition of the Yb-Gd-Si phase in YGTS was almost the same as 

that in Yb-Gd-Si, which was designed to maintain a melting point of 1500 °C or higher 

by thermodynamic calculations. 

 The addition of Ti had no impact on the oxidation behavior of Yb-Gd-Si at 
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1200 ℃ because the oxidation rates of Yb-Gd-Si and YGTS were similar. However, it 

seemed that the formation of Yb2O3 was suppressed in YGTS. 

 The oxidation behavior of Yb-Gd-Si at intermediate temperatures (600–900 °C) 

had improved through the addition of Ti at 1 at% because the oxidation rate of YGTS-1 

in the temperature range of 850–900 °C was ~9.9 × 10–3 ºC–1 and that of Yb-Gd-Si and 

YGTS-0.5 was ~1.2–2.3 × 10–2 °C–1. The addition of Ti increased the crystalline size of 

the samples and caused the formation of TiO2, which led to the formation of oxides in the 

Yb-Ti-O system and more complex oxides composed of Yb, Gd, Ti, and Si. For the 

reasons mentioned above, the formation of Yb2O3 was suppressed, and the weight gain at 

the intermediate temperatures had decreased. 
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Figure captions 

Fig. 1 Typical microstructures of as-fabricated samples: (a) YGTS-0.5, (b) YGTS-1, (c) 

EDS mapping analysis for YGTS-1 

Fig. 2 XRD patterns for as-fabricated YGTS-1 

Fig. 3 (a) BSE images for etched surface of samples (b) EDX analysis for YGTS-1 with 

magnified images 

Fig. 4 (a) Mean linear intercept length as a function of Ti content (b) grain boundary area 

per unit volume as a function of Ti content 

Fig. 5 BSE images with EDX mapping analysis after oxidation: (a) Yb-Gd-Si after 1 h, 

(b) Yb-Gd-Si after 8 h, (c) YGTS-1 after 1 h, (d) YGTS-1 after 8 h 

Fig. 6 XRD patterns for each sample after oxidation at 1200 ℃ 

Fig. 7 Relationship between the thickness of oxidized region and: (a) time (b) square root 

of time 

Fig. 8 Appearance of specimens before and after oxidation up to 1200 ℃ in air 

Fig. 9 TG curves for each specimen in: (a) air (b) steam 

Fig. 10 (a) Typical microstructures after oxidation at 700 and 900 ℃ with O mapping. 

EDX analysis for the cross-section: (b) near the surface, (c) a region far from the surface 

by ~300 m after oxidation at 700 ℃, (d) an enlarged view of (c) with EDX analysis 
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Figures

Figure 1

Typical microstructures of as-fabricated samples: (a) YGTS-0.5, (b) YGTS-1, (c) EDS mapping analysis
for YGTS-1



Figure 2

XRD patterns for as-fabricated YGTS-1



Figure 3

(a) BSE images for etched surface of samples (b) EDX analysis for YGTS-1 with magni�ed images



Figure 4

(a) Mean linear intercept length as a function of Ti content (b) grain boundary area per unit volume as a
function of Ti content



Figure 5

BSE images with EDX mapping analysis after oxidation: (a) Yb-Gd-Si after 1 h, (b) Yb-Gd-Si after 8 h, (c)
YGTS-1 after 1 h, (d) YGTS-1 after 8 h



Figure 6

XRD patterns for each sample after oxidation at 1200 



Figure 7

Relationship between the thickness of oxidized region and: (a) time (b) square root of time



Figure 8

Appearance of specimens before and after oxidation up to 1200  in air



Figure 9

TG curves for each specimen in: (a) air (b) steam



Figure 10

(a) Typical microstructures after oxidation at 700 and 900  with O mapping. EDX analysis for the cross-
section: (b) near the surface, (c) a region far from the surface by ~300 μm after oxidation at 700 , (d) an
enlarged view of (c) with EDX analysis


