'.) Check for updates

Received: 24 June 2020 Revised: 9 November 2020 Accepted: 1 December 2020

DOI: 10.1111/jace.17629

Jjournal

American Ceramic Society

ORIGINAL ARTICLE

Structure-property relations in crack-resistant alkaline-earth
aluminoborosilicate glasses studied by solid state NMR

Millena Logrado1 | Hellmut Eckert'?® | Tetsuya Murata® | Shingo Nakane® |
Hiroki Yamazaki®
nstituto de Fisica de Sio Carlos,

Abstract

Universidade de Sao Paulo, Sao Carlos,
Brazil

“Institut fiir Physikalische Chemie,
Westfilische Wilhelms-Universitét
Miinster, Miinster, Germany

3Nippon Electric Glass Co., Ltd., Otsu,
Shiga, Japan

Correspondence

Hellmut Eckert, Instituto de Fisica de Sdao
Carlos, Universidade de Sao Paulo, CP
369, 13566-590, Sio Carlos, SP, Brazil.
Email: eckerth@uni-muenster.de

Funding information

Fundac@o de Amparo a Pesquisa do
Estado de Sao Paulo, Grant/Award
Number: 2013/07793-6

The effect of the average ionic potential £ = Ze/r of the network modifier cations
on crack initiation resistance (CR) and Young's modulus E has been measured for a
series of alkaline-earth aluminoborosilicate glasses with the compositions 60SiO,—
10A1,03-10B,05~(20—x)M,,0—xM’0O (0 < x < 20; M, M” = Mg, Ca, Sr, Ba, Na).
Systematic trends indicating an increase of CR with increasing ionic potential, &, have
been correlated with structural properties deduced from the NMR interaction param-
eters in 2(’Si, 27Al, 23Na, and ''B solid state NMR. 2’A1 NMR spectra indicate that the
aluminum atoms in these glasses are essentially all four-coordinated, however, the
average quadrupolar coupling constant <Cy> extracted from lineshape analysis in-
creases linearly with increasing average ion potential computed from the cation com-
position. A similar linear correlation is observed for the average 2Si chemical shift,
whereas the fraction of four-coordinate boron decreases linearly with increasing &.
Altogether the results indicate that in pure alkaline-earth boroaluminosilicate glasses
the crack resistance/E-modulus trade-off can be tailored by the alkaline-earth oxide
inventory. In contrast, the situation looks more complicated in glasses containing both
Na,O and the alkaline-earth oxides MgO, CaO, SrO, and BaO. For 60SiO,—10A1,05;—
10B,05-10MgO-10Na,O glass, the NMR parameters, interpreted in the context of
their correlations with ionic potentials, are consistent with a partial network former
role of the MgO component, enhancing crack resistance. Altogether the presence of
MgO in aluminoborosilicate glasses helps overcome the trade-off issue between high
crack resistance and high elasticity modulus present in borosilicate glasses, thereby
offering additional opportunities for the design of glasses that are both very rigid and

very crack resistant.
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1 | INTRODUCTION

Ultrastrong glasses with high crack initiation resistance
are of great interest for the optimization of the surface
properties of modern household devices. New oxide glass
formulations for improving the mechanical strengths
without compromising other physical properties are under
continuous development.l’8 The different composition
requirements for preparing glasses with maximum hard-
ness on the one hand and maximum crack initiation re-
sistance on the other has been an important issue in this
regard. While high packing densities promote hardness,
they tend to limit the ability of deflecting mechanical
stresses leading to lower crack resistances. Numerous sili-
cate,2 borosilicate,3’4 aluminosilicate,5 and aluminoborate
glass compositions have been explored in an effort to find
a good compromise between these conflicting demands.®
A promising approach for overcoming this dichotomy has
been the incorporation of the high-field strength cations
Mg2+ and AI’" into silicate glass formulations. For ex-
ample, in the Al,05;-Si0O, glass system an increase in the
Al,0O; content has the effect of increasing the hardness and
crack initiation resistance simultaneously. On the basis of
NMR data, this effect has been rationalized in terms of
increasing concentrations of Al occurring in five- and six-
fold coordination.’ Likewise, in a series of alkaline-earth
aluminoborate glasses of composition 25RO-20A1,0;—
55B,0; (R = Mg, Ca, Sr, Ba) hardness and crack initia-
tion resistance increase in parallel with decreasing size of
the alkaline-earth metal ion.® This effect is correlated with
a significant decrease in the tendency of these glasses to
contain four-coordinate boron species. Based on the latter
result the prospect of tuning the mechanical properties of
boroaluminosilicate glasses via the alkaline-earth metal
oxide inventory appears attractive. To monitor the struc-
tural origins of this evolution, nuclear magnetic resonance
has already provided some important insights into this
matter.*®%? In aluminosilicate and aluminoborate glasses,
crack initiation resistance was shown to increase with in-
creasing average coordination number (presence of high-
er-coordinated aluminum species).s’7 In the alkaline-earth
aluminoborate glasses of Ref. [8] these structural changes
have been monitored exactly. Furthermore, recently a syn-
ergistic effect upon crack initiation resistance was noted
for glasses containing comparable amounts of both net-
work formers Al,O; and B203.9 While a large number of
multinuclear NMR results on alkali- and alkaline-earth
aluminosilicate and aluminoborosilicate glasses can be
928 work conducted by the Stebbins
group has pointed out the significance of the ability of the
cations to polarize their local environment upon physical
properties and NMR observables in silicate glasses.'""'>1°.
Two quantities can be used in this context: (a) the average
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ionic potential is defined by & = ) fiz;e /r;, where z; and
r; are the charge and the radius of the cation i, f; is its
fractional contribution to the network modifier inven-
tory, and e = 1.602 x 107"°C. Alternatively cation field
strength can be used, which is the gradient of the ionic
potential. In this study, we use the ionic potential concept
to explore the structure/function relation within the pres-
ent compositional series of aluminoborosilicate glasses by
systematically changing the alkaline-earth ion inventory.
The particular motivation for this work was to gain further
insight into the structural role of magnesium in crack-re-
sistant glasses and its effect on physical properties. Can it
be understood in terms of a regular cation field strength
effect or must we consider a potential network former role
of this element? To clarify this issue, we have conducted
a structural study on the systems 60SiO,—10A1,0;—
10B,03;—10Na,0-10MO (M = Mg,9 Ca, Sr, Ba) and
60Si0,-10A1,05-10B,05—(20-x)MO-xMgO (M = Ca,
Sr, Ba), combining results from HB, 27Al, 23Na, and 2°Si
solid state NMR with physical property measurements.

2 | EXPERIMENTAL PROCEDURE
2.1 | Glass design, preparation and
characterization

With the objective of systematically varying the cationic
ion potential, a series of glasses with composition 60SiO,—
10A1,05-10B,05~(20—x)M5,0=xM,’O (0 < x < 20; M,
M’ = Mg, Ca, Sr, Ba, Na) was prepared. Within this series
of glasses, the average ionic potential of the cationic charge
compensator was systematically varied by changing the
alkaline-earth cationic composition. Using the values of 86,
114, 132, 149, and 116 pm (crystal ionic radii as listed in
Ref. [29]) we calculate ionic potentials of 3.72, 2.81, 2.42,
2.15, and 1.38 x 10~°C/m, for Mg**, Ca®*, Sr**, Ba®*, and
Na*, respectively. In glasses with mixed cation compositions,
weighed averages were calculated (see Table 1).

Table 1 summarizes the glass compositions and the physi-
cal properties measured. The batches were mixed thoroughly
and melted in 500 cm® Pt crucibles at 1100°C—1650°C for
about 22 h in an electric furnace. The melting temperature
for each composition was chosen according to the viscos-
ity of the melt. After the melting period the glass melts
were poured onto a carbon plate, and then placed in an
electric furnace to cool slowly. Glass transition tempera-
tures (7,:+2°C), were determined using a dilatometer. The
cooled glass was heated up to a temperature of (7, +30°C),
held for 30 min, and then cooled by 3°C/min to obtain an-
nealed glasses. Crystallization or phase separation was not
observed using a microscope in all the samples prepared in
this study. The composition of each sample was analyzed
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TABLE 1 Compositions (in mole %), crack resistance, CR, glass transition temperature, 7,(x£2°C) density, p (+0.01 g/cm3) molar volume,

V, elasticity (Young's modulus E(+1 GPa), and average ionic potential £ of the network modifier cations in the 60SiO,—10Al,0;—10B,05;—(20—x)
M5 0-xM,)’0 (0 < x < 20; M, M’ = Mg, Ca, Sr, Ba, Na) glasses under study

MgO CaO SrO BaO Na,O CR (gf)
20 250 +40
5 15 1140 + 180
10 10 1770 + 90
20 80+5
5 15 180 + 10
10 10 1700 + 60
20 60 + 10
5 15 160 + 10
10 10 1440 + 50
10 10 1700 + 40
10 10 650 + 60
10 10 90 + 10
10 10 60 + 10
20 1000 + 60

using X-ray fluorescence. These analyses confirmed that the
glass compositions are close to the batch compositions (see
Table S1, Supporting Materials). Samples of the glasses
were ground, lapped with Al,O5 slurry, and then finished
with cerium oxide to get optically smooth surfaces, which
were used for the following indentation tests. Further phys-
ical properties measured include density (p:+0.01 g/cm3)
and Young's modulus (E:+1 GPa). Density was measured
using Archimedes's method. Young's modulus was deter-
mined by a resonance method. The crack resistance value
(CR) was measured by Vickers indentation tests.**%3! The
glass sample was exposed to a Vickers diamond indenter in
air (25°C, 30% relative humidity), for a loading time of 15 s,
and the corners where radial cracks appeared were counted
after 15 s after unloading using an optical microscope.
When the glass sample is indented, various types of cracks
form around the indenter. Only radial cracks are counted for
determining crack resistance, because the cracks normal to
the glass surface are critical to fracture of glass. The per-
centage of crack initiation was determined as the ratio of the
number of the corners with the cracks to the total number of
the corners of indentations. The applied load was increased
step-by-step and twenty indentations were made for each
applied load. The load at which the percentage would be
50% is determined as “crack resistance”, CR.

2.2 | Solid state NMR

Single resonance 11B, 23Na, 27Al, and ¥Si MAS-NMR spec-
tra were recorded at 5.7 and 14.1 T using Agilent DD2 and

T, (°C) p (g/em?) V (em®) E (GPa) £x10°C/m
698 2.52 25.56 80 2.81
692 2.49 25.55 79 3.03
694 247 25.44 81 3.27
696 2.83 26.12 79 242
690 273 25.92 77 275
694 2.62 25.80 78 3.07
677 3.11 26.97 75 2.15
676 2.92 26.79 73 2.54
682 275 26.39 74 2.94
604 2.40 26.44 69 2.55
598 2.47 26.32 74 2.10
597 2.65 26.33 76 1.90
587 2.80 26.69 77 1.77
562 2.46 26.67 73 1.38

TABLE 2 Typical measurement conditions used for the glasses
under study: resonance frequency v, excitation pulse length 7,
relaxation delay D1, MAS spinning frequency v,, and number of scans
NS

Nucleus vy/MHz t,/us D1/s v,/kHz NS
B 192.6 0.2 1.0 25.0 3000
778 0.1 1.0 20.0 8000
»Na 158.8 0.3 1.0 25.0 2000
ZTAl 156.4 0.1 1.0 25.0 4000
»si 482 5.5 1400 5.0 48

Bruker Avance Neo 600 MHz spectrometers, respectively,
equipped with commercial MAS-NMR probes operated
under the conditions specified in Table 2. Chemical shifts
are reported relative to aqueous solutions of 0.1 M NaCl
and 1 M AI(NOs);, liquid TMS, and BF;-Et,0 using solid
secondary standards of NaCl, AlF;, tetrakis-(trimethylsilyl)
silane and BPO,. "B MAS-NMR spectra were fitted with the
DMfit program,32 assuming second-order perturbation theory
for the simulation of the three-coordinated boron species, and
Gauss-Lorentz curves for the four-coordinated boron species.
No intensity correction was done for satellite transition MAS
sideband intensity contributing to the central "B MAS-NMR
line of the B units. The »*Na and >’ Al MAS-central transi-
tion spectra were fitted according to the Czjzek model,* im-
plemented within the DMfit data processing and simulation
program.3 22951 MAS-NMR spectra were recorded in 7.5 mm
rotors, using 90° pulses of 5.5 ps length and a relaxation
delay of 1400 s.
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3 | RESULTS AND DATA ANALYSIS

3.1 | Composition-dependent bulk
properties

Table 1 summarizes the bulk physical properties measured.

J

2. For the glass with composition 60SiO0,—10A1,05—
10B,03;-10Na,0-10MO (M = Mg, Ca, Sr, Ba), Log(CR)
increases linearly with increasing average ionic poten-
tial of the cation inventory, reflecting the analogous
trends observed in alkaline-free glasses discussed above
(Figure 1b).

«American Ceramic Society

Only moderate changes are observed in the E-moduli and 3. For the glasses with composition 60SiO,—10Al,05—
molar volumes. Overall V), tends to increase and E tends to 10B,03;-20MO, the successive substitution of Mg, Ca,
decrease with increasing size of the modifier ion as expected. Sr, or Ba with 2Na, 60SiO,-10A1,05-10B,05;—(20—x)
In the Na,O-MO-containing samples, the molar volumes of MO—-xNa,O, shows different characteristics. In the case
the intermediate compositions are found in-between the molar of MgO, Log(CR) increases with increasing average ionic
volumes of the corresponding end member compositions, but potential. In contrast, in the case of CaO, SrO, and BaO,
no systematic trends can be found for the elasticity moduli. Log(CR) decreases with increasing average ionic poten-
Regarding crack resistance, the following trends can be noted: tial. Thus, for the case of the Na,O — MO substitution,
no clear relationship between Log(CR) and average ionic
1. In the all-alkaline-earth systems successive substitution potential is found (Figure Ic). Figure 1 indicates that
of the alkaline-earth oxide by its homologue MgO sys- in those glasses in which the modifier inventory com-
tematically increases Log(CR) linearly with increasing prises 20Na,O, 10MgO-10Na,0O, and 10Ca0O-10Na,0,
average ionic potential of the cation inventory (Figure 1a). Log(CR) is higher than predicted from the monotonic
10000 (A) 10000 (B)
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FIGURE 1 Correlation of the crack resistance with the average ionic potential for glasses in the systems: (A) 60Si0,—10B,0;—10A1,05—

(20—x)MO-xMgO (x =0, 5, 10) (M = Ca, Sr, Ba), (B) 60SiO,~10B,0;-10A1,05~10Na,0-10MO (M = Mg, Ca, Sr, Ba), and (C) 60SiO,~10B,0;3—
10A1,0;—~(20—x)MO-xNa,O (M = Mg, Ca, Sr, Ba) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 '"'BMAS-NMR spectra measured at 5.7 T (left) and at 14.1 T (right), of glasses in the system 60Si0,~10B,05—10A1,05~(20—x)
MO-xMgO (M = Ca, Sr, Ba, x =0, 5, 10) along with their simulations using the DMFit program (dashed curves) [Color figure can be viewed at

wileyonlinelibrary.com]

correlation with the ion potential followed by all the other
glasses.

3.2 | ''BMAS-NMR

Figures 2 and 3 summarize the ''B MAS-NMR results
of the glasses under study. Measurements were done at
two different magnetic field strengths (14.1 T and 5.7 T).
The spectra show two distinct boron coordination envi-
ronments: the dominant fraction of the boron species is
three-coordinate (B(III)) and characterized by a typical
second-order quadrupolar lineshape, which is strongly
field-dependent. The minority boron species is four-co-
ordinate (B(IV)), producing a simple Gaussian lineshape
near zero ppm. For these species, the nuclear electric

quadrupolar interaction is too weak to be analyzed from
the ''B MAS-NMR lