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Abstract: High temperature ceramic and metal matrix composites, which are to be used under 
complicated loading conditions in a severe atmosphere, have to satisfy a large number of the 
requirements. Hence, development of such composites calls for a large variety of fibers, matrices 
and interface materials to make an appropriate choice in designing a particular composite. The fiber 
is definitely the most important component of a composite. The family of oxide fibers is the most 
important among possible reinforcements for metal and oxide matrices. In this work, a family of 
potential oxide reinforcements containing ytterbium monosilicate Yb2SiO5 and disilicate Yb2Si2O7, 
and ytterbia-ytterbium monosilicate eutectic, was obtained and studied. The interest in those 
silicates was aroused because (i) they are highly resistant to hot corrosion in the presence of water 
vapor and (ii) their CTE varies from 8 × 10−6 K−1 for monosilicate to 4 × 10−6 K−1 for disilicate. 
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1. Introduction 

Replacing nickel superalloys in gas turbine applications with high-temperature, fibrous 
composites is an urgent problem; by solving it, mankind will obtain a clearer environment as a result 
of enhancing the temperatures in combustion chambers and decreasing fuel consumption. The 
development of such composites is a highly complicated problem that calls for the availability of a 
large variety of fibers with various mechanical, physical and chemical properties. Oxide fibers, in 
particular, those of single crystalline [1,2] and eutectic [3] microstructures, have attracted the 
attention of researchers of composite materials from the very beginning of the composite era. They 
are sufficiently strong and creep resistant at high temperatures, and are characterized by a number 
of useful physical and chemical properties. 

However, very recently, oxide whiskers [1] turned out to be useless substance as a reinforcement 
[4]. Crystallizing oxide fibers from the melt by well-known, traditional methods yields fibers of 
perfect microstructures and excellent properties, but they are too expensive to be used in structural 
composites [5]. 

Fibers produced by the internal crystallization method (ICM) invented by one of the present 
authors and his Ph.D. student V. Kazmin [6,7], are suitable for structural applications, since the 
method allows crystallizing hundreds and thousands of fibers simultaneously. This makes the 
fabrication technology based on the method highly efficient and the fibers sufficiently cheap. 

In this paper, the fabrication technology, microstructure and strength of a family of the potential 
oxide reinforcements containing ytterbium monosilicate Yb2SiO5 and disilicate Yb2Si2O7, and ytterbia-
ytterbium monosilicate eutectic, are presented. The interest in those silicates was aroused because (i) 
they are highly resistant to hot corrosion in the presence of water vapor [8–10] and (ii) their CTE 
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varies from 8 × 10−6 K−1 for monosilicate to 4 × 10−6 K−1 for disilicate [11,12]. The results grant the fibers 
composed of ytterbium silicates to be potential reinforcements for various matrices, and should 
stimulate further searching for and studies of fibers not reported in the literature yet. 

2. Fabrication of the Fibers 

The fibers were produced by the internal crystallization method [5–7]. Some features of the 
methods important in the present context are described below. 

The raw materials for the fibers were processed via a powder metallurgy route. The powders of 
ytterbia and silica, supplied by Technology Center Lantan, Russia, of 99.99% and 99.995% purity, 
respectively, and of powder sizes less than 5 and 3 microns, respectively, together with ethanol (with 
liquid to solid ratio of 3:1) were mixed in a planetary ball mill (Fritsch Pulverizette 5) at a speed of 
150 rpm for 15 min with the powder to ball weight ratio of 7:1. Then, 2 vol % of a saturated solution 
of polyvinyl-butyral in ethanol was added to the mixture and the process of mixing was continued 
for 5 min. After that, the liquid was evaporated, and the mixture was sintered at the regimes shown 
in Table 1. 

Table 1. Raw mixtures of the Yb2O3-SiO2 oxides and sintering regimes. 

