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ABSTRACT

The excellent mechanical properties and outstanding water corrosion resistance of 
Y-Si-Al-O-N glasses indicate that they are attractive candidate materials for forming into 
high performance glass fibers. Fibers of glasses containing, respectively, 3.2 and 6.6 
wt% N were drawn freehand in air, and from glass rods in N2. Continuous fibers 
(100-m long) of the former glass were melt-drawn in N2 while being wound in air out­
side of the glass-melting furnace. Some fibers had diameters as small as 10 ^m, and 
characterization data show that the fibers retain all of the desirable properties of the 
bulk glass.
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INTRODUCTION 

It is now well established that the properties of many glasses are markedly improved by 
the substitution of N for O in the glass structure.1'7 Properties that increase with increasing 
N content include gLss transition temperature, viscosity, density, hardness, water corrosion 
resistance, and, of especial interest, elastic modulus. Reported in the literature are elastic 
modulus values for Y-Si-Al-O-N (up to 186 GPa),8 and for Ca-Si-Al-O-N (135 GPa)9 glasses 
that significantly exceed values obtained for similar oxide glasses and, indeed, are unprece¬ 
dented for any non-Be glass. In view of the considerable potential for improvement afforded 
by N substitution, it appeared that oxynitride glasses should have promise for fabrication into 
fibers with exceptional properties, and the purpose of this investigation was to demonstrate 
the feasibility of making such fibers. 

Interest in the particular system chosen for this investigation came from prior work on 
the hot pressing of Si3N4 indicating that the use of yttria as a sintering aid produces material 
with good high temperature properties.10 Jack and his coworkers1 appear to be the first to 
recognize that this and other sintering aids produced oxynitride glass phases, and that the 
glasses could be prepared as separate phases. Subsequent studies of the preparation of, and 
evidence of the outstanding properties of, glasses in the system Y-Si-Al-O-N were reported by 
several investigators.2'6,8,11'^4 Of particular significance, with respect to the potential useful¬ 
ness of these glasses for fibers, are the high elastic modulus values for bulk glasses reported 
by Messier and Broz,8 and the outstanding hot water corrosion resistance demonstrated by 
Loehman,3 and by Wald et al.13 

The present investigation is an outgrowth of earlier work8’11,14 on the preparation and 
properties of Y-Si-Al-O-N glasses. That work emphasized making the materials in significant 
quantities (100 g). It was intended that this system, while yielding useful materials in its own 
right, could also serve to demonstrate the feasibility of producing oxynitride glass fibers in any 
number of systems. Such has indeed proved to be the case, as will be reported in future 
publications. 

1 JACK. K. H. Sialon Glasses in Nilrogct. Ceramics, F. L Riley, ol., Noonlhoff Imemalional, Reading, MA, 1978, p. 257-262. 
2. SHILLITO, K R.. WILLS. R. R„ and BENNETT, R. B. Silicon Metal (bxwtndc Glasses. J. Am. Ceram. Soc., v. 61, no. 11-12, 1978. 

p. 537 
3. LOEHMAN, R. E. Preparation and Properties of Ytthiun-Silicmi-Altaninitin Oeuntride Glasses J. Am. Ceram. Soc., v. 62. no. 9-10, 1979, 

p. 491-494. 
4. LOEHMAN, R. E. Oxynitride Glasses. J. Non-Cryst. Solids, v. 42, 1980. p. 433-446. 
5 riREW, R A. L. HAMPSHIRE, S., and JACK, K. H. Htirnpn Glams in Special Ceramics, D. Taylor and P Popper, ed., Proc. Bnl. 

Ceram. Soc., v. 3Í, Í981. 
6. LOEHMAN. R. E. Preparation and Properties of Oxynitride Glasses. J Non-Cryst. Solids, v. 56, 1983, p 123-134 
7 MESSIER. D. R. Res tew of Oxynitride Classa. Rev. Chim Min., v. 22. 1985, p. 518-533. 
8. MESSIER, D. R., and BROZ, A. Microhardness and Elastic Moduli of Si-Y-Al-O-N Glasses J. Am. Ceram. Soc., v. 65, no. 8, 1982, 

p. c-123. 
9 SAKKA. S., KAMIYA. K., and YOKO, T. Preparation and Propenics of Ca-AI-Si-O-S Oxvnitrtde Classa J. Non-Crysl. Solids, v. 56, 1983. 

p. 147-152. 
10. GA.ZZA, G. E. Hot Pressed SijNs J. Am. Ceram. Soc., v. 56, 1973, p 662 
11 MESSIER, D. R Preparation and Crystallization of St-YAION Glasses in Ceramic Engineering and Science Proceedings, v 3, no 9-10, 

September - October 1982, The Amcncan Ceramic Society, Columbus. Ohio, p. 563-576. 
12. HAMPSHIRE, S., DREW, R. A. L., and JACK. K. H. Viscosities. Glass Transition Temperatures and Microhames- of Y St-AI-O-N Classa 

J. Am. Ceram. Soc, v. 67, no. 3, 1984, p. c46-c47. 
13 WALD. J W„ MESSIER, D. R., and DEGUIRE, E. J. Leaching Ihhaiior of Si-YAI O-N Glassa. Int. J. High Tech. Ceramics, v. 2 1986, 

p. 65-72 
14. MESSIER, D. R. Preparation and Properties of Y-Si ATO-N Glasses. Ini. J. I ligh Tech. Ceramics, v. 3. 1987, p. 33-41. 
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EXPERIMENTAL PROCEDURES 

Glass Preparation 

All of the glasses that were used in this study were p.emelted according to procedures 
already described.11’14 Melting was done in BN-lined graphite crucibles in N2 at temperatures 
from 1600°C to 1650°C. The resulting glass disks were subsequently broken into chunks and, 
if required, ground into powder for forming into glass rods. The coarse glass chunks were 
used as is for feed stock in melt-drawing experiments. Glass rods were formed by remelting 
ground glass in BN-lined graphite crucibles. The crucible was lined by coating its interior 
with BN powder applied as a slurry in acetone. The resulting costing was dried to remove 
any residual acetone. The glass rods the. were obtained were 4 mm to 8 mm in diameter 
and about 50-mm to 100-mm long. The two glass compositions that were investigated, and to 
be discussed further below, are given in Table 1. 

Table 1. COMPARISON OF Y-Si-AI-O-N GLASS NOMINAL COMPOSITIONS WITH 

COMPOSITIONS OBTAINED ON BULK GLASSES AND GLASS FIBERS VIA 

CHEMICAL AND SCANNING ELECTRON MICROSCOPE (SEM) ANALYSES 

Specimen 

Nominal "a" Composition 

“a” Chemical Analysis 

“a" Bulk Glass (SEM) 

“a" Fiber No. 11 (SEM) 

“a" Fiber No. 12 (SEM) 

Weight Percent Weight Percent 
(of Cation Total) (of Spec, wt) 

Al Si Y N 

9.3 29.1 61.6 

9.7 26.8 63.5 

8.7 31.6 59.8 

9.1 27.9 63.0 

8.9 277 63.4 

3.2 

3.3 

2.7 

4.1 

3.5 

Nominal “b” Composition 18.7 

“b” Chemical Analysis 18.4 

“b” Bulk Glass (SEM) 18.2 

"b” Fiber (SEM) 18.4 

19.5 61 8 6.6 

19.2 62.4 6.4 

18.6 63.1 94 

17.2 64.4 8.4 

Fiber Drawing in Air 

Initial fiber drawing attempts involved simply heating abutting pieces of glass in air with 
an oxyacetylene torch until they partially fused together, and rapidly pulling the pieces apart. 
The fibers, although relatively easily formed, were variable in length and cross-sectional size 
and shape. 

Fibor Pulling from Rods in N2 

The first fibers that were drawn in N2 were made in the same furnace (Figure 1) that 
was subsequently used for drawing from the melt. The procedure involved heating the tips of 
two abutting glass rods, one of which was fixed and the other of which could be withdrawn 
to pull a short fiber. One of the rods was held rigidly in a drill chuck, while the other was 
affixed to a steel rod that could be pulled up through a compression fitting in the top of the 
apparatus. In order to draw a short (250 mm) fiber, the apparatus was assembled with the 
tips of the two glass rods abutting in the hot zone, and the assembly heated to the point 
where the glass softened and the rod tips fused together. The moveable rod was then 
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quickly withdrawn to form the fiber, the removal of which required disassembly of the appara¬ 
tus after cooling to room temperature. Because of obvious difficulties, this fiber-drawing 
method was abandoned in favor of the melt-drawing technique described below. 

FURNACE ASSEMBLY 

BORON NITRIDE_ 
CRUCIBLE O 

CERAMIC 
INSULATION 

UJStö \ n||[gu 

TO CONTROLLER 

^_TWO-COLOR PYROMETER 

_QUARTZ WINDOW 

GRAPHITE SUSCEPTOR 

O 
0 
o -INDUCTION COIL 

FIBER 

■•TAKE UP REEL 

Rgure 1. Schematic representation of oxynitride glass fiber-drawing system. 

Fiber Drawing from the Melt in N2 

The apparatus used for drawing Y-Si-Al-O-N glass fibers from the melt is illustrated in 
Figure 1. Earlier experience taught us the necessity for precise temperature programming and 
control, and the present setup includes a two-color pyrometer* that provides temperature 
measurement as well as a feedback signal for control by a microprocessor programmer/con- 
troller.1^ The furnace employs a graphite susceptor heated by a 400-MHz induction generator^ 
v/hose power is regulated by a silicon-controlled rectifier.** Insulation is provided by ceramic 
foam type refractory material0 that is easily formed with hand tools. The glass-melting cruci¬ 
ble, 30-mm orifice diameter x 50-mm long, is machined from hot-pressed BN.0 0 The nozzle 
in the bottom of the crucible is 3-mm long with an orifice diameter of 2.8 mrn. The fiber is 
wound on a 100-mm-diameter plastic spool by means of a laboratory motor whose speed is 
continuously variable from 0 to 3000 rpm. The furnace is enclosed in a vacuum-tight fused 
silica tube, and the fiber is withdrawn through a slightly loosened compression fitting in the 
bottom of the furnace tube. 

*R Scries, Ircon, Skokie, 1L 
tMicricon, Research Inc, Minneapolis, MN. 
tTocco, Ohio Crankshaft Co., Cleveland, OH. 
••Barber Colman Co., Rockford, IL. 
0 Zircar Products, Inc, Bonds, NY. 

0 0 Carborundum Co., Niagara Falls, NY. 
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In order to draw a fiber, the crucible is filled with crushed premelted glass, loaded into 
the furnace, and heated in flowing N2 to a temperature suitable for fiber drawing. Heating is 
continued to the point where the glass has melted, and a bead of molten glass has formed at 
the nozzle tip. For the glasses investigated in this study, that temperature is in the range of 
1500°C to 1600°C. At this stage, a fiber is started by inserting an A1203 thermocouple insul¬ 
ator tube axially through the fitting in the bottom of the furnace to the point at which its tip 
just touches the molten glass bead. The A1203 tube is then withdrawn through the Fitting, 
pulling a fiber with it. The tip of the fiber is then attached to the take-up spool, and wind¬ 
ing begun. Winding continues until the fiber breaks, or the glass in the crucible has been 
consumed. Winding times are typically from 5 to 10 minutes, at which time we estimate that 
100 m or more of fiber have been drawn. Fiber diameters for different runs have ranged 
from 30 ,um to 100 um with the smallest diameter feasible at present being limited by 
inadequacies (presently being corrected) in our experimental system. 

Characterization 

The characterization data reported herein were obtained by various means. Density 
measurements on bulk specimens were obtained by the usual Archimedes technique, and X-ray 
diffraction patterns were run on various glass specimens that had been crystallized by heating 
in N2 for 2 hours at 1300°C. Optical photomicrographs were taken with transmitted light on 
fiber specimens in immersion oil. 

Microhardness measurements were done on polished sections with a Knoop indenter and 
0.98 N load. The technique used for elastic modulus measurements on bulk specimens has 
already been discussed.8 Modulus values for the air-drawn fibers were obtained from stress- 
strain curves,15 and for the N2-drawn fibers from sonic velocity measurements. 

Conventional chemical analyses that were done included cation determination by 
spectrochemical techniques, and analyses for O and N by the Kjeldahl inert gas fusion 
technique.14 Cation analysis in the scanning electron microscope was done by energy 
dispersive X-ray spectroscopy (EDX), and N analysis by wavelength dispersive spectroscopy 
(WDS). 

RESULTS AND DISCUSSION 

Air-Drawn Fibers 

Although the Y-Si-Al-O-N glass fibers drawn in air were somewhat crude and misshapen, 
the results are instructive as to the behavior ot the glass when heated in air. Table 2 
summarizes the results of chemical analyses for N on several samples of Y-Si-Al-O-N glass 
corresponding to composition “a” in Table 1. The heating times undergone by the fiber 
specimens, although not measured exactly, are estimated to be in the range from a few 
seconds to a minute or so at temperatures near the melting range of the glass. In compari¬ 
son, heating times for the extensively heated material are estimated to be of the order of 
10 minutes or more. The specimens heated for short times retain significant amounts of their 
original N contents, and decomposition is incomplete even for glass heated extensively in air. 

15. ASTM Standard D 3379. Tensile Strength and Young's Modulus for Iligh-Modulus Single-Filament Materials. American Society for Testing 
and Materials, 1975. 

16. Dynamic Modulus Tester, PPM-5R, H. M. Morgan Co., Norwood, MA. 
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Tabla 2. COMPARISON CF ANALYZED N CONTENTS OF AIR- 

DRAWN Y-SLAI-O-N GLASS FIBERS WITH NOMINAL STARTING 

COMPOSITION AND WITH N ANALYSIS ON BULK GLASS USED 

FOR FIBER DRAWING 

Spactman Watght Parcant N 

Nominal Glaaa Com postion 3.20 

Bulk Glass 4.12 

AJr-Orawn Fibars 2.60 

Glass Haatad Extansivaly in Air 0.26 

Although the fibers that were drawn in air were of poor quality, that such fibers could 
be produced at all while retaining a significant N content is noteworthy. Rapid thermal 
decomposition would be expected in air, and the observed result suggests that the heating and 
drawing rates were so fast as to preclude extensive thermal decomposition during fiber draw¬ 
ing. At any rate, heating the glass with a torch to the high temperature required for drawing 
was difficult, as was controlling the process. Air drawing was not, therefore, pursued further 
as a viable means of making oxynitride glass fibers. 

Fibers Pulled from Rods in Na 

Numerous problems were encountered in attempting to draw short fibers from glass rods 
in N2. The rods that were fabricated were often imperfect and some tended to break at pre¬ 
existing cracks when stressed even moderately. The best fiber drawing procedure that could 
be devised consisted of fusing together the ends of short rods inserted into the hot zone 
from opposite, ends of the furnace, cooling to yield a single rod held at both ends, and reheat¬ 
ing to softer/the glass enough to stretch the rod into a fiber by pulling from one end. Judg¬ 
ing the correct viscosity for pulling, however, proved difficult, and the rods frequently broke 
from accidentally induced bending stresses. Barring that, the rod often pulled out of the 
chuck holding it if pulling was started before the glass was soft enough. At the other 
extreme, heating to too high a temperature for fiber drawing resulted in separation of the 
two rod halves without any fiber being produced. The temperature problem was compounded 
by the difficulty of temperature measurement; the presence of the rod interfered with the 
axial sight path required for optical pyrometry. Despite these difficulties, however, Figure 2 
presents evidence that a few good fibers were produced by pulling from rods. 

Some of the above mentioned problems with regard to pulling fibers from oxynitride glass 
rods are almost certainly composition related. For example, the Y-Si-Al-O-N glass that was 
used had a narrow temperature range in which its viscosity was suitable for fiber drawing. 
A further problem relates to the necessity of imposing a temperature gradient on the rod 
during fiber drawing; that gradient caused devitrification to occur in the part of the rod 
which was in the temperature range (approximately 900°C to 1100°C) where devitrification 
occurs fairly readily. Our past experience has been that devitrified glass is difficult to remelt, 
and such devitrification would make it difficult, at best, to pull fibers in a manner that 
required the rod tip to be fed continuously into the hot zone to furnish additional molten 
glass to keep the process going. The foregoing problems could probably be minimized or 
eliminated by suitable modifications of the glass composition, but the investigation of such 
modifications was beyond the scope of the present study. 
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Figur« 2. Transmitted light optical photomicrograph of parts of short 
(100-mm long) Y-Si-Al-O-N glass fibers drawn from a glass rod. Fiber 
quality ana uniformity are good, and the small diameter (10/im) of one 
fiber indicates that fine fibers can be formed from this glass. 

Fibers Melt Drawn in Nz 

The experimental setup shown in Figure 1, although similar to arrangements used to 
make many types of oxide glass fibers,17 differs in some important respects. A unique feature 
of the present fiber-drawing process is that a flowing N2 atmosphere is maintained in the 
furnace chamber to prevent thermal decomposition of the molten glass18 while the fiber is 
wound in the ambient atmosphere. Also unique is the use of a BN crucible. Because of the 
N2 atmosphere and corrosiveness of the glass, the noble metals commonly used for oxide 
glasses would be unsuitable as crucible materials. 

Although graphite has proven satisfactory as a susceptor material, it may promote thermal 
decomposition by making the atmosphere excessively reducing.18 From that standpoint, a sus¬ 
ceptor capable of operating in a more oxidizing environment might be desirable, and other 
possible susceptor materials are currently being evaluated. 

After initial successful attempts at drawing short fibers from molten glass in a BN cruci¬ 
ble, the apparatus was configured as shown in Figure 1 for winding continuous fibers. While 
a number of successful fiber-drawing runs were conducted with Y-Si-Al-O-N glass of composi¬ 
tion “a” (Table 1), attempts at drawing continuous fibers of composition “b” were unsuccess¬ 
ful. Although short fibers of the latter composition were produced, the fibers were so stiff, 
they resisted v/inding. 

Photomicrographs of sections of continuous fibers of composition “a” are shown in 
Figure 3. Although difficult to see in Figure 3, imperfections found in the fibers typically 
included occasional transparent crystalline inclusions, metallic Si-rich particles, and elongated 
axial pores. 

17. LOWENSTEIN, K. L 77k Manufacturing Technotom of Continuous Glass Fibers. Glait Science and Technology, Elsevier, Amsierdam- 
Oxford New Yorit, v. 6, 1983. 

18. MESSIER, D. R., and DEGUIRE, E. J. Thermal Decomposmon in the System Si-YAI-O-N. J. Am. Ceram. Soc., v. 67, no. 9, 1984. 
p. 602-605. 
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50 um 

Figur* 3. Transmitted light optical photomicrograph of s*gm*nts of a 
continuous Y-Si-AI-ON "a" fib*r drawn from th* m*(t. 

Composition-related effects such as discussed above regarding pulling fibers from rods also 
must be considered with respect to drawing fibers from the melt. While continuous fibers 
were successfully drawn from Y-Si-Al-O-N glass of one composition (“a” in Table 1), the 
usable temperature range for fiber drawing was very narrow. As already noted, with the 
higher N composition (“b” in Table 1-) it was impossible to make long, continuous fibers with 
our experimental setup. In both instances, the fiber-forming ability of the glass could proba¬ 
bly be improved by modifying the glass compositions with additives that would make the 
viscosity-temperature characteristics of the glass more suitable for fiber drawing and winding. 

Characterization 

The results of chemical analyses performed on several bulk glass and fiber specimens are 
shown in Table 1. All of the cation analyses are in good agreement with each other as well 
as with the nominal starting composition. The N values obtained by WDS are generally 
higher than the nominal and Kjeldahl values, but in reasonably good agreement with the lat¬ 
ter. The comparison of WDS results presented in Figure 4 illustrates the similarity of spectra 
on bulk glass and fiber specimens of the same nominal composition. All in all, the chemical 
analysis results indicate strongly that the chemistry of the fibers is identical to that of the 
bulk glasses from which they were drawn, confirming that composition changes are negligible 
during fiber drawing in N2. 

Although the WDS results are considered to be semiquantitative, the good agreement 
between the WDS and chemical analysis data is encouraging. Furthermore, the adaptability of 
WDS to small specimens indicates that it should he a very convenient and useful technique 
for the characterization of oxynitride glass fibers. 

Table 3 compares physical property data on fibers with data on bulk glasses. The elastic 
and microhardness data were obtained as indicated in the previous section. The X-ray diffrac¬ 
tion data show the existence of N-containing phases in the crystallized glasses, additional evi¬ 
dence for the presence of N in the fibers, including fibers drawn in air. 

7 
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Figur« 4. WOS spectra showing N peaks from polished sections of Y-Si-AI-O-N “b" glass and glass fibers. 
Spectrum of bulk glass (A), is similar to “hat of fiber (B), indicating that N contents are the same in both. 

Table 3. CHARACTERIZATION OF Y-Si-AI-O-N GLASS FIBERS 

Composition “a” Fiber “a” Fiber V Fiber “b" Fiber 
Designation “a" Bulk (Air)_(Na)_“b" Bulk_(Air)_(Na) 

Nominal wt% N 

Bulk Density 
(kg/m3) 

Microhardness 
(in GPa, Knoop, 
0.96 N Load) 

Elastic Modulus 
(GPa) 

Phases in 
Crystallized 

3.2 

3720 

9.01 

141 

YaSiaO? 

3.2 

8.62 

138 

3.2 

9.14 

135 

6.6 

3920 

10.4 

157 

Various 
Oxynitrides 
& Oxides 

6.6 

10.6 

YAG, "H," 
/f-SisN* 

6.6 

9.88 

146 

As with the chemical analysis results, the physical properties of the Fibers are essentially 
the same as those of the parent glasses. The measured microhardnesses and elastic moduli of 
the fibers are a little lower than those of the bulk glasses, a result consistent with literature 
data comparing the properties of the iwo forms of glass in other systems.19,20 All of the data 
are also consistent with earlier findings that microhardness and elastic modulus of many 
glasses increase with the increasing N content.7 Although the densities of glasses in the sys¬ 
tem Y-Si-AI-O-N are rather high, their properties are still impressive on a specific, i.e., pro¬ 
perty/density, basis. Furthermore, the general effect of N in increasing hardness and stiffness 
for glasses in many systems suggests that the properties of many glass-fiber compositions could 
be improved by adding N to them, and further research is currently being pursued along 
those lines. 

19. LOWENSTEIN, K. L Studies in the Cimposition and Structure of Glasses Possessing Hig/t Young's Moduli, Part 1. The Composition of High 
Young's ModuU Glasses and the Function of Individual Irons in the Gloss Structure. Phys. Chem. Glasses, v. 2, no. 3. 1961. p. 69-82. 

20. LOWENSTEIN, K. L. Studies in the Composition and Structure of Glasses Possessing Hifft Young's Moduli, Pan 2 The Effect of Changes in 
the Configuration Temperature. Phys. Chem. Glasses, v. 2. no. 4, 1961, p. 119-125. 
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SUMMARY 

In summary, the following may be concluded: 

1. Y-Si-Al-O-N glass fibers may be drawn in air while retaining a significant portion of 
their N content providing that the heating and drawing processes are relatively fast. 

2. Fibers may be pulled in N2 from glass rods, demonstrating the potential for producing 
high quality, small diameter (10/m) oxynitride glass fibers. 

3. Long (100 m), small diameter (30 urn - 40 /¿m), continuous Y-Si-Al-O-N glass fibers 
may be drawn from the melt in N2 and wound on a spool in ambient air. 

4. The chemical and physical properties of Y-Si-Al-O-N fibers drawn from the melt in 
N¿ are the same as those of the as-prepared bulk glass. 

5. The stiffness and hardness of Y-Si-AI-O-N glass fibers surpass those of any existing 
glass fibers. 
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