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Titanium and titanium alloys have an outstanding strength-to-weight ratio and corrosion
resistance and so are materials of choice for a variety of aerospace and biomedical applications.
Such applications are limited by the lack of a viable hermetic glass sealing technology.
Conventional silicate sealing glasses are readily reduced by titanium to form interfacial silicides
that are incompatible with a robust glass/metal seal. Borate-based glasses undergo a similar
thermochemistry and are reduced to a titanium boride. The kinetics of this reactions, however,
are apparently slower and so a deleterious interface does not form. Chemically durable
lanthanoborate glasses were examined as candidate sealing compositions. The compositions,
properties, and structures of several alkaline earth, alumina, and titania lanthanoborate glass
forming systems were evaluated and this information was used as the basis for a designed
experiment to optimize compositions for Ti-sealing. A number of viable compositions were
identified and sealing procedures established. Finally, glass formation, properties, and structure
of biocompatible Fe203-and Ti02-doped calcium phosphate systems were also evaluated.
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Advanced Materials for Aerospace and
Biomedical Applications

New Glasses for Hermetic Titanium Seals

L Introduction

Titanium and titanium alloys have good strength-to-weight ratios and outstanding
corrosion resistance and so are materials of choice for a variety of component applications. For
example, the biocompatibility of titanium makes it an attractive material for the construction of
implantable medical devices like pacemakers and defibrillator.

Component applications for titanium have been limited by the lack of a commercially
reliable hermetic glass sealing technology. Titanium is a highly reactive metal that readily
reduces conventional silicate-based glasses during the high temperature sealing process to form a
thick, weakly adherent interracial silicide phase that limits the effective strength of the glass-
met.al  seal ~eipeng et al. 1980; Passerone et al. 1977; Brow and Watkins 1987]. One
consequence, for example, is the poor adherence of silicate-based bioactive glasses for prosthetic
applications [West et al. 1990].

Borate-based glasses form strong bonds to titanium and titanium alloys; pin-pull
experiments [Brow and Watkins 1987] indicate that these seals have up to twice the strength of
comparable seals made with silicate glasses. Although similar interracial reduction reactions
occur during sealing prow and Watkins 1987; Brow et al. 1993], it is suspected that such
reactions are kinetically limited so that the resulting thin boride interracial phase does not
adversely tiect the mechanical properties of the seal. Little is known, however, about the nature
of these glass-titauium reactions and how they might contribute to the success or fb.ilure of a
glass seal.

Alkaline earth aluminoborate glasses have been developed for titanium sealing
applications [Brow and Watkins 1987; Brow and Watkins 1992]. These glasses have a range of
thermal expansion coefficients, including matches to titanium alloys of interest (about 90-100x
10-7/OC), and can be sealed at relatively low temperatures (typically <750°C), thus avoiding an
allotropic phase transition at 880”C that degrades the mechanical properties of pure titanium.
The primary drawback to the use of these glasses is there relatively poor resistance to attack by
aqueous solutions. Typical alkaline earth aluminoborate glasses have dissolution rates over 1000
times faster in 70”C deionized water than silicate sealing glasses. This poor chemical durability
precludes the use of aluminoborate glasses in component applications where the glass is exposed
to the ambient; viz., in an implanted biomedical component.

It was recently reported that glasses in the TiOz*Laz03”Bz03  system exhibit outstanding
resistance to attack by aqueous solutions [Adams 1990]. A preliminary examination of
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lanthanoborate  and titanium lanthanoborate  glasses revealed chemically durable compositions
with the requisite thermal properties for sealing to titanium @3ay 1991], although compositions
were not optimized for sealing.

Lanthanoborate glasses were first developed as low dispersion, high refractive index
optical materials [Kreidl 1983]. La203 has a beneficial effect on the water resistance of alkaline
earth-borate optical glasses ~zumitani 1986]. More recently, Ianthanoborate compositions have
been developed for high temperature seals in solid oxide fiel cells ~loom and Ley 1995]. Little
is known about the properties and structures of lanthanoborate glasses.

Calcium phosphate-based materials have been used with titanium, for example as a
coating [Hayashi et al. 1989], for biomedical applications. The Ca-phosphate base glass is
chemically similar to apatite and so would be biocompatible. It is not known if such glasses
could be used for hermetic gladtitanium seals.

1.

2.

3.

4.

There were four general goals identified for this LDRD program:

Characterize the relationships between composition, properties, and structure in candidate
glass forming systems. We prepared samples from the alkaline earth lanthanoborate, the
aluminum lanthanoborate  and the titanium lanthanoborate  systems and characterized their
molecular-level structures using a variety of spectroscopic probes. In collaboration with the
University of Missouri-Roll@ we also investigated Fe203- and Ti02-modified calcium
phosphate glasses.

Develop glass compositions that can be used to make reliable hermetic seals with titanium.
We performed a statistical mixtures design experiment to evaluate the composition-property
relationships in a complex seven-component system and determined specific compositions
suitable for titanium hermetic seals.

Characterize the reactions that occur at titaniuvdglass  interfaces to understand how reaction
kinetics aflect sea/ quality. In collaboration with Lehigh University, we have used analytical
techniques to characterize the interracial reactions that occur when silicate and borate glasses
are sealed to titanium.

Transfer the titanium sealing technology to industry. We have developed techniques to
produce hermetic titaniudglass seals and have used these techniques and our new glasses to
build prototype seals for several commercial vendors, including seals for anew pacemaker
design and anew satellite connector.

Il. Glass Properties and Structures

11-1 Lanthanoborate Glasses

There is limited information available about the properties and molecular-level structures
of simple lanthanoborate glasses. In the binary xLa2030(l -X)B203 system, glass formation is
limited to 0.20-0.28 ~evin et al. 1961]; compositions outside this range are phase separated

(2)



when quenched. These glasses are refractory, with glass transition temperatures (TJ around
680”C, and thermal expansion coefficients around 65 x 10-7/OC, densities of 4.1 g/cm3, and
refractive indices of about 1.72 [Chakraborty et al. 1984]. Properties are generally insensitive to
changes in composition within the glass forming region. These glasses have low viscosities at
their melting point and so easily devitrifi. In fact, the binary composition (mole%)
25 La103075B203 has been identified as the most fragile glass-forming oxide melt [Angell et al.
1989]. The addition of BaO to this composition reduces the activation energy for viscous flow,
consistent with an improvement in the glass-forming tendency [Romanova and Nemilov 1970].

Some studies of the structures of lanthanoborate  glasses have been reported. Chakraborty
et al. [Chakraborty  et al. 1984] used Raman and timed spectroscopy to study the structures of
binary lanthanoborate  glasses and note a similarity in the spectra of crystalline and amorphous
25Laz03075Bz03, indicating that the glass structure is based on the mixed trigonal and
tetrahedral rings found in the crystal. Nemilov et al ~emilov and Shmatok 1967; Romanova
and Nemilov 1970] suggest that Zn- and Ba-lanthanoborate glass structures are based on B-O-B
chains, but offer no spectroscopic evidence.

A variety of properties were characterized. Glass transition temperatures (T~) and
crystallization temperatures (TX) were determined by differential thermal analyses (DTA) using a
heat rate of 5°C/min and are reproducible to +5°C. The thermal expansion coefficients were
determined by dilatometry using a heat rate of 5°C/min and are reproducible to +4 x 10-7/OC.
Densities were measured using the Archimedes method with Freon as the buoyancy medium.
The average of three measurements are reported; in general, they are reproducible to +0.002
g/cm3. Refi-active indices were determined using the Becke line method and are accurate to the
intervals between our comparative fluids (+0.002). Finally, the aqueous durabilities of several
glasses were determined by measuring weight losses after two weeks in 70”C deionized water.
The reported values are the average of three measurements which were generally reproducible to
+50Y0.

The structures of the lanthanoborate glasses prepared for the present work were
characterized by Rarnan spectroscopy and by solid state nuclear magnetic resonance (MAS
NMR) spectroscopy. Raman spectra were collected from polished samples by a triple
spectrograph equipped with holographic gratings and a charge-coupled detector. The 457.9 nm
line of an argon ion laser provided the excitation. The spectrograph was operated at a resolution
of6 cm-l.

1 *B magic angle spinning nuclear magnetic resonance (MAS NMR) spectra were
collected at 116.57 MHz (H0=8.45 T), using 2 psec pulses, 5 sec recycle times, and 200 scans
with spinning speeds of 8-10 kHz. The peaks from trigonal and tetrahedral B-sites overlap,
adding some uncertainty to the determination of the respective site distributions. We estimate
that the reported site concentrations are accurate to* 10%. *’Al MAS NMR spectra were
collected at 94.67 MHz (1-10=8.45 T), with pulse widths of 2.1 psec and 300 msec recycle time,
and 3500 scans withs inning speeds of 8-10 kHz; spectra are reported as ppm chemical shifts

8from lJk.?AlC13. The Al MAS NMR spectra were decomposed into Gaussian curves, the areas
of which were used as quantitative site concentrations. These areas are reproducibleto+15°/0.
Maxima in peak positions are reported for both of these quadrupolar nuclei, not the respective
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isotropic chemical shifls. MAS NMR spectra were collected by Spectral Data Services
(Champaign, IL).

11-1.1 Alkaline Earth Lanthanoborate Glasses

Brow et al. [1996a] describes in detail our study of the structure and properties of the
MgO-, CaO-, and BaO-lanthanoborate glasses. Much of the tiormation described therein is
reproduced below.

Glasses were prepared from mixtures of reagent grade H3B03, Laz03, and the appropriate
alkaline earth carbonate, heated to about 1400”C in platinum crucibles in air for about three
hours. The 50-gram melts were stirred occasionally, before being quenched on steel plates to
samples approximately 5 mm thick, and annealed for 30 minutes between 600”C and 700°C.
Chemical analyses of the final glasses by inductively coupled plasma-atomic emission
spectrometry (ICP-AES) revealed little change in composition after melting; consequently, the
‘as-batched’ compositions will be used in this report. 50-500 ppm of Cr3+ and several rare earth
ions were present as contaminants, most likely from the La203 raw material. Hydroxyl  contents
were not analyzed and so their effect on glass formation was not considered.

Figure 2-1 shows the Mg-, Ca-, and Ba-lanthanoborate compositions prepared for this
study. Closed circles represent compositions for which clear, x-ray amorphous samples about 5
mm thick could be cast from the melt. Open circles represent compositions from which x-ray
amorphous glasses could be quenched between steel plates to a thickness generally <1 mm. The
crosses represent compositions which either phase separated or crystallized, usually to form c-
LaB03, when quenched. In general, we found that the widest range of homogeneous glass
formation occurred in the CaO-system and the smallest range of glass formation occurred in the
BaO-system; these latter compositions were most prone to phase separation. (We did not
examine compositions from the high-B203 corner of the diagram; viz., ~203]>85 moleO/O, nor
did we examine binary ROO B203 compositions). Binary x La203 (l-x) B203 glasses could be
made, ~th 0.22-0.27, in agreement with the studies by Levin et al. ~evin  et al. 1961] and
Chakraborty, et al. [Chakraborty  et al 1984; Chakraborty et al. 1985]. These samples required
quenching between steel plates to a thickness of about 2 mm to avoid crystallization.

Glass formation in all three alkaline earth lanthanoborate systems is centered on the tie-
line between La-metaborate (La(B30b)) and the respective alkaline earth metaborate (R(B20a)).
Similar, limited glass formation has been reported for the Zn-lanthanoborate system ~emilov
and Shrnatok 1967]. Izumitani [1986] reports a somewhat larger BaO-La203-B203 glass forming
region, primarily to higher B203 contents.
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Alkaline earth Ianthanoborate compositions examined. Closed circles represent compositions which form
homogeneous glasses when cast, open circles represent compositions which form homogeneous glasses when
quenched between steel plates, and crosses represent compositions which either phase separate or crystallize
when quenched.
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Table 2-1: Composition and properties of ternary alkaline earth Ianthanoborate
glasses.

Glass ID BZ03 La203 CaO MgO BaO CTE Tg density n ox. Commessti
(10-7F’C) ~c) (%) :: (g/cm3) (cmYmoI) Refr.