Marks of the 
Raw Mixtures 

Yb2O3-SiO2 
Mole Ratio 

Sintering 
Temperature 

Sintering 
Time 

Wanted Fiber Composition 

  °C h  
G0059 0.5:0.5 1250 2 Yb2SiO5 
A7014 0.5:0.5 1650 1 Yb2SiO5 
A7001 0.335:0.665 1250 2 Yb2Si2O7 
G0041 0.335:0.665 1250 2 Yb2Si2O7 
G0039 0.6305:0.3695 1200 2 Yb2O3 -Yb2SiO5 eutectic 
G0046 0.6305:0.3695 1250 2 Yb2O3 -Yb2SiO5 eutectic 

The XRD patterns of the raw oxide mixtures after sintering at a temperature of 1250 °C are in 
Figure 1a, shows the presence of the initial oxides only. This can possibly be a result of using powders 
of rather large sizes, which was done so that the chemical reactions of the silicates’ syntheses did not 
go to completion. However, this fact may not be essential since the raw oxide charges were yet to be 
melted in the internal crystallization method (ICM) process. Increasing the temperature to 1650 °C 
(Figure 1b) leads to the appearance of the silicate, but the initial oxides are still present. 
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Figure 1. X-ray diffraction patterns of the raw mixtures G0059 and A7014 (see Table 1) sintered at (a) 
1250 °C—2 h; (b) 1650 °C—1 h. 
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The schematic of the internal crystallization method used for producing fibers is shown in Figure 
2. First, a molybdenum carcass was made by diffusion bonding of an assemblage of molybdenum foil 
and wires at such a regime that prevented the gaps between the neighboring wires from being filled 
with molybdenum of the foil. This led to the formation of the continuous channels with a cross-
section shown in Figure 2. Then, the raw oxide mixture was placed in a hopper settled at the top of 
the molybdenum carcass and melted in the furnace with the argon gas atmosphere. The melt 
infiltrated the oxide/molybdenum block, which was then pulled up to the cold zone of the furnace at 
the rates of 10, 50 and 250 mm/min to crystallize the fibers. The argon gas atmosphere was necessary 
to limit silica evaporation from the raw mixture of the oxides. 

 
Figure 2. Schematic of the internal crystallization method used for producing fibers. 

The size of the oxide/molybdenum block was ~5Χ15Χ65 mm3. Each block named as V1XYZ was 
divided into six specimens of the size 5Χ7Χ32 mm3 named V1XYZW. Here, XYZ are digits 
determining the number of a particular block: W = 1 to 6; numbers 1 to 3 denote the specimens from 
the top of the block. The specimens were tested in 3-point bending at room and high temperatures. 
The foil thickness, wire diameter and distance between the centers of neighboring wires were 0.04, 
0.08 and 0.16 mm, respectively. This yielded a fiber volume fraction of 40.5%. However, the real 
geometry of the carcass after diffusion welding under some pressure can deviate from the ideal one, 
which leads to a decreased fiber volume fraction, so the average value for the specimens obtained 
was about 37%. This value follows from the ratio of a real thickness of a specimen to the ideal one; 
that is, the sum of foil thickness and wire diameters in the molybdenum carcass. 

3. Microstructure of the Fibers 

The microstructure of the composites was studied by using the Supra 50VP scanning electron 
microscope with INCA Energy+ energy-dispersive X-ray spectroscope. Images of the microstructure 
were obtained in secondary electrons at accelerating voltages of 5 to 20 kV. The crystal structure of 
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the fibers was studied by the X-ray Xcaliber Gemini R diffractometer (graphite monochromator, 
MoKλ radiation, two-coordinates CCD imager). 

Consider first, the fibers were crystallized from the Yb2O3–SiO2 mixture corresponding to 
Yb2Si2O7. The microstructures of the fibers crystallized at the rates of 10 and 250 mm/min are 
presented in Figure 3 and Figure 4, respectively. The crystallization started from the top of the 
oxide/molybdenum block and proceeded towards its bottom. Therefore, the microstructures of the 
fibers at the top and bottom of the specimens are shown. It can be seen that the fibers were non-
homogeneous; they contained inclusions of monosilicate: the results of X-ray microanalysis presented 
in these figures revealed it as the “white” phase on the micrographs. The same result was obtained 
by the X-ray phase analysis presented in Figure 5. There was no noticeable difference in the 
microstructure of the fibers obtained at the crystallization rates 10 and 250 mm/min. Qualitatively, 
the fibers from both the top and bottom of the specimens had similar microstructures. 

The presence of the monosilicate in the fibers was most probably due to a partial evaporation of 
silica from the raw oxides’ melt. Hence, if an aim of the work was to obtain a homogeneous ytterbium 
disilicate fiber, then a correction of the mixture of raw oxides was needed. 

  

V12842, specimen top 

 

  

V12844, specimen bottom 

Spectrum O Si Yb 

1 68.72 15.28 16.00 

2 66.83 11.27 21.91 
 

Figure 3. SEM micrographs and microanalysis of the specimens from oxide/molybdenum block V1284 
(raw mixture results A7001; fiber material wanted was Yb2Si2O7; crystallization rate 10 mm/min). 
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V10352, specimen top 

  

V10355, specimen bottom 

Spectrum O Si Yb 

1 65.11 11.62 23.27 

2 65.81 16.83 17.36 
 

Figure 4. SEM micrographs and the results of microanalysis of the specimens from 
oxide/molybdenum block V1035 (raw mixture G0041; desired fiber material was Yb2Si2O7; 
crystallization rate 250 mm/min). 
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Figure 5. X-ray diffraction pattern of oxide/molybdenum block V1035 (raw mixture G0041; desired 
fiber material was Yb2Si2O7; crystallization rate 250 mm/min) and of V1284 (raw mixture A7001; 
desired fiber material was Yb2Si2O7; crystallization rate 10 mm/min). 

The microstructures of the fibers crystallized from the raw oxide mixtures corresponding to 
monosilicate are presented in Figure 6. The X-ray diffraction pattern of a typical specimen of that type 
is given in Figure 7. Again, the fiber microstructure was non-homogeneous. The fibers contained 
ytterbia as a component (Figure 7), the ration Yb:Si > 1 (Figure 6). Hence, a depletion of silica in the 
fiber was observed again. 

  

V11392, specimen top 
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V11394, specimen bottom 

 

Spectrum O Si Yb 

Spectrum 1 76.76 11.02 12.22 
 

Figure 6. SEM micrographs and the results of microanalysis of the specimens from 
oxide/molybdenum block V1139 (raw mixture G0059; desired fiber material was Yb2SiO5; 
crystallization rate 250 mm/min). 
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Figure 7. X-ray diffraction pattern of specimen V1139 (raw mixture G0059; desired fiber material was 
Yb2SiO5; crystallization rate 250 mm/min). 
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The attempts to crystallize Y2O3–Y2SiO5 eutectic fibers also gave interesting results. X-ray 
analysis of the fibers crystallized from the raw oxide mixture G0046 revealed the presence of both 
Y2O3 cubic (la-3) and monoclinic Yb2SiO5 (l2/a(15)) phases (Figure 8). At the same time, additional 
peaks d = 2.833 Å, d = 2.7553 Å and d = 1.776 Å can be seen, which do not correspond to any known 
phases. The SEM micrographs of the fibers presented in Figure 9 show typical eutectic 
microstructures and ytterbia inclusions, which can also be a result of silica depletion in the melt. 
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Figure 8. X-ray diffraction patterns of the fibers in oxide/molybdenum block V1114. The raw oxide 
mixture G0046 aimed at Yb2O3 –Yb2SiO5 eutectic (see Table 1); crystallization rate was 250 mm/min. 

  

V10294, 250 mm/min V10394, 50 mm/min 
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V10284, 10 mm/min  

Figure 9. SEM micrographs of the fibers crystallized from the raw oxide mixture G0046 aimed at 
Yb2O3 –Yb2SiO5 eutectic (see Table 1). 

In conclusion, note that the non-homogeneous microstructure of the fibers appears to be similar 
to the microstructures of Yb2SiO5 and Yb2Si2O7 coatings fabricated by plasma spray deposition [13]. 
After annealing, the Yb2SiO5 coating had Yb2Si2O7 precipitates and vice versa. 

4. Strength of the Fibers 

As in [5], the room temperature fiber strength was measured by testing oxide/molybdenum 
composite specimens in a three-point bending test using a universal testing machine with a computer 
recording the load/displacement curve. High temperature testing was done in vacuum. Only the 
load/time curves were recorded since the testing machine did not have an extensometer. 

This procedure gave the effective strength of the fiber in the matrix [5]. To calculate the fiber 
strength according to the rule of mixture, the values of the strength of the recrystallized molybdenum 
were assumed to be 450, 109, 85, 78 and 62 MPa at temperatures 20, 1000, 1200, 1300 and 1400 °C, 
respectively [5]. The fiber volume fraction was taken as 0.37. 

The dependence of monosilicate fibers strength on the crystallization rate is presented in Figure 
10. The fiber strength at room temperature did not seem to depend on the crystallization rate; 
however, at temperatures 1300 and 1400 °C, the experimental results indicated a weak dependence 
of those parameters: with the crystallization rate increasing, the fiber strength slightly increased. 
Neglecting the weakness’s crystallization rate dependence yields the dependence of the mean fiber 
strength on temperature—presented in Figure 11. 
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Figure 10. Dependence of strength of Yb2SiO5-based fibers crystallized for raw oxide mixture G0059 
(see Table 1) versus fiber crystallization rate. 
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Figure 11. Temperature dependence of the mean strength of Yb2SiO5-based fibers crystallized for raw 
oxide mixture G0059 (see Table 1). 

Room temperature strength of the fibers containing mainly ytterbium disilicate versus fiber 
crystallization rate is illustrated by Figure 12. Comparing these data with those characteristic of the 
monosilicate fibers shows that disilicate fibers are essentially weaker than monosilicate-based fibers. 
Taking into account the presence of monosilicate in these fibers, the strength of pure ytterbium 
disilicate fibers can be expected to be even lower. 
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Figure 12. Room temperature strength of Yb2Si2O7-based fibers crystallized for raw oxide mixtures 
G0041 and A7001 (see Table 1) versus fiber crystallization rate. 

The room and high temperature strength of Yb2O3 –Yb2SiO5 fibers is presented in Figure 13. First, 
it can be seen that the strength of these fibers is noticeably higher than that of silicate fibers. Secondly, 
there is no essential dependence of the fiber strength on crystallization rate. This can be explained (i) 
by the absence of usual dependence of a characteristic size of the eutectic microstructure on 
crystallization rate and (ii) by the presence of large inclusions of ytterbia in the fibers, as can be seen 
in Figure 9. Mechanical properties of yttrebia crystallized from the melt are unknown. The results 
obtained allow assuming the strength characteristics of such material to be sufficiently high. 
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Figure 13. Room and high temperature strength of Yb2O3 –Yb2SiO5 fibers versus fiber crystallization 
rate. 

Calculations of statistical strength characteristics of the fibers obtained at all crystallization rates 
yield 1051 ± 128 and 504 ± 76 MPa for 20 and 1400 °C, respectively. 

The comparison of strength characteristics of various fibers based on ytterbium silicates is 
presented in Figure 14. Going along the horizontal axis of the Yb2O3–SiO2 phase diagram from ytterbia 
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toward silica, we observe the strength characteristics decreasing. An explanation of such a behavior 
of the materials crystallized from the melt should involve considering a number of factors, which are 
obviously beyond the scope the present work. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.00

200

400

600

800

1000

1200

Yb2SiO5
Yb2O3-Yb2SiO5

Yb2Si2O7 

St
re

ng
th

/M
Pa

 RT
 1400oC

 
Figure 14. Room and high temperature strengths of various fibers based on ytterbium silicates. 

Finally, it should be noted that an optimal composition of the fibers under consideration 
depends on the usage of the fibers in a particular matrix. For example, varying the monosilicate to 
disilicate ratio can produce fibers with CTEs varying from 8 × 10−6 K−1 to 4 × 10−6 K−1. Potential 
molybdenum matrices have CTE around 6 × 10−6 K−1; for oxide matrices, this value is around 8 × 10−6 
K−1. The inclusion of ytterbia into consideration expands possibilities of the fiber microstructure 
optimization. 

5. Conclusions 

1. The internal crystallization method allowed, for the first time, obtaining ytterbium silicate fibers. 
2. All fibers have a composite microstructure; namely, Yb2SiO5–Yb2Si2O7 and Yb2O3 –Yb2SiO5. 
3. Strength characteristics of the fibers increase inversely to ytterbia disilicate content. The mean 

strength, at the temperature 1400 °C, of the fibers composed of the Yb2O3 –Yb2SiO5 eutectic 
microstructure with ytterbia inclusions, reaches ~500 MPa. 

4. A variety of mechanical, physical and chemical properties of the silicates will allow optimizing 
the fibers’ compositions to make them suitable for usage in a number of potential matrices. 
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