CAML-1 75.00 25.00 0.00 0.00 0.00 65 693 774 -7.3 4.123 1.732 32.42 3.736 qnch. gls.
CAML-2 72.73 22.73 4.55 0.00 0.00 77 669 756 -7.5 4.026 1.727 31.60 3.751 glass
CAML-3 70.00 20.00 10.00 0.00 0.00 81 661 775 -7.5 3.910 1.717 30.56 3.745 glass
CAML4 66.67 16.67 16.67 0.00 0.00 81 654 781 -7.4 3.795 1.705 29.00 3.699 glass
CAML-5 62.50 12.50 25.00 0.00 0.00 85 648 780 -7.2 3.578 1.692 27.46 3.716 glass
CAML-6 57.14 7.14 35.71 0.00 0.00 90 654 762 -6.6 3.270 1.668 25.41 3.704 glass
CAML-7 72.73 22.73 0.00 4.55 0.00 80 666 757 4.029 1.725 31.40 3.732 glass
CAML-8 70.00 20.00 0.00 10.00 0.00 75 659 769 -7.6 3.897 1.710 30.26 3.711 glass
CAML-9 66.67 16.67 0.00 16.67 0.00 74 657 806 -7.2 3.668 1.688 29.29 3.732 glass

CAML-1  O 62.50 12.50 0.00 25.00 0.00 76 646 803 -7.1 3.505
CAML-11

1.670 26.91 3.642 glass
57.14 7.14 0.00 35.71 0.00 81 629 763 3.204 1.642 24.17 3.557 part. Xtal.

CAML-12 81.82 18.18 0.00 0.00 0.00 679 765 4.026 1.725 28.86 3.393 part. Xtal.
CAML-13 80.00 16.67 3.33 0.00 0.00 688 782 3.833 1.705 29.18 3.450 part. Xtal.
CAML-14 77.78 14.82 7.41 0.00 0.00 675 790 3.746 1.700 28.45 3.453 part. Xtsl.
CAML-15 75.00 12.50 12.50 0.00 0.00 70 676 782 -7.2 3.529 1.672 28.32 3.471 glass
CAML-16 71.43 9.52 19.05 0.00 0.00 73 672 823 -7.2 3.253 1.649 28.11 3.551 glass
CAML-17 66.67 5.56 27.78 0.00 0.00 77 661 -6.1 3.026 1.634 26.47 3.552 glsss
CAML-18 60.00 0.00 40.00 0.00 0.00 663 757 2.698 1.612 23.79 3.504 qnch.  glass
CAML-19 80.00 16.67 0.00 3.33 0.00 79 680 792 3.881 1.712 28.69 3.426 part. Xtal.
CAML-20 77.78 14.82 0.00 7.41 0.00 77 675 797 3.728 1.695 28.27 3.437 pat. Xtal.
CAML-21 75.00 12.50 0.00 12.50 0.00 664 801 3.679 1.698 26.63 3.402 part. Xtal.
CAML-22 71.43 9.52 0.00 19.05 0.00 73 660 824 3.527 1.676 25.07 3.325 part. Xtal.
CAML-23 66.67 5.56 0.00 27.78 0.00 657 791 3.041 1.636 24.90 3.459 part. Xtal
CAML-24 60.00 0.00 0.00 40.00 0.00 645 733 2.512 1.574 23.05 3.406 crystallized
CAML-25 66.67 27.78 5.56 0.00 0.00 826 4.234 33.08 crystallized
CAML-26 63.64 24.24 12.12 0.00 0.00 669 746 4.219 1.750 30.83 3.876 qnch.  glass
CAML-27 60.00 20.00 20.00 0.00 0.00 660 739 4.043 1.735 29.23 3.862 qnch.  glass
CAML-28 55.56 14.82 29.63 0.00 0.00 650 742 3.755 1.715 27.58 3.896 qnch.  glass
CAML-29 50.00 8.33 41.67 0.00 0.00 634 726 3.400 1.684 25.09 3.857 part. Cryst.
CAML-30 66.67 27.78 0.00 5.56 0.00 669 737 4.310 1.755 32.29 3.895 crystallized
CAML-31 63.64 24.24 0.00 12.12 0.00 665 740 4.167 1.740 30.76 3.869 qnch.  glass
CAML-32 60.00 20.00 0.00 20.00 0.00 642 785 4.003 1.725 28.73 3.826 part. Xtal.
CAML-33 55.56 14.82 0.00 2963 0.00 83 650 809 3.760 1.700 26.30 3.757 glass
CAML-34 50.00 8.33 0.00 4167 0.00 79 647 748 3.335 1.658 23.62 3.692 part. Xtal.
CAML-35 72.73 22.73 0.00 000 4.55 665 767 4.126 1.727 31.91 3.741
CAML-36 70.00 20.00 000 (loo 1000 88

part. Xtal.
656 750 4.145 1.722 31.18 3.737 part. Xtal.

CAML-37 66.67 16.67 000 000 16.67 640 726 4.130 1.713 30.57 3.762 qnch.  glass
CAML-38 62.50 12.50 000 (J Ml 25.00 101 620 708 4.126 1.700 29.71
CAML-39 57.14

3.773 part. Xtal,
7.14 000 ll(xl 3571 110 589 696 4.108 1.682 28.68 3.801 glass

CAML-40 62.50 12.50 1250 1250 000 84 664 831 3.539
CAML-41

1.685 27.21 3.701 glass
62.50 12.50 12.50 000 ]~ 50 95 645 742 3.867 1.694 28.55 3.729 glass

CAML-42 62.50 12.50 0.00 12 S(J 12.50 88 643 762 3.842 1.686 28.23 3.696 glass
CAML-43 50.00 0.00 50.00 000 0.00
CAML-44 66.67 16.67 0.00 0.00 16.67

crystallized
80 620 745

(ZnO)
part. Xtal.

(6)



Table 2-1 summarizes the properties of the alkaline earth lanthanoborate  glasses. In
general, replacing La203 with an alkaline earth oxide reduces the glass transition temperature and
increases the thermal expansion coel%cient. Of particular interest for titanium sealing
applications are the BaO-La203-B203 glasses for which thermal expansions in the range from 90
to 100x 10-7/OC are typical. Typical aqueous corrosion rates in 70”C deionized water are about
4X10-8 g/cm2”min for glasses with less than about 20 mole% RO; glasses with higher alkaline
earth contents have corrosion rates about 10 times higher. These corrosion rates are at least 100
times lower than those reported for alkaline earth aluminoborate glasses [Watkins et al. 1987;
Searstone and Isard 1965], including compositions designed for Ti sealing

Figure 2-2a shows the effect of composition on the molar volume (V~p/MW, where p is
the density and MW is the molar weight) of the glasses from the three metaborate systems. In.
each case, molar volume decreases systematically with increasing substitution by the alkaline
earth metaborate, with the Mg-glasses possessing the lowest. The implication of these trends is
that the addition of the alkaline earth metaborate tightens the structural network of the glass and
that Mg-glasses have the most dense network and the Ba-glasses have the least dense network.

A similar conclusion can be drawn from oxygen refractivity, an optical parameter that is
sensitive to changes in glass structure [Kreidl 1989]. The oxygen refractivity, RX, is the
contribution from oxygens to the molar refractivity, RM, of the glass, calculated from the
refractive index and molar volume:

RM=[(n2-1)/(n2+l)]  .v~

Both cations and oxygens

where NC and NOX are the fraction

contribute to the molar refractivity:

of cations and oxygens, respectively, in the glass, and ~ is the
cationic refi-activity,  assumed to be a constant for each cation and taken from Fanderlik [1 983].
The oxygefirefiactivity can then be determined after subtracting the cation contributions.

Figure 2-2b shows that the oxygen refractivity of the Mg-glasses decreases significantly,
the RX of the Ca-glasses decreases slightly, and the IQX of the Ba-glasses increases slightly, with
the replacement of LaB30G. This implies that the average polarizability  of the oxygens in each
series increases in the order Mg<Ca<Ba. This might result from, for example, a greater fraction
of polarizable nonbridging oxygens in the structures of the Ba-rich glasses.

Figure 2-3 shows the 1 lB MAS NMR spectra collected from several different glasses.
Each spectrum is dominated by a narrow, symmetric peak centered near +1 ppm due to
tetrahedral B-sites ~unker et al. 1991]. The position of this peak does not change significantly
with glass composition. Superimposed on the B(4) peak is abroad, asymmetric feature that
extends from about +20 ppm to -12 ppm. This feature is due to trigonal B-sites. Second-order
quadrupolar interactions are responsible for the breadth and asymmetry of this feature [Turner et
al. 1986] No attempts were made to determine the quadrupolar coupling constants or asymmetry
parameters for these sites.
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Figure 2-2: Optical properties of alkaline earth Ianthanoborate  glasses. a) Molar
volumes and b) oxygen refractivities for the metaborate compositions.

Figure 2-3 indicates that fewer B(4) species are present in the Mg-glass (0.28), compared
to the Ca-and Ba-glasses  (0.32 and 0.34, respectively). The binary La-metaborate sample
contains the highest fraction of B[4] sites (0.38t0.04,  based on the separate analyses of three
different samples).

The Rarnan spectra from glasses along the respective metaborate tie lines are drawn in
Figure 2-4. Spectral interpretation is discussed in detail in prow  et al. 1996] with reference to
assignments summarized in Table 2-2. Trigonal (three-coordinated) boron in the La-metaborate
composition is represented by Raman bands apparently peaking near 635 cm-l, but also
extending in abroad band to 755 cm-l, (ring and chain metaborates), 840 and 1230 cm-l
@yroborates) and 930 cm-l (orthoborates). The Raman band peaking near 1380 cm-* is
associated with the boron-non-bridging-oxygen stretch mode of chain- or ring-type metaborates.
Bonding to cations with less propensity for covalent bonding than La3+ tends to increase the
vibrational frequency of this mode. Tetrahedral berates are represented by Raman bands peaking
near 500,755 and 1090 cm-l. The 500 cm-* band is generally characteristic of BOJ tetrahedral.
Raman bands peaking in the 750-780 cm-l region are due to ring structures incorporating BOa
units, e.g. diborates, triborates, tetraborates, etc. The 1090 cm-’ band appears to be due to
diborate units.

As lanthanum is replaced by magnesium, calcium or barium, the Raman band peaking
near 1380 cm-l shifts to higher frequency (see Figures 2-4a-c). As noted above, a higher
fi-equency for these boron-nonbridging oxygen modes is consistent with coordination of chain or
ring metaborate structures with cations that bond less covalently than lanthanum.
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Figure 2.3: “B MAS NMR spectra from Ianthanoborate glasses. The spectra are
from the three 0.71 RB20400.29LaB30G  glasses as well as the LaB30G glass.
The values in parentheses are the relative fractions of tetrahedral-B sites
determined by decomposing each “B NMR spectrum.

Table 2-2: Assignment of the Raman bands from the alkaline earth and
aluminum Ianthanoborate  alasses.

peak position, cm-l assignments
450-570 B-0-B stretch, BOo units
480-500 Al-O- or Al-0-B stretch, aluminate network
600-650 B-0-B stretch, ring metaborates
700-730 B-0-B stretch, chain metaborates,
700-720 I Al-O-or Al-0-B stretch, aluminate network,
750-780 ] B-0-B stretch, rings with BD4 units; e.g., di-triborates, tri-, tetra-,

pentaborates
820-850 B-0-B stretch. mu-oborates

I
I .1,

890-940 I B-o- stretch. orthoborates,
900-1000 B-0-B stretch, B04 units; broad, diffuse bands
960-980 Al(4)-0-B(3) stretch, aluminoborate network

1075-1150 B-O-/ B-0-B stretch. diborate
1

I 1200-1300 I B-o- stretch. Dyroborates
1 . * -

1300-1600 I B-O- stretch, chain and rirw metaborates
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Figure 2.4c: Unpolarized Raman spectra from the Ba-La-metaborate glasses.
From bottom to top: O. OOBaBzOd,  0.33 BaB20d,  0.50 BaB20g, and
0.71 BaB204.

With magnesium as the ion substituting for lanthanum (Figure 2.4a), the primary changes
in the spectra are an increase in the intensity of the 845 and 1250 cm-l bands and an increase in
frequency of the metaborate band from 635 to 680 cm-’. The increased intensity of the 845 and
1250 cm-l bands suggests an increase in the number of pyroborate units and, concomitantly,
more terminal oxygens. The increase in frequency of the metaborate band may be due to the
cation effect (magnesium versus lanthanum) on the vibrational frequencies of metaborate ring
structures or it may reflect the development of metaborate chain structures. The envelope of
bands near 755 cm-l in the spectrum of the La-metaborate composition becomes a more distinct
peak at slightly higher frequency (765 cm-l) in the spectrum of the composition with the largest
magnesium concentration. This more distinct 765 cm-l band is believed to be due to ring
structures with, on the average, fewer B04 tetrahedral. The addition of magnesium to the
lanthanum borate glass does not appear to increase the concentration of BOA tetrahedral in the
glass, but it does create more trigonal borate groups with terminal oxygen atoms.

The addition of calcium to the lanthanum borate glass distinctly increases the intensity of
bands (500 and 755 cm-l, Figure 2-4b) associated with B04 tetrahedral. Metaborate and
pyroborate Raman bands do not show a distinct increase in intensity with calcium substitution
for lanthanum. There may be some increase in the intensity of the orthoborate band (925 cm-l),
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but some of this increase could be due to broad, diffuse Raman bands that occur in the 900-1000
cm-l region and are due to B04 tetrahedral.

The relative intensities of the BOg-related bands (500 and 750 cm-l) in the spectra from
the barium-containing glasses (Figure 2-4c) are greater still than those in the spectra from the
calcium-containing glasses. Also, the metaborate band at 625 cm-l, the pyroborate bands at 825
and 1210 cm-l and the orthoborate  band at 925 cm-l all become more distinct. The position of
the metaborate band at 625 cm-l indicates the retention of ring-type structure in the metaborate
groups. The addition of barium causes the largest increase in the intensity of B04-related Rarnan
bands and probably also increases the concentration of terminal oxygens on trigonal borate
structures.

The differing effects of the addition of Mg-, Ca-, and Ba-metaborate to the LaBqOG
composition are compared in Figure 2-5, in which the Raman spectra from the three
0.29LaB~Ob.0.71 RBzOa glasses are redrawn. BOg-related Raman bands peaking near 500 and
755 cm-l are distinctly more intense in the spectrum of the barium-substituted glass versus the
spectrum of the magnesium-substituted glass. The metaborate band (625 cm-l) of the barium-
substituted glass is not any more intense than those from the magnesium- and calcium-
substituted glasses, but its vibrational frequency is more distinctive of ring metaborate structures.
Increased intensity in the spectrum of the barium-substituted glass near 925 cm-l is not
necessarily due to more orthoborate groups but may reflect increased intensity in broad,
underlying Raman bands due to B04 tetrahedral. The relatively high intensity of the Raman band
peaking near 845 cm-l in the spectrum of the magnesium-substituted glass indicates an enhanced
concentration of pyroborate groups. Barium addition to the lanthanum borate glass enhances the
concentration of B04-containing  structures relative to magnesium addition, while magnesium
addition enhances the concentration of terminal oxygens on trigonal borate groups.

The inset to Figure 2-5 plots the Iiequency of the lowest frequency peak in the spectra of
the three 0.29 LaB~Ob.0.71 RBzOg glasses against the charge-to-radius ratio (ionic potential, tir)
of the metal cations. This band is believed to be due to vibrations of the metal cation with its
nearest-neighbor oxygen atoms. The peak frequency of this band increases with the ionic
potential of the metal cation, in agreement with trends reported for alkali metaborates
[Chryssikos et al. 1994].

Changes in composition have small, yet systematic effects on the properties and structure
of the alkaline earth lanthanoborate  gkisses. In each series, the replacement of La(B306) by
R(BZ04) leads to a tighter structural network, as revealed by the systematic decrease in molar
volume. The oxygen refractivity data (Fig. 2-2b) suggest that the nature of the oxygen bonding
in the three series is different, with the Ba-rich glasses having the greatest average oxygen
polarizability. These glasses also have a slightly greater fraction of B(4) sites than their Mg- and
Ca-counterparts. In addition, the distributions of anionic borate sites, as indicated by the Raman
spectr% depends both on the R:La ratio as well as the type of alkaline earth cation.

These results can be understood if we consider the structures of some of the crystalline
end-members of the glass-forming systems. This approach has been used by Chakraborty, et al.
[Chakraborty et al. 1984; Chakraborty et al. 1985] to understand the vibrational spectra of binary
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La-metaborate glasses, and by Chryssikos, et a/. [1994] to understand effects of structure on
glass formation in mixed-alkali metaborates.

Mg2+ .
\ f“”r~

$ 250 La3+ .
●

Ca2+
Ba2+.

~ 200

\

0.0 1.0 2.0 3.0 4.0

zlr

{ BaO
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Raman Shift (cm-’)
Figure 2-5: Unpolarized Raman spectra from the three 0.71 RBz0,p0.29LaB~06

glasses. The inset shows the effect of cationic potential on the frequency
of the counterion-oxygen  stretching vibrational mode.

Crystalline La(B~OG) has a structure based on double chains of trigonal (BOzO_) and
tetrahedral (B@4] species, shown schematically below as metaborate structure I. All four of the
oxygens on the B(4) units are shared with neighboring trigonal units. Two of the three oxygens
on the trigonal unit are bridging and the third is nonbridging. The La ions are found between the
chains in ten-coordinated sites to charge-compensate the nonbridging oxygens [St. Ysker and
Hoffinan 1970].
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Metaborate Structure I

Crystalline Ca(BzOQ) has a different borate anionic structure, based on a single chain of
trigonal borate units ~arezio  et al. 1963] shown schematically below as metaborate structure II.
Each trigonal boron @OzO_) has one short nonbridging oxygen bond and two longer bridging
oxygen bonds. The nonbridging oxygens are charge-compensated by eight-coordinated Ca-ions,
which then link neighboring metaborate chains.

Metaborate Structure II

In contrast to crystalline Ca-metaborate, the structure of the low-temperature form of
crystalline Ba(BzOd) consists of nearly planar B~Ob rings [Frohlich 1984] shown schematically
below as metaborate structure III. These rings of trigonal borons (BOLO_) are charge-balanced
by neighboring eight-coordinated Ba ions.
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Metaborate Structure Ill

If a similar structural chemistry controls the anionic species in the alkaline earth
lanthanoborate glasses, we would expect that as we replace La3+ with R2+, B[4] sites like those in
metaborate structure I will be replaced by B [3] sites like those in structures II and III. The 1 lB
MAS NMR spectrum from the binary 25 La203075B203 glass (Fig. 2-3) shows that it does have
the highest concentration of B(4) species, approximately 35-40Y0. The addition of an alkaline
earth metaborate (particularly MgB204) decreases the concentration of tetrahedral sites,
consistent with the B(3)-structures (chains and rings) of crystalline R(B204) compounds:

BD4- + B020-

Rarnan bands assigned to the metaborate chains (structure II, -720 cm-l) and rings
(structure III, -620 cm-l) also increase in relative intensity as R2+ replaces La3+, consistent with
the replacement of the double-chain, tetragonal-B structure. In addition, the ‘ring’ peak near 625
cm-l is most distinct in the spectrum from the high-BaO glass (Fig. 2-5), suggesting that the
metaborate structure (III) found for cx-BaB20q is also present in the glass.

The presence of well-defined rings in the Ba/La-metaborate glasses might be related to
the smaller range of glass formation if these rings act as nucleation sites in the melt. One
suspects that because of steric hindrance, metaborate chains, which appear to be preferred in the
Mg- and Ca-glasses, would be less likely to form ordered nuclei as a prelude to crystallization.

The Raman spectra also show that these glasses contain other anionic structures, in
addition to the metaborate moieties discussed above. In particular, orthoborate and pyroborate
anions are present in glasses with higher RO-contents. Such sites most likely result from the
disproportionation of more polymerized borate structures in the respective glass melts; e.g.,

2B020- + B00z2- + B03

The increase in the relative intensity of the -850 cm-l band in the MgO-glasses suggests a
preference for pyroborate species seen in other Rarnan studies of alkaline earth borate glasses
[Karnitsos et al. 1987; Konijnendijk and Stevels 1975].

These structurally smaller anionic species most likely contribute to the lower molar
volumes in the alkaline earth modified glasses. In particular, the replacement of the large
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B(3)/B(4) metaborate double-ring (structure I), preferred by the La-rich glasses, should yield a
denser molecular structure as RBzOq is added.

The facile explanation for the trends in the oxygen refractivity data (Fig. 2-2b) is that
higher RX for the Ba-glasses, compared with the Mg-glasses, is due to the presence of a greater
concentration of polarizable  nonbridging oxygens. It seems plausible that replacing La with an
alkaline earth will increase the nonbridging-to-bridging oxygen ratio (compare metaborate
structure I with II and III). However, the relative number of nonbridging oxygens seems less
sensitive to the type of modi~ing cation and so the compositional dependence of I&x seems to be
instead due to the relative polarizability of those nonbridging oxygens. D@ and Ingram [1 976]
have shown that oxygen refractivity correlates directly with the microscopic optical basicity, a
measure of the polarizing tendency of oxygen ions, and that more polarizable oxygens are
associated with lower field strength cations. Thus, the trends in the oxygen reli-activity data in
Fig. 2-2b can be related to the field strengths of the different counterions (inset to Fig. 2-5):
replacing La3+ with a higher field strength Mg2+ ion decreases RX; replacing La3+ with a lower
field strength Ba2+ ion increases RX; replacing La3+ with Ca2+, an ion with a comparable field
strength, has little effect on IQ

11-1.2 Aluminum Lanthanoborate Glasses

The addition of alumina to lanthanoborate glasses reduces the glass transition
temperature, increases the thermal expansion coefilcient and reduces the molar volume
[Chakraborty  and Day 1985]. Based on infrared spectra of 0.25La203*xA1203* (75-x)B203
glasses, it was proposed that Al(4) sites substitute for B(4) species in metaborate structure I
(section II. 1.1) to form modified (AlB20b)~ metaborate chains. The relative expansion of the
(AlB20b). units, and subsequent weakening of the intra-chain bonds, was used to explain the
property variations. However, the polyhedral structures of alurninoborate networks in glasses
with high field strength modi~ing cations (like La3+) are typically much more complex than is
suggested by this simple model, since they usually possess Al(5) and Al(6) sites in addition to
the tetr@edral aluminums [Bunker et al. 1991].

Figure 2-6 shows the compositions of glasses examined in this study. Closed circles
represent compositions that form clear glasses when cast to a thickness of 3-5 mm. Open circles
represent compositions which required quenches between steel plates to a thickness <3 mm to
avoid crystallization (determined by x-ray diffraction). Crosses represent compositions which
crystallize despite quenching. In general, larger samples of crystal-free glasses could be prepared
in the 0. 25La203”yA1203* (l-y)B203 series, compared with the .xA1203*(l -x)LaB306 series, and
glass formation was generally easier for compositions with more than about 15 mole% A1203.
Glass properties are given in Table 2-3.

Figure 2-7 shows the molar volumes (calculated from glass density and molecular weight,
according to MV=MW/p) of the glasses examined in this study along with those reported by
Chakraborty  and Day [1 985] for the 0.25La203*yA1203 ~(l-y)B203 series. For both systems, the
addition of A1203 systematically increases molar volume, with no obvious breaks that might
indicate a significant change in the structure/composition behavior. Figure 2-7 also shows the
refractive indices of glasses in the two series studied here. Again, there are no significant breaks
in the compositional dependence of this property.
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Table 2-3: Composition and properties of ternary aluminum Ianthanoborate

t
I I 1 I ,--,  -,,,-,,  \

LB-1 75.00 25.00 0.00 65 I I

glasses.
Glass ID B203 La20~ A1203 CTE Tg TX density n ox. Mv Comments

(I n-’twn (“c) yc) (g/cm’) Refr. (cm3/mol)

, , 4.029 1.724 3.799 33.17 qnch.  gkss
LBA-1 I 71.25 ?7 75 I 5 Ml I 74 I 666 I X55 4027 1.721 3.760 32.79 qnch. glass
LBA-2 63.7 1.700 3.826 33.68 anch. Mass

---- ..- ---- ..-.
75 21.25 15.00 68 ii9 iii 3.827t

LBA-3 56.25 18.75 25.00 3.700 1.684 I 3.836 I 33.97 I - -glass
LBA-4 70.00 25.00 5.00 4.097 1.730 3.802 33.01 I ml-t. Xtai. 1
I.RA-T 60.00 25.00 15.00 1 , ,

10 25.00 25.00 4.064 1.730 4.031
)0 25.00 10.00 82 637 884 I 4.088 I 1.733 I 3.871

——. . . . . I 4.022 I 1.725 I 3.958 34.43
LBA-6A

part. Xtal.
50.0 34.87 qnch. glass

LBA-6 65.0. , _. 33.48 qnch. glass, ,
LBA-7 55.00 I 25.00 20.00 81 627 I 768 4.050 1.725 I 3.974 34.59 qnch. glass
LBA-8 45.00 25.00 I 30.00 I 78 I 672 797 I 4.069 I 1.730 4.074 35.23 anch. sdass
LBA-9 67.50 22.50 10.00 76 659 857 3.938 1.715 3.802 33.13 ‘ -

LBA-10
glass

60.00 20.00 20.00 72 651 866 3.756 1.696 3.859 33.89
LBA-11

glass
52.50 17.50 30.00 67 670 868 3.600 1.679 3.900 34.48

LBA-12
glass

75.00 20.00 5.00 75 655 788 3.855 1.705 3.640 31.76 part. Xtal.
LBA-13 75.00 15.00 10.00 69 630 848 3.553 1.682 3.591 31.31 Dart. Xtal.
LBA-14

J
50.00 30.00 20.00

LBA-15 48.75
crystallized

16.25 35.00 680 904 3.54-1 1.668 3.878 34.55
LBA-16 60.00 10.00 30.00 60 688

part. Xtal.
857 3.131 1.624 3.680 33.50

LBA-17
part. Xtal.

66.67 16.67 16.67 64 665 939 3.524 1.660 3.703 33.44 gklss
LBA-18 45.00 27.50 27.50 79 678 800 4.201 1.740 4.097 35.45 part. Xtal.

t 1.RA-19 I 7000 I 15.00 I 15.00 I I 645 I 924 I 3.503 I 1.664 I 3.617 I 3:
I ------ . . . . . --- 1 , r , , .2.22 I qnch. glass I
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Figure 2.7: Optical properties of aluminum Ianthanoborate  glasses. (left) The
effect of alumina content on the molar volume of xA1203=(7-x)LaB306
glasses (closed circles) and 0.25LazO~”yAlz03  *(f-y)Bz03 glasses
examined here (closed triangles) and reported in [Chakraborty  and Day
1985] (open triangles); (right) the effect of alumina content on the
refractive index of the glasses from the two series prepared in the present
study.

Figure 2-8 shows the 1 lB MAS NMR spectra collected from several of the
xAlz03”(l-x)LaB30G glasses (Fig. 2-8a) and the 0.25La203”yAlz03 *(l-y)Bz03 glasses (Fig. 2-8b).
The spectra consist of a relatively narrow, symmetric peak centered at approximately +1 ppm
superimposed on a broad, asymmetric feature that extends from about +20 ppm to about
-20 ppm. These spectra are qualitatively similar to those reported for alkaline earth
Ianthanoborate glasses [Brow et al. 1996a]. The narrow peak is due to tetrahedral B-sites
[Bunker et al. 1991]. The position of this peak does not change significantly with glass
composition. The asymmetric feature is due to trigonal B-sites. Second-order quadrupolar
interactions are responsible for the breadth and asymmetry of this feature [Turner et al. 1986].

The relative concentration of tetrahedral B-sites (N~(d)), determined by decomposing each
1 lB MAS NMR into its wo respective contributions, are shown in Fig. 2-9. For both series of
glasses, an increase in the alumina content reduces the fraction of tetrahedral boron.

Figure 2-10 shows a representative 27A1 MAS NMR spectrum, this collected from the
0.25A1Z03*0. 75LaB30G glass. In general, each spectrum contains three relatively broad,
symmetric peaks, centered near +57 ppm, +30 ppm, and +1 ppm. These three broad features are
similar to those found in 27A1 MAS NMR spectra from alkaline earth aluminoborate glasses
[Bunker et al. 1991] and, accordingly, are assigned to A1(OB)l, Al(OB)~, and A1(OB)G sites,
respective y.
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Figure 2-8: “B MAS NMR spectra from the aluminum Ianthanoborate  glasses.
(left) xAlzO~  (l-x)  LaB~OG  series, and the (right) 0.25La20~ yAlzO~
(1-y)B20~  series.
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spectra. The predicted relationship (dashed line) is described in the text,
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Figure 2-10: 27AI MAS NMR spectrum collected from the 0.25A120@.75LaB~OG
glass.

Figure 2-11 shows the unpolarized Rarnan spectra collected from several of the
xA1203*(l-x)LaB306 glasses (Fig. 2-11 a) and the O. 25La203*yA1203* (l-y)13203 glasses (Fig. 2-
1 lb). The spectrum from the binary 0.25 La203*0.75B203 glass has a series of peaks that can be
assigned to a variety of borate structures, including three-coordinated borons in orthoborate units
(930 cm-l), pyroborate  units (840 and 1235 cm-l), and metaborate ring units (658 and 1380 cm-i).
The presence of four-coordinated boron is indicated by Raman bands at 500,762 and 1078 cm-l.
The last two bands are characteristic of diborate rings which incorporate two B(4) atoms
~onijnendijk and Stevels 1975]. These band assignments are summarized in Table 2-2 above.

In both the metaborate (Fig. 2-1 la) and the Al-for-B series (Fig. 2-1 lb), the addition of
alumina suppresses or shifts many of the borate peaks shown in the spectrum from the
25La203*75Bz03 base glass. In particular, bands associated with tetrahedral borate units in the
binary composition are no longer present in the spectra of glasses with 25 mole% A1203. New,
broad features, at 495 and711 cm-l, are present in the spectra of glasses with A1203-contents
over about 15 moleO/O.  These peaks are likely due to aluminate species [McMillan and Piriou
1983]. A highly polarized band near 1000 cm-l is likely due to an aluminoborate network, in
agreement with a previous study of a calcium alurninoborate crystal [Fukurni et al. 1984]. New
bands at 1205 and 1350 cm-l are B-nonbridging oxygen stretching modes, also presumably
associated with an aluminoborate network. Loss of intensity in the Raman band near 658 cm-l,
along with the development of intensity near 720 cm-l, indicates the replacement of metaborate
rings with chains.
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Figure 2-11: Unpolarized Raman spectra from the aluminum Ianthanoborate
glasses. (left)  XA1203  (f-x)  LaB306  series, and (right) 0.25La20~ yA1203
(1-Y)Bz03  glasses.

As noted in the previous section, crystalline La(B@6) has a structure based on double
chains of trigonal (B020_) and tetrahedral (BCJ4~ species (metaborate structure I), linked by ten-
coordinated La3+ ions through the nonbridging oxygens. The fraction of borons with tetrahedral
coordination in this structure is one-third. According to the 1 lB MAS NMR results (Figure 2-9),
virtually the same fraction (0.38+0.04) exists in the structure of the binary La-metaborate glass.
Although the glass structure is somewhat more complex (e.g., the Raman spectrum in Fig. 2-11
reveals the presence of additional borate species, including orthoborate and pyroborate groups),
this double-chain metaborate anion seems nevertheless to well-represent the predominant
structure in this glass. Evidence for different aspects of this structure in the Raman spectra
include the metaborate bands at658 and 1375 cm-l and the tetrahedral borate ring modes at 762
and 1090 cm-l.

The addition of A1203 to the lanthanoborate base glass, in both series examined here,
increases the molar volume (Fig. 2-7). Chakraborty and Day [1985] proposed that this results
from the replacement of smaller B(4) sites in the metaborate anion by larger Al(4) sites
(illustrated in the structure below), and indeed, the present spectroscopic results are qualitatively
consistent with this general mechanism. The 1 lB MAS NMR analyses reveal that the fraction of
tetrahedral borons decrease. The Rarnan intensities of tetrahedral boron species also decrease,
and the intensities of ‘alurninoborate’ features (e.g., at 980 cm-l) increase with increasing
alumina content.
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This model, however, is not quantitatively accurate. If one B(4) site were eliminated by
the addition of each Al atom, the fraction of remaining borons that are tetrahedral (N~(Q)) will be
given by:

N~(d) = 1/3 - [Al]/([AQ+[IIl) (1)

Figure 2-9 compares N~(Q), determined from the 1 *B MAS NMR results, with the
prediction (dashed line) of equation 1. Clearly, the fraction of tetrahedral borons does not
decrease as much as predicted with increasing alumina additions. This is not altogether
surprising since the 27A1 MAS NMR results show that only about one-third to one-half of the
aluminums are present as tetrahedral species; the remaining are incorporated in 5- and 6-
coordinated sites (Figure 2-10).

The 5- and 6-coordinated aluminums probably participate in a variety of alurninoborate
structures, similar to the ah.nninoborate linkages thought to co-exist in alkaline earth
aluminoborate glasses @3unker et al. 1991]. These most likely include tri-coordinated oxygens
similar to those found in aluminoborate crystals; e.g., oxygens which link 2 tetrahedral borons
and one octahedral aluminum, as found in crystalline CaAlB307 ~oore and Araki 1972].

Cations with large electrostatic potentials (defined by Z/r, where z is valence and r is ionic
radius), like Mg2+, stabilize the formation of more highly charged Al(5) and Al(6) species and
La3+ appears to have a similar effect. Figure 2.12 shows the effect of modifier potential on the
fraction of tetrahedral aluminums found in 25 RXOY025A1203050Bz03 gki.sses (the alkaline earth
data is from [Bunker et al. 1991]) and La3+ is consistent with the previously noted trend. The
more highly coordinated aluminums concentrate negative charge on fewer oxygen anions and
thus are more readily neutralized by the higher field strength modifiers.
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Figure 2.12: The dependence of the relative concentration of tetrahedral Al sites,
determined from the 27AI MAS NMR spectra, on the modifying cation
potential. The alkaline earth ion results are from ref. [Bunker et al. 1991].

11.1.3 Titanium Lanthanoborate  Glasses

Adams [Adams 1990] has reported that glasses prepared from the compositional field
bounded by 3-30 wt~o Ti02, 45-65 wtYo La203, and 15-45 wt% B203 have exceptional chemical
durabilities, particularly in alkaline solutions.

Phifer ~hifer et al. 1992] prepared and characterized the properties and structures of titanium
lanthanoborate glasses. Figure 2.13 shows the region of homogeneous glass formation, centered,
more or less, just below the tie-line between lanthanum metaborate (25 La203075B203) and Ti02.
Glasses were made in 20 gram batches, melted in platinum crucibles in air between 1200 and
1500°C for about an hour.

In general, expansion coefficient increases (from about 67 to about 75 x 10-7/OC),
refractive index increases (from 1.79 to as high as 2.08), and glass transition temperature remains
about the same (650-675”C)  as the Ti02 content is increased. The aqueous durabilities  of the
ternary glasses are excellent. As an example, a glass with the nominal (mole%) composition
25 Ti02020La203055 B203 dissolved at a rate of 3 x 10-10 g/cm2-min after 7 days in 70°C
deionized water [Day 1991].

Phifer [Phifer unpublished] also pefiormed a variety of spectroscopic studies of the
structures of the ternary titanium lanthanoborate glasses. 1 lB solid state analyses showed little
change in the average B-coordination with increasing Ti02. Rarnan analyses indicate that
titanium is incorporated primarily as octahedral moieties that cross-link metaborate chains (like
those discussed in chapter II-1.1) through the formation of B-O-Ti bonds.
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Figure 2.13: Titanium Ianthanoborate  glass formation. Open circles represent
compositions (mole fraction) that readily form glasses, closed circles
represent compositions that exhibit minimal crystallization when quenched,
and crosses represent compositions which crystallize heavily when
quenched (from [Phifer et al 1992]).

It is interesting to note that glass formation in both the titanium and the aluminum
lanthanoborate systems extends generally to lower O/13 ratios than was found for the alkaline
earth lanthanoborates. This is consistent with the proposed ‘glass-forming’ roles for both Ti4+
and A13+.

11.2 Calcium Phosphate Glasses

Calcium phosphate based glasses and glass ceramics have been used for a variety of
biomedical applications because of their biocompatibility and potential to chemically bond to
living bone [Hench 1991; Doremus 1992] The addhion of transition metal oxides (MeO), such
as Fe203 and Ti02, to phosphate glass greatly improves its aqueous durability and so the ternary
CaO”MeO”P20~ systems were investigated for compositions with the requisite thermal and
chemical properties for Ti-seals.

11.2.1 Iron-Modified Calcium Phosphate Glasses

The Fez03-modified glasses were investigated by the University of Missouri-Rolls (Prof.
Delbert E. Day, PI) under contracts AF-0923 and AJ-0984. Details of these studies are contained
in two final reports [Day and McIntyre 1994; Day et al 1994]. What follows is a brief summary
of those works.

Glasses were prepared form mixtures of Ca2P207, NHOH2P01, P20~, and Fez03, melted in
alumina crucibles at 1100-1200”C for 4 hours in air. The 50 to 80 gram samples were cast in
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steel molds and annealed at 500°C for one hour. Figure 2-14 shows the compositions that were
prepared; open circles are compositions which form glass, closed circles are compositions which
partially crystallized, and crosses are compositions which heavily crystallized. Table 2-4 lists as-
batched and analyzed compositions (including some alumina contamination from the crucible,
generally less than 1 wtYo).
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Figure 2-14: Compositions of calcium iron phosphate glasses. Open circles are
compositions (mole fraction) which form good glasses, closed circles
represent compositions which partially crystallized, and crosses represent
compositions which heavily crystallized.

Table 2-4 also lists some of the properties of the glass forming compositions. Thermal
expansion coefficient (Cl%) was measured by dilatometry from 25 to 300°C at 10C/min and Td

is the dilatometric softening point Dissolution rates were determined from weight loss
measurements after 64 days in 90°C distilled water. In general, density increases with increasing
Fez03 and CaO contents and Td increases as Cao replaces P20~. Glasses with relatively low
Fez03 contents (s1 O mole%) have expansion coefficients in the range necessary for matched
seals to Ti (90-100 x 10-70C). The addition of Fe203 significantly decreases the aqueous
dissolution rate (DR) to the point where many of these glasses have superior corrosion resistance
to soda-lime silica window glass, which corrodes at a rate of 4 x 10-8 g/cm2-min under identical
conditions.

Iron is present as both Fe2+ and Fe3+, the latter with increasing relative concentration as
the composition becomes more basic; i.e., with decreasing P20~ content. Iron valency was
determined by both Mossbauer spectrometry [Day and McIntyre 1994] and by x-ray
photoelectron spectroscopy prow  et al. 1994]. Mossbauer spectrometry indicates that octahedral
coordination is prefemed.
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Table 2-4 Composition (mole%) and properties of calcium iron phosphate
glasses.

I I Batched Analvzed [
Glass CaO F e20 3 P205 CaO FezO, P205 AlzO, Density CTE ● 5 Td *5 DR (90”C H20) Comments
ID (g/cm3) (x 1071”C) (“c) (g/cm2-min)
CFP-I 24.3 9.0 66.7 22.9 9.4 67.2 0.5 2.71 90 530 2.1X1O* Glass
CFP-2 17.3 16.0 66.7 16.7 12.8 69.9 0.6 2.77 74 580 nm Glass
CFP-3 9.3 24.0 66.7 10.0 21.9 66.2 1.9 2.90 75 550 nm Glass
CFP4 12.0 30.0 58.0 13.1 26.5 59.7 0.7 3.05 77 525 7.6xIO”’ Glass
CFP-5 20.0 25.0 55.0 19.0 22.7 57.6 0.8 3.07 79 555 7.%10-’ Glass
CFP-6 10.0 37.0 53.0 9.7 23.0 66.7 0.7 2.94 72 562 7.6x1O’ Glass
CFP-7 45.0 10.0 45.0 41.9 8.8 48.7 0.6 3.09 100 582 8.0x10-’ Glass
CFP-8 40.0 20.0 40.0 37.6 18.2 48.7 0.6 3.28 90 585 7.1X10Y Glass
CFP-9 35.0 30.0 35.0 nm nm nm nm nm nm nm nm Xtai
CFP-10 30.0 40.0 30.0 nm nm nm nm 0n3 nm nm nm Xtal
CFP-11 20.0 40.0 40.0 nm nm nm nm run Om nm nm Part. Xtal
CFP-12 10.0 40.0 50.0 nm nm mn nm X33Tl nm nm nm
CFP-13 31.3 2.0

Part. Xtal
66.7 35.8 2.3 61.5 0.4 2.67 100 520 3.0XIO+ Glass

CFP-14 28.3 5.0 66.7 30.2 5.0 64.3 0.6 2.95 95 540 2.5x10-’ Glass
CFP-15 30.0 30.0 40.0 nm nm nm nm nm nm nm nm Part. Xtal
CFP-16 20.0 30.0 50.0 16.9 26.8 55.8 0.5 3.20 73 545 1 .9X1O-’” Glass
CFP-17 30.0 25.0 45.0 28.5 23.3 47.4 0.5 3.26 90 560 7.1 X1 O-” Glass
CFP-18 20.0 35.0 45.0 nm nm nm nm nm nm nm nm Part. Xtal
CFP-19 10.0 35.0 55.0 12.1 29.2 58.7 0.0 3.16 70 517 5.9X10-’ U Glass
FP-35 0.0 35.3 64.7 9.9 29.5 60.6 nm 2.98 88 495 nm GIMS
FP-40 0.0 40.1 59.9 14.5 31.3 54.3 nm 3.04 77 502 nm Glass
CP-33 33.3 0.0 66.7 34.2 0.0 64.5 1.3 2.56 100 500 nm Glass
CP-50 50.0 0.0 50.0 43.8 0.0 51.9 4.3 2.71 100 550 nm Glass

Raman spectroscopy and photoelectron spectroscopy was used to characterize the
structures of binary Fe2030P205 and ternary CaOoFe2030P205 glasses. Some representative
results are presented below. Details of the XPS analyses of the Fe2030P205 glasses can be found
in [Brow et al. 1994].

Figure 2.15 shows the Raman spectra collected from several Fe-phosphate glasses
prepared at UMR. The spectrum from the glass batched with 15 wt’Yo Fe203 has peaks that can
be attributed to polyphosphate  (Q2) chains; i.e., the P02 symmetric (1 187 cm-l) and asymmetric
(1261 cm-l) stretching modes and the P-O-P symmetric stretching mode (697 cm-*). The peak at
1062 cm-l is the P03 stretching mode due to chain terminating (Ql) sites. With the addition of
Fe203, the bands due to the Q2 species are reduced in intensity. The spectra fi-om the 43 and 50
wt’XO Fe203 glasses (as batched) are dominated by a single peak centered at 1072 cm-l, again due
to the P03 stretching modes of pyrophosphate (Q1) structures. Of interest is that the Q1 POP
stretching mode, present as a high frequency shoulder to the 697 cm-l peak in the spectrum from
the 15 wtVO Fe203 glass, is either very weak or absent in the spectrum from the 43 wt% Fe203

glass. Crystalline Fe2PzOT has pyrophosphate units with a linear P-O-P bond angle [Hoggins et
al. 1983]. It is conceivable that similar structures are present in the 43 W% Fe203 glass, which
has a final composition close to the pyrophosphate [Brow et al. 1994]. The linear P-O-P unit
would most likely be Rarnan inactive, consistent with the weak band shown below.

This evolution of structure, that is the progressive shortening of polyphosphate chains
with increasing Fe203-content by the replacement of P-O-P bonds with P-O-Fe bonds, is
supported by our XPS study of similar glasses [Brow et al. 1994]. In that study we showed that
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the Ols spectra could be decomposed into separate contributions from these two oxygen sites
and that their relative intensities were dependent on composition.

Figure 2-15
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Raman spectra collected from binary Fe20~oPzO~. The ‘as batched’
wtYo Fe20~ is listed with each spectrum.

llaman  spectra were also collected from a number of ternary CaOoFez030PzO~  glasses.
The spectra (not shown) were similar to those collected from the binary Fez030PzO~ glasses,
indicating that iron has a similar cross-linking effect on structure. This interpretation is
consistent with the effect of iron on the properties of Ca-phosphate glasses (Table 2-4). The
decrease in CTE and increase in T~ reflects a strengthening of the network as Fe3+ replaces either
P5+ or Ca2+ and the general improvement in glass durability most likely results from a decrease in
the average phosphate chain length and increase in the number of chemically more stable cross-
links with increasing iron content.

II-2.2 Titanium-Modified Calcium Phosphate Glasses

The following is a summary of a paper submitted to Physics and Chemistry of Glass on
the properties and structure of the calcium titanophosphate glasses prepared for this work ljBrow
et al. 1996b].

Binary titanophosphate glasses were prepared from mixtures of H3POA and TiOz, melted
in alumina crucibles in air for one hour at 1500°C. 10 gram melts were quenched between
copper blocks, then checked for crystallinity by x-ray diffi-action. Ternary calcium
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titanophosphate glasses were prepared fkom mixtures of CaHP04, H3P04 and TiOz, melted in
alumina crucibles in air for up to four hours at 1300-1500”C, depending on the composition. 10-
25 gram melts were cast into copper molds, then annealed at about 550”C.

Chemical analyses of representative glasses were done by inductively coupled plasma
atomic emission spectrometry (ICP-AES);  samples were run in duplicate and the reported results
have an uncertainty of i5V0 relative. Glass transition and crystallization temperatures were
measured by differential thermal analyses at 20 °C/min in argon and are reproducible to i5°C.
Chemical durabilities were determined as weight loss rates (normalized to sample stiace area)
fi-om polished samples after four weeks in 100 ml of an agitated saline solution (pH=7.00),
contained in Teflon bottles and held at 37”C. Average weight loss rates from four samples, each
with a nominal surface area of 3-5 cm2, are reported.

X-ray amorphous titanophosphate glasses could be prepared from starting materials with
batched Ti02 contents between 55 and 70 mole%. Melts with greater TiOz-contents crystallized
upon quenching to form primarily Ti-pyrophosphate and rutile. Chemical analyses reveal some
P20~ volatility from the glass melts (Table 2-5), resulting in actual glass compositions with
~]/[Ti] ratios between 0.75 and 1.30. In addition, the ‘binary’ glasses contain 3-5 mole% A1203
as a contaminant iiom the alumina crucible used in glass preparation. These glasses are dark
purple, indicating the presence of Ti3+.

Chemical analyses of the ternary calcium titanophosphate glasses (Table 2-5) reveal, in
general, that the nominal Ca:Ti:P ratios were retained after melting; there is also, however, some
A1203 pick-up. Glasses become progressively darker with increasing total TiOz contents.

Figure 2-16 shows the ‘as-batched’ compositions of glasses examined in this study.
Open circles represent compositions which could be prepared without evidence for
crystallization, closed circles are compositions which exhibited slight surface crystallization, and
crosses represent compositions which heavily crystallize, despite quenching between copper
plates. The solid lines represent the approximate glass forming region reported by Kishioka
[1978]. In general, we find a larger region for glass formation than reported by Kishioka,
perhaps due to the presence of 3-5 mole% A1203 in our samples. We find a similar range for
glass formation in the xTiOz (1-x)P20~ system to that reported by Hayashi and Saito [1979].

Glass transition temperatures in the binary titanophosphates decrease from 680”C to 637°
C with increasing TiOz content, as do crystallization temperatures (TX) (Table 2-6), consistent
with the decreasing liquidus temperature reported for the same compositional range [Mal’ shikov
and. Bondar’ 1989]. T~ also increases when Ti02 is added to calcium metaphosphate glass, from
550”C for the Ca(P03)z base glass to 689°C for a glass with the nominal composition (mole%) of
45 Ti02”55Ca(P03)2. Note that the difference between the transition and crystallization
temperatures (TX-T~) decreases with increasing Ti02 content.

Finally, the normalized weight loss rates in 37°C saline solutions for a number of the
glasses are also listed in Table I. The binary titanophosphate glasses are remarkably stable,
exhibiting little corrosion after one month on test. The calcium titanophosphate glasses have
poorer durabilities than the binary titanophosphates, corroding with weight loss rates that are 1-2
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orders of magnitude greater (Table I). In general, the addition of Ti02 to calcium metaphosphate
glass improves its corrosion resistance.

Table 2-5: Compositions and some properties of the titanium phosphate
glasses.

Batched Analyzed
I

CaO TiOz P~o~ CaO Ti02 P*05 AlzO~ T~ TX DR (37°C saline)
~c) ~c) (#cm’ rein)

. . 55.0 45.0 0.0 57.7 37.4 4.9 680 820 1.5X1 O-’

-- 60.0 40.0 0.0 62.5 33.9 3.6 665 818 nm

-. 65.0 35.0 0.0 66.9 30.0 3.1 654 796 2.0 Xlo-’

-- 70.0 30.0 1.4 68.2 25.4 5.0 637 694 9 Xlo”’”

50.0 0.0 50.0 48.8 0.0 49.8 1.4 550 703 2.3 xlo-’

48.7 2.6 48.7 45.1 3.5 47.6 3.8 572 756 m-n

47.4 5.3 47.4 45.6 5.0 46.1 3.3 584 773 4.4 Xlo-x

45.9 8.1 45.9 44.2 8.5 44.6 2.8 596 779 nm

44.4 11.1 44.4 run run m ml’ 600 766 2.0 Xlo-a

42.9 14.3 42.9 40.3 15.3 40.6 3.8 634 786 6.1 xlo-’

41.2 17.6 41.2 39.1 17.6 39.0 4.2 650 788 6.0 xlO-’

39.4 21.2 39.4 41.1 17.7 38.0 3.2 667 765 nm

37.5 25.0 37.5 ml-l nm m nm run

35.5 29.0 35.5 run nm nm nm 689 746 run

50.0 20.0 30.0 nm run ml ml 674 770 1.6 xlo-’

40.0 30.0 30.0 39.1 29.3 28.8 2.8 686 755 1.8 xlo-’

20.0 44.0 36.0 run nm nm mn 683 746 nm

30.0 30.0 40.0 run rim nm nm 683 767 nm

20.0 30.0 50.0 20.7 31.1 42.1 6.1 711 815 2.9 xlo-’

30.0 20.0 50.0 nm nm nm nm 662 776 3.8 xlo-’

10.0 35.0 55.0 nm nm run nm 590 --- m

Spectroscopic studies of the structures of the binary Ti02*P20~ and ternary
CaO*Ti02”P20~ glasses are reported in Brow et al [1996b].
are reproduced below.

Figure 2-17 shows 31P MAS NMR spectra collected
(1-x)Ca(P03)2. The decrease in chemical shift, from about -27 ppm for x=O.00 to -14 ppm for
x=0.35, indicates that the predominant P-moiety is changing iiom a metaphosphate  chain to
pyrophosphate-like units. The chemical shift of the most depolymerized sample studied (50Ca0
20TiOz 30PzO~) was -3.8 ppm, indicating that this structure is based on orthophosphate species
(see Brow et al [1996b]).

Some of these spectroscopic results

from glasses in the series xTi02
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Figure 2-16: Calcium titanophosphate glasses examined. Open circles are
compositions which form glass, closed circles are compositions which
partially crystallize, and crosses are compositions which heavily crystallize
upon quenching.
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Figure 2.17 31P MAS NMR spectra from xTi02 (f-x)Ca(POJ2  glasses, where
a) x= O.00,  b) x=O. I O, c) x= O.20, d) x= O.30, and e) x= O.45. The spectrum
from the 50Ca020Ti02 30PzO~ glass is shown in 9. The inset shows the
effect of composition on chemical shift for the entire xTi02 (1-x)Ca(PO&
series.
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Figure 2.18 shows Raman spectra collected from glasses in the series xTiOz
(1-x)Ca(P03)z. Peak assignments are also discussed in [Brow et al. 1996b]. In general, the
decrease in intensity of the band at 1175 cm-l and concomitant increase in intensity of the band at
1020 cm-l reflects the replacement of metaphosphate species with chain terminating
pyrophos  hate-like units, as supported by the 31P M.AS NMR spectra. In addition, new bands at

Y-620 cm- and 920 cm-l are assigned to the Ti-O stretching modes of titanate structures,
including a relatively short titanyl bond in a distorted 5-coordinated structure similar to that
reported-in other titanophosphate glasses [Cardinal et al. 1995].
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Figure 2.18 Raman spectra from xTi02 (f-x)Ca(POJz  glasses.

The effect of composition on the CaO*TiOz*PzO~  glass properties can be explained by the
cross linking of phosphate chains by titanate polyhedra [Brow et al. 1996b]. One resulting
structure is shown in the following schematic, in which an octahedral titanate terminates a
phosphate chain. Spectroscopic evidence for the development of such moieties include a
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decrease in shielding of the average 31P nucleus with increasing TiOl content, indicating a
decrease in the average P-chain length, and the development of new bands in the Raman spectra
from these glasses, assigned to different Ti-O and Ti-O-P bonds.

o- 0- 0 0
I I ~/

— o — p — o — p — o —  ~ —0

I I /,
o- 0- 0 I

~2+ o

Octahedral Fe3+ is expected to fill similar structural sites in the calcium iron phosphate
glasses discussed in section II-2.1, cross linking increasingly shorter phosphate chains.

Ill. Titanium Sealing Glass Compositions

111.1 Mixtures Experimental Design

Based on the initial work by Day [1991] and our studies of the alkaline earth, aluminum,
and titanium lanthanoborate systems described in sections II. 1.1-3, we selected a five-component
system, comprised of B203, La203, Ti02, A1203, and CaO, to statistically evaluate for potential
titanium sealing compositions. The following mixture constraints (in mole fraction) were
initially applied during the calculation of test compositions:

1. 0.30s ~a20~]/~203] <0.625
2. 0.25< [Ti02]/~203] <1.30
3. 0.00< [Al@#~@s] <1.00
4. 0.33< [CaO]/@203] <1.33
5. 0.00< ([Alz03]+[La203] )/[B203] <1.33
6. 0.40< [Ti02]/~a203] <1.80
7. 1.00< [CaO]/[Ti02]
8. 0.75< [CaO]/[Alz03] <3.00
9. 0.325< [B20~] <0.75

The software program M.IXSOFT ~iepel 1992] was used to generate a set of candidate
points consisting of the extreme vertices, one-dimensional, two-dimensional, three-dimensional,
and overall centroid points.

Number of Extreme Vertices =23 points
Number of 1 -D Centroids =46 points
Number of 2-D Centroids =33 points
Number of 3-D Centroids = 10 points
Overall Centroid = 1 point
Total Number of Candidates = 113 points
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An additional constraint involving the oxygen-to-boron ratio (2.0s [0]/~]s 3.5)reduced
the number of candidate points to 71 (13 extreme vertices, 28 1-D centroids, 21 2-D centroids, 8
3-D centroids, and 1 overall centroid). The DETMAX (Determinant Maximization) algorithm
was used to select a subset consisting of 20-22 design points from the 71 candidate points.

A usefi.d criterion for evaluating a mixtures experimental design is the V-max criterion.
If YP(@ represents the estimated response at the design point x, then

V-max = max { var(yp(~)) }, overall ~=(Xl,X@&I,@

in a set of candidate design points. V-max is thus the maximum value of the estimation variance,
Var(YP(x)), over all points in the design space. Snee [1975] comments that any design with V-
max <1.002 indicates a good design from a practical viewpoint, because this implies that the
model estimations, YP(x), are as precise as the measured responses (02 here is the experimental
error variance). The V-max criterion was used to check the designs generated by the DETMAX
algorithm to choose a good design for estimating the parameters of a fill quadratic model. The
initial design for this study has V-max=0.9802 (with one center point) and V-max=0.9702 (with
three center points). The design with three center points was chosen because replication of the
center point provides a‘ stability check’ throughout the course of the experiment.

A random melt run order was determined for the compositions. Table 3-1 lists the
compositions by run (’TIG-1’ through ‘TIG-23’) and by melt number. Each composition was
prepared from reagent grade H3B03, La203, Ti02, A1203, and CaC03.  Batches were calculated
to prepare 500 gram samples. The batches were generally melted at 1300°C for 4-6 hours
(including two hours of stirring) in air in platinum crucibles. Glasses were generally cast into
preheated molds, then annealed near the glass transition temperature.

Many of the compositions identified for the experimental design crystallized when cast
(see comments in Table 3. 1). In particular, alumina appears to enhance crystallization in some of
the compositions and Ti02 appears to promote glass formation. The compositional constraints
listed above were modified accordingly:

1. 0.20s [La203]/~203]  <0.50
2. unchanged
3. unchanged
4. 0.33< [CaO]/[B203] <1.00
5. unchanged
6. 0.00< [Ti02]/[La203] <2.50
7. eliminate
8. eliminate
9. 0.30< [Bz03] <0.75

The effective compositional space for this experiment then becomes:
32 mole%< B203 <57 mole%
9 mole%< La203 <21 mole%
0 mole%< Ti02 <34 mole%
O mole%< A1203 <27 mole%
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9 mole%< CaOs 42 mole%

Six additional compositions (’TIG-24’ through ‘TIG-29’) were then identified, using the
statistical procedures outlined above, and prepared..

Glass compositions were determined by inductively coupled plasma atomic emission
spectrometry (ICP-AES). Glasses were pulverized, dried, then digested in a variety of acids,
spiked with an internal standard and then analyzed against certified standard solutions. Samples
were prepared in triplicate and analyzed in replicate for statistical purposes. In general, the
analyzed and batched compositions were comparable (see Figs 3-1 a-e for comparisons). The
analyzed compositions were used in the mixtures experiment calculations.

Three properties were identified as experimental response variables. These were the
coefficient of thermal expansion (CTE, measured from 25 to 500°C), The difference (AT)
between the crystallization temperature (horn the onset of the first crystallization peak in the
DTA curve) and the glass transition temperature (T~, calculated from the peak of the first
derivative of a differential thermal analysis, DTA, curve), and aqueous durability (DR, measured
as a weight loss rate, normalized to sample surface are% after two weeks in deionized water at
70°C). These properties are also given in Table 3-1.

Empirical polynomial models were constructed for the three response variables starting
with a linear model such that:

where the ~is are the coefficients to be estimated ands represents a random experimental error
term with the expected value E(&)=o and variance Var(E) = G2. In addition, many of the
important quadratic terms that could be added to model (III-1) were determined fkom a statistical
analysis of the data. The following models that fit the experimental data were generated.

C T E  = 0.3 18(0.066)*B20~ + 1.65(0 .327) *LazO~ + 0.865 (0.079) *Ti02 -
[0.396(0 .025) *AlzO~] + 1.70(0 .061)*Ca0 + [0.0394(0 .025)* La20~*A120~]

AT. 6.97( 1.36) *B20s - 23.5(6 .36)* La20~ - 12.3(5 .05)*TiOz + 8.16( 1.20) *AlzO~ -
7.63(2 .37)*Ca0 + 0.946(0.3 16)* La20~*Ti02 + 0.702(0 .273) *LazO~*Ca0 +
[0.202(0.100)*Ti0 2 *CaO]

Log@R)  = -0.022(0 .005) *BzO~ - 0.308 (0.018) *LazO~ - 0.102(0 .006) *TiOz -
[0.052(0.008)  *AlzO~] - 0.046(0 .005)*Ca0

Standard errors of the estimates are in parentheses. Terms in brackets [ - ] are only marginally
significant (at 80°A confidence level).
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Table 3.1 Batched compositions and properties of the multicomponent  glasses prepared for the experimental

.-, . . . . . . .
,1’? I <Q nn I 17nn

---- -----  . .
11’s I IQ  nn [ 71 nn

TIG-3;  A930 . . 1 J“.””  . J.””  -.-v -

TIG-4,A93014 I 4X 00 I I’ir-lo 1 0 0 0  12
TIG-5,  A930.. I J“.”” -..”” I .- .”” -
TIG-6,A93017 I ‘38.00 I 16.00 I 29.00 i 4
TIC..7  A Q

design.
Glass ID, melt # B203 La203 Ti02 A1203 CaO MgO BaO CTE T8 (DTA) TX (DTA) log DR Comments

(10’I”C) rc) rc)
TIG-l, A93011 36.00 11.00 0.00 25.00 28.00 0.00 0.00 81 666 843 -7.0 not clear, sit. greenish tint, translucent (phase sep).
TIG-2, A930 I ? 4rl  00 ?.5 00 0.00 9.00 26.00 0.00 0.00 -- . . .- . . opaque, It. yellow, little quenched glass

n nn A,oo 19.00 0.00 0.00 83 624 731 -7.6 It. greenish blue, wht layer surf. xtals on slabs

1 . . . , -1.00 16.00 0.00 0.00 75 654 895 -7.4 sit. bluish tint, glass covered w/ thin skin of surf. xtals.
t7nn I 17.00 12.00 0.00 0.00 83 683 793 <-10 greenish tint, layer of wht. surf. xtals, some bulk xtals.

----- 1 1 , .00 13.00 0.00 0.00 89 663 793 <-10 goldish tan, surf. xtals on slabs, other parts clear
33 rm lnnn n ml I 14.00 43.00 0.00 0.00 99 639 742 -6.7 green yellow, one slab extensive surf, xtals., other slab clear

.00 13.00 0.00 0.00 -- . . . . opaque, heavily xtallized

1 ----- , -7.00 13,00 0.00 0.00 74 659 823 -8.0 excellent glass, goldish tan, mostly clear, some surf. xtals.
n nn I 14,(3(3 17.00 0.00 0.00 76 653 780 -7.7 greenish blue tint, thin skin of surf. xtals.  over glass

1 ----- , -.00 14,00 0.00 0.00 77 660 797 -8.6 goldish tan, wht. surf. xtals around slab edges
n nn I 78.00 20.00 0.00 0.00 71 658 859 -7.3 greenish blue, no surf. xtals, glass has clear dendritic xtals.

8.00 20,00 0.00 0.00 73
1.00 0.00 0.00 -- . . . . .- ooaaue.  brown. tt

TIG-12;  A93038 40.00 12.00 0.00 21
TIG-13, A93026 32.00 15.00 0.00 13.00
TIG-14.  A93027 37.00 15.00 1 I .00 1A Ml

TIG-15 A9302rl I 32.00 I 10.00 1 0.00 I 1

40... hin glass layer on quenched surfaces
---- 23,00 0.00 0.00 88 650 811 -8.5 green tint, glass has thin skin of surf. xtals, some clear pieces““

----- >. .. ____ 1 , , , 9.00 39.00 0.00 0.00 91 647 764 -6.6 yellowish green, layer of white surf. xtals.  on slabs
TIfkl 6 AQM)X2 27 no I 1<00 i llrlo 1400 23.00 0.00 0.00 90 649 811 -8.4 ereenish.  Iaver of white surface xtals. on slabs

) I 0.00 I -- I -- I -- I -- I opaaue. It. meen w

.. . . -,...-”-, “..  -” ------ ----- - ---- —---- 1 , 1 , , , “.-,  ..-

TIG-17, A93030 51.00 15.00 12.00 5.00 17.00 0,00 I 0.00 I 81
--

I 652 I 842 I -8.6 I good glass, green, mostly clear, one slab with thin skin
TIG-18, A93031 49.00 30.00 0.00 5.00 16.00 0.00 - Mow color, no glass
TIG-19,  A93032 53.00 24.00 0.00 6.00

.  . . -
17.00 0.00 ] 0.00 I -- I . . I . . I -. I opaque, It. green color

TIG-20,  A93033 32.00 10.00 18.00 10 nn an  on n no I 000 I 9-4 639 76 I 1 . 7 4 vellnw  me en lrwer nf surf. xtais, One slab W/ thin  skin

TIG-21  , A93034 43.00 27.00 0.00 16.00 14.00 I 0.00 dor
TIG-22,  A93035 45.00 14.00 0.00 10.00 31.OL , ..-. , . . . , . I 1 I I
TIG-23, A93036 37.00 15.00 11.00 1A  nn

-- ------ .-. -.. .. —.., ~. . ..- -.. . . . . . . . . . . . . _______
72 nn 1 n nn I nnn I w 646 m .s! 4 ureeni~h  tint thin clciq Of white surface xtals.

TIG-23,  A93039 37.00 15.00 11.00 1( I of white surface xtals.
TIG-23, A94029 37.00 15.00 11.00 1~ I of white surface xtals.
TIG.24 A97040 3 I .45 I 7.30 40.88 0. ive color. bubble swirls in slabs-. -_.,
TIG.’)  <

. ------
AOWIAl -1-%

.
76 -h

. .
rr5

., .””  ““.  -”  ..-.. . . . -- I - - - 1 - - - 1 I ,-..  -.. ~. --..,  .-, -. - -

) ] 0.00 ] -- -. -- -- opaque, It. green co”
10 I 0 0 0 I 000 197 I . . I .- 1 -- I most of bulk xtallized. &ss nn arsencbed surface I

7.”” -“,”” “.”” “.”- “. -  .“ --- -. . ~. -- . . . . . . . . . . . . . . . ...”.....

4.00 23.00 0.00 0.00 90 greenish tint, thin skin
4.00 23.00 0.00 0.00 greenish tint, thin skin

1 , .00 10.38 0.00 0.00 92 662 779 -=10 good glass, goldish oli
/ 24.63 I 0.00 16.26 0.00 0.00 79 650 743 -7.6 good glass, brownish, mostlv
I 1721 1 n nn 1!?01 n nn 0 no 7)3 657 X17 -7-4 excel lent  olaw  Iioht m

.00 I 13.97 I 0.00 j 0.00 I -- ! . . ! . . ! .- ! opaque, no glass
. . . .

.00 34.61 0.00 O.(JU -- . . . . .- opaque, no glass

1 ----- , .6,60 23.60 0.00 0.00 -- .- .- -. opaaue. b e
I 12.30 I 16.60 7,80 7.90 7.90 (89) -- -- -- opat
I 0.00 I 12.00 22.00 0.00 0.00 76 645 -7.0 exct

clear. some bubbles. surf. xtals. I..- -“,  ... -.,  ,. . . --- ----

TIG-26,  A93042 57.31 11.46 .-.0. “.-” , ----- , ---- , “--- , .-
-, -... -. . . . . .

I - - 1 -.. old, no surf. xtals, few bubbles1 1
TIG-27,  A93043

.- . . . . . . . . . . . ~. —., ..=.. - ~
41.25 8.25 9.26 0.00 j 41.25 I 0.00 ] 0.00 109 I 625 I 680 1 -6.5 I It. yellow green, thin film surf. xtals.

TIG-28,  A93044 42.32 23.28 20.44 0.
TIG-29,  A93045 34.61 19.04 11.75 0.
TIG-30, A93068 32.00 15.50 12?0 1( eige, did not form glass
TIG-31, A94004 32.00

.,
15.50 que, white, thin skin of milky glass on quench surf.

TIG-32, A94005 57.00 9.00 . . . -- ellent elms. sit. bluish meen tint
TIG-33, A9401O 32.00 14.70 0.00 l! n quench surf.
TIG-34,  A94013 37.00 15.00 11.00 1< ice xtals.
TIG-35, A94026 37.00 15.00 11.00 14.00 11.50 0.00 11.50 (92) opaque ye] green. Xtallized interior, glassy quenched surface
TIG-36, A94044 37.00 15.00 11.00 14.00 10.00 0.00 13.00 (92) opaque white
TIG-37, A94045 51.00 15.00 12.00 5.00 5.00 0.00 12.00 -- . . .- . . opaque white/yellow white, maybe xtalline/phase sep.
TIG-’?R  A940S0 37.00 15.00 11.00 9.00 23.00 5.00 (63 1) (820) -8.9 very dark brown glass

9.80 I 33.50 I 0.00 I 0.00 I (91) I I I I opaque, brown, thin layer of glass o
4.00 I 11.50 I 11.50 1 0,00 I 86 ] 656 I 790 I -8.9 sit. green tint. verv thin film of surfi

I
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Figure 3.1: Comparisons of the batched and analyzed compositions of the
glasses prepared for the experimental design.
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These models were used to predict optimum compositions for a set of desired properties.
For example, TIG-30 (Table 3.2 below) is the composition with the greatest AT and a CTE
between 90 and 100x 10-7/OC. The predicted Bz03-content  is the minimum allowed by the
model. As a consequence, this composition partially devitrified when quenched. (X-ray
diffraction showed that the LaB03 was the primary crystalline phase, along with minor amounts
of CaTi03 and Ca3A1206). A second example is TIG-32, a Ti02-free composition with a
maximized greatest AT and a CTE between 70 and 80 x 10-7/OC; this composition exhibited no
devitrification. A comparison of the predicted and actual properties for these two glasses
indicates that the mixtures design model can adequately predict properties in the five-component
system.

Table 3-2: Sealing glass compositions
from the experimental design.

TIG-30 TIG-32 I
Bz03 32.0 57.0
La,O~ 15.5 9.0A. 1 I

TiO, 12.3 0.0A I I

A1,O, 16.6 12.0
Cab’ 23.6 22.0
CTE (predicted) 90x lo-’/Oc 70x 1 o-’/”c
CTE (measured) 90x lo-’/Oc 76X 10-’/OC
AT (predicted) 159°C 254°C
AT {measured) 154°c no crystal.
logDR (predicted) -8.7 -5;7
logDR (measured) not measured -7.0

These five-component glasses generally tend towards crystallization during sealing.
Nevertheless, we did have some success making simple, hermetic Ti pin seals using some of
these compositions (described below). As a result, we filed a Technical Advance titled Durable
Glasses for Titanium Hermetic Seals (S-80,81 1, SD-5363, Jan. 7, 1994).

111.2 Additional Lanthanoborate Sealing Compositions

During the course of our characterization of the alkaline earth lanthanoborate glasses, we
noted that the BaO-glasses in particular were less prone to crystallization than the ‘TIG’ glasses
described above, while retaining superior corrosion resistance to the alkaline earth
aluminoborates  previously developed for Ti seals prow  and Watkins 1992]. The basic ternary
compositions were modified with several additional oxides; compositional ranges are given in
Table 3-3 and specific compositions of glasses examined thus far are given in Table 3-4.
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Table 3.3: Approximate compositional ranges (in mole%) for
new glasses for titanium hermetic seals.

LizO NazO  -CaO BaO A1Z03 La203 TiOz SiOz BZ03
O-8 0-8 0-12 5-30 0-20 5-20 0-15 0-8 40-70

Table 3.4: Compositions (in mole%) of representative glasses for titanium
sealing applications

Glass LizO NazO CaO BaO AlzO~ Laz03 TiOz Si02 B20~
BLB-8 3.0 3.0 0.0 20.7 5.0 5.0 0.0 0.0 63.3
BLB-9 5.0 0.0 0.0 15.0 0.0 10.0 0.0 5.0 65.0
TIG-23M 5.0 0.0 9.0 9.0 10.0 10.0 11.0 2.0 44.0
BLB-10 5.0 5.0 0.0 20.0 5.0 5.0 5.0 0.0 55.0
BLB-12 5.0 0.0 9.0 9.0 4.0 8.0 11.0 0.0 54.0

Important properties for these new glasses are given in Table 3-5, where they are
compared with properties of previously developed titanium sealing glasses. Coefficients of
thermal expansion (CTE) are generally reported born dilatome~ measurements between 50”C
and 500”C. The glass transition temperature (T~) is taken from the same dilatometry curve.
Crystallization temperatures (TX) are taken fi-om the onset of exothermic peaks by differential
thermal analysis (DTA). Dissolution rates (DR) are horn weight loss measurements in de-
ionized water at 70”C, usually after two weeks. In general, the new glasses have lower T~s and
comparable, or higher, TXS than the ‘TIG’ glasses reported in our frost TA prow  et al. 1994b]
and described in 111-1. This wider temperature difference (TX-T~) makes the new glasses much
easier to seal. (Sealing is generally done about 200”C above T~.) The TIG glasses tend to
crystallize during the sealing process before adequate glass flow has occurred. The new glasses
have superior resistance to attack by de-ionized water compared to the ‘RBAL’ glasses reported
in reference [Brow and Watkins 1992], but poorer aqueous durability than the ‘TIG’ glasses.
The new glasses have a good range of CTES, and so could be used with a variety of desirable pin
materials, including titanium, alloy-52, and molybdenum.

Two alkaline earth lanthanoborate  glasses, BLB-8 (Table 3-4) and a ternary CaO-
lanthanoborate composition (BLC-6: 20CaOcl 0LazOgo70BzOq)  were tested for their lithium
corrosion resistance using the 150”C Li Contact Ampoule Test (LICAT) [Douglas and Bunker
1987]. Both samples exhibited black corrosion products after 24 hours on test. Alkaline earth
aluminoborate glasses, on the other hand, exhibit enhanced resistance to attack by lithium and so
have found applications as encapsulating seals for lithium electrolytes in Li batteries [Brow and
Watkins 1991]. Both of the lanthanoborate  glasses contain relatively higher BzO~-contents (>60
moleO/O) than the typical ah.uninoborates used in Li-corrosion resistant seals (<50 mole%). The
resulting additional trigonal B-sites, which are believed to be preferentially corroded, might
make these particular Ianthanoborates susceptible to attack by lithium metal.

Hermetic seals have been made with BLB-8 and titanium bodies with titanium pins
(described below) and a second Technical Advance, titled Improved Glasses for Low
Temperature Hermetic Seals to Titanium [Brow 1995], was filed.
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Table 3.5: Selected properties of different borate-based titanium sealing—
glasses.

Glass CTE (lO-’J”C) T~ (“C) TX (“C) DR (g/cmAomin) reference
BLB-8 94 533 800 3.2x 10-0 present
BLB-9 87 584 739 2.5 X 10-’ present
TIG-23M 92 561 832 1.8x 10-’ present
BLB-10 103 (450°c) 506 677 6.0 X 10-’ present
BLB-12 9 0 562 765 3.9 x 10-’ present

SrBA1-1 98 575 805 2X 10+ Brow  and
Watkins 1992

BABAL-2 104 542 -- 1 x 10-’ Brow and
Watkins 1992

CABA1-17 91 592 -800 1 x 10-” Brow and
Watkins 1992

TIG-17 81 652 842 3 x 10-’ present
TIG-23 89 646 803 4X 10-Y present
TIG-24 92 662 779 <1 x 10-” mesent

III-3 Titanium Sealing

Initial titanium sealing experiments were done using ‘TIG’ glasses from the mixtures
design experiment described above. In particular, seals were made using TIG-23, the centroid
composition from the experimental design. This composition has a thermal expansion
coefficient (89 x 10-’/”C) close to that for titanium (Ti (grade 4) has a CTE from room
temperature to 650”C of 93.9 x 10-7/OC whereas that for Ti-6Al-4V is 95.1 x 10-’/oC), a
reasonably large AT (-150°C) to minimize crystallization during sealing, and an excellent
resistance to corrosion by water (weight loss rate in 70°C deionized water, -4 x 10-9g/cm2-min,
comparable to conventional silicate sealing glasses).

Split preforms for a D-cell header (Figure 3-3) were cast from a TIG-23 melt (93-036).
Both grade 4 titanium and Ti-6Al-4V pins were used with 304 stainless steel headers (32.5 mm
OD, 62.5 mm ID). Weighted graphite fixtures were used to position the glass (1 .37 g plunger
with a 5-gram weight). A titanium box, fashioned horn 10-roil sheet stock, was used to reduce
oxidation of the sealed parts. Seals were made in a batch furnace with an Argon atmosphere
using the following thermal cycle:

. Heat to 775°C at 25 °C/rnin.;
● Hold at 775°C for 15 minutes;
● Cool to 640°C at 15 °C/min.;
. Hold at 640°C for 15 minutes;
. Cool to 600”C at 5°C/min.;
. Cool to room temperature at 1 O°C/min.

Seals made in this fashion were hermetic to He leak rates <1 x 10-9 cc-He/see.
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Figure 3-2: D-cell

~

configuration used to fabricate titanium seals.

A second, matched contlguration  was also examined (Figure 3-3). The seals were made
using solid glass preforms of BLB-8 (Table-3.4) machined from melt-cast rods. The bodies,
pins, and preforms were again aligned using graphite fixtures and seals were made in a batch
fbrnace at 725°C for 10 minutes. A second set of seals were made in the belt furnace set at
735°C with a nitrogen atmosphere. In both cases, seals could be made without using a top
weight to aid glass flow, an advantage over processing ‘RBA1’ glasses which do not exhibit
adequate flow without weights. Seals made with BLB-8 are hermetic to He-leak rates <1x10-9
cc-He/rnin and have survived three thermal shock cycles from -50°C to +150”C.

.Titanium

Tits
Pin

\BL64
Glass Seal

Figure 3-3: Titanium seal made with improved sealing glass.

Finally, several seals were made with titanium shells and pins using BLB-8 glass for a
prototype header for a biomedical device company. Again, graphite fixtures were used. Seals
were made at 800”C in a batch finmace and in a belt furnace with an Argon atmosphere. The
higher processing temperature resulted in some carbon transfer; based on the batch fhrnace
results noted above, this temperature could be reduced for fiture belt-processed seals.
Nevertheless, the seals were hermetic to 10-9 cc-He/see and passed a 500 volt (DC) insulation
resistance breakdown test.

IV, Glass/Titanium Interracial Reactions

Titanium is a reactive metal that rapidly reduces silicate glasses during sealing, typically
at temperatures over 900”C, to forma silicide interracial reaction product. The poor adherence
of the glass to this silicide is believed responsible for the poor mechanical pefiormance of
Ti/silicate glass seals [Brow and Watkins 1987]. Borate glasses undergo similar reduction
reactions to form an interracial boride prow  and Watkins 1987, Brow et al. 1993]. However,
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the extent of these reactions is significantly less and so they do not have a deleterious effect on
the mechanical integrity of the seal [Brow and Watkins 1987].

The goal of this part of our research program was to characterize the interracial reactions
of silicate and borate glasses with titanium. This work was done primarily at Lehigh University
in collaboration with Prof. Himanshu Jain under contracts AO-4 108, AJ-0985, and AF-0924, and
resulted in a PhD. dissertation. Analytical electron microscopic, x-ray diffraction, and
quantitative x-ray photoelectron spectroscopic techniques were developed to characterize
reaction products between model silicate and borate glasses and Ti. What follows is a summary
of the Lehigh University research. A detailed discussion of this work can be found in reference
[Saha 1996].

R/-l. Ti/Glass Interracial Analyses

Binary sodium silicate (Na2002SiOz) and sodium borate (Na20”2B203) glasses were
prepared using conventional melt techniques. Contact angles on pure titanium substrates, after
two hours at temperature, were determined in a fhsed silica tube fi.u-nace under flowing, gettered
ultra-high purity argon and are reported in Table 4-1 Clearly, the borate glass wets titanium
better than the silicate glass.

Table 4-1: Equilibrium contact
angles for binary glasses on
titanium.

w
[ iOOO°C I 80° I <14° I
I 1150°C I 69° Inm I

A variety of samples were prepared to study interracial reactions between these binary
glasses and titanium. Among these include difision couples heated to 1000”C for 24 hours.
Figure 4-la and 4-1 b shows scanning electron micrographs of a NSz/Ti interface and a NBz/Ti
interface, respectively. There is a distinct difference in the reaction morphologies. A planar
Ti#iJ(0) layer, identified by x-ray diffraction, forms on the Ti-side of the silicate glass couple,
whereas discontinuous TiB precipitates (also identified by XRD) are observed extending into the
Ti side of the borate glass reaction couple. XRD also reveals the presence of TizO at the NBz/Ti
interface; no crystalline oxides were detected at the NSi2/Ti interface. Diffhsion couples
prepared between BzOq glass and Ti, as well as more complex aluminoborate glasses and Ti
prow et al. 1993] possess similar TiB interracial precipitates.
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Figure 4-1: Micrographs of titanium/glass reaction interfaces. a) SEM micrograph
of the interface of a Na20*2Si02~  diffusion couple, and b) SEM
micrograph  of the intetface of a Na20*2B20#Ti diffusion couple. Both
samples were held at 10OO°C  for 24 hours. Note the different scales.

X-ray diffi-action was performed on a variety of glass/Ti reaction couples, heated at
700”C or 1000”C, from 2 to 246 hours. An example of the difhaction pattern collected from a
Ti/CGWO080,  heated at 1000”C for two hours, is shown in Figure 4-2 (CGWO080 is a soda lime
silicate glass manufactured by Corning, Inc., and is similar to glasses recommended for Ti/glass
seals @Cohl, 1967].) Ti5Si3, along with unreacted Ti, can be identified from this pattern.
Crystalline Ti5Si3, TizO, Tiz03, and TiOz are all examples of reaction products detected in
Ti/SiOz and Ti/NazOo2SiOz difision  couples. BZ03 glass showed no evidence for reaction with
Ti, even after 89 hours at 700”C. (By contrast, TijSi3 could be detected in a SiOz glass diffision
couple after 3 hours at 700”C.) Crystalline TiB2 was identified in a Ti/Na20”2B203  diffhsion
couples after 3 hours at 700”C.

The conditions required to create reaction products of sufficient size to be characterized
by analytical scanning electron microscopic and x-ray diffraction techniques are clearly not
representative of the much shorter times, and generally lower temperatures, employed to create a
glass/Ti seal. X-ray photoelectron spectroscopy has proved useful to characterize the
significantly thinner reaction products that form at a seal interface [Brow and Watkins 1987] and
it was used in the present study to characterize the initial interracial reactions of simple silicate
and borate glasses with titanium.

Titanium films, generally -30~  thick, were deposited on glass surfaces fractured in vacuo
and analyzed, before and after heat treatments, again performed in vacuo, at temperatures up to
500”C. Experimental procedures and equipment are described in detail in [Saha 1996].

Figure 4-3a shows the Si2p photoelectron spectrum from a SiOz glass after Ti deposition
at room temperature. The intense peak centered near 103.6 eV is due to silicon atoms in the
glass bonded to oxygens. A lower intensity, asymmetric peak near 97 eV is due to a silicide
phase that results horn a reduction reaction between the Ti film and the glass substrate. Similar
room temperature reactions occur when Ti films are deposited on Na20”2Si02 glass substrates.
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Figure 4-2:
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X-ray diffraction pattern from a Ti/silicate glass diffusion couple. The
Ti/CGWO080 powder diffusion couple was heated at 10OO°C for two hours.
Asterisks mark peaks due to T&is, remaining peaks are due to unreacted
a-Ti.

Similar room temperature reduction reactions occur when Ti is deposited onto the borate
glass substrates. Figure 4-3b shows the B1s photoelectron spectrum from a BzO~ glass after Ti
deposition at room temperature. The intense peak centered near 193 eV is due to oxidized boron
and the lower intensity peak near 186 eV, not present in the spectrum from an ‘as fractured’ glass
prior to Ti deposition, is due to a thin boride reaction product.
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Figure 4.3: Photoelectron spectra from Ti/glass interfaces. a) SiO, substrate, and
b) B20~ substrate. Both were first fractured in vacuum (bo~om  two “
spectra) and then were coated with a -30~ Ti film at room temperature
(top two spectra).

IV-2. Ti/ Glass Reaction Summary

The analyses reported by Saha in [Saha 1996] lead to the following observations about
glass/Ti bonding. A titanium silicide phase with a large Ti stoichiometry forms at the interface
between Ti and every silicate glass examined. The Ti/Si ratio in this silicide decreases as the
reaction progresses until Ti~Si3(0) forms. Further reactions, particularly when alkali and alkaline
earth oxides are present in the glass, can lead to the decomposition of the silicide to form Ti-
oxides. The diffusion of Ti through the silicide layer and the release of oxygen during the
reduction reactions is thought to control the relative reaction layer thickness and stoichiometry.
Interestingly, the Ti-oxides do not format the interface between the glass and metal, as is typical
for a well-bonded glass-metal seal ~ask 1987]. In all cases, the silicide is adjacent to the
residual glass and this is the interface that separates when a Ti/silicate glass seal ftils [Brow and
Watkins 1987].

Similar reduction reactions occur at the Ti/borate glass interfaces. As shown above, a
boride reaction phase can be detected by XPS even at room temperature. Borate glasses in
general, however, are less reactive than silicates and so it is likely that the boride reaction
product acts as a diffusion barrier to inhibit fhrther reduction. In addition, the dendritic nature of
the Ti-boride reaction products offers a degree of mechanical bonding that is not contributed by
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the planar Ti-silicide reaction product (compare Figures 4-la and 4-lb), thus leading to improved
adhesion by the borate glasses. The dendritic morphology is thought to result from the relatively
greater diffisivity of B in titanium, compared to Si, and the reaction of the initial TiBz layer with
Ti to form TiB dendrites. Ti@i3 on the other hand is stable in the presence of Ti and so does not
participate in such secondary reactions. Finally, the lower temperatures required for sealing
borate glasses will likely result in less oxygen dissolution into the Ti substrate, avoiding the
formation of a mechanically weak Ti-oxide layer, as well as reducing the relative thickness of the
boride interface, compared to the silicide formed at a necessarily higher silicate glass sealing
temperature.

V. Summary and Conclusions

1.

2.

3.

4.

5.

Glass formation in several lanthanoborate systems has been identified. Spectroscopic studies
suggest that glass the networks are based on metaborate anions, including modified anions
that incorporate aluminum or titanium polyhedra. In general, these glasses have the requisite
thermal and chemical properties for making seals to titanium alloys, including thermal
expansion coefficients in the range 70-100 x 10-7/OC and glass transition temperatures low
enough to seal below the allotropic phase transition temperature for Ti. More importantly,
these glasses have significantly better resistance to attack by aqueous environments than the
alkaline earth aluminoborate glasses presently used in some T-sealing applications.

Glass formation in Fe- and Ti-modified calcium phosphate glasses has been identified. These
glasses have remarkably good aqueous durabilities, better than most phosphate glasses.
Spectroscopic studies indicate that phosphate chains are cross linked by Fe-or Ti-polyhedra
to form three dimensional Fe- or Ti-phosphate networks.

Glass properties in the CaO-Alz03-TiOz-Laz03-B203  system were modeled using a mixtures
experimental design and several specific compositions were identified for potential sealing
applications. For example, titanium pins were hermetically sealed in stainless steel headers
at 775°C using solid preforms of TIG-23. The tendency for this glass to crystallize, however,
precluded its use with pressed powder preforms unless sealed at temperatures great enough
(1 OOO”C) to remelt the crystals. Nevertheless, the outstanding aqueous durabilities of the
‘TIG’ glasses make them attractive for some specialty sealing applications.

Barium lanthanoborate  glasses, while possessing relatively poorer aqueous durabilities than
the ‘TIG’ glasses, are less prone to crystallization during sealing and robust hermetic seals
between titanium pins and headers were made at temperatures as low as 725°C.

The nature of the interracial reaction product seems to most affect the adherence of a glass to
titanium. Relatively thick, planar Ti-silicides are associated with the debonding of silicate
glasses, whereas thin, dendritic Ti-borides are present with well-adhered borate glasses.
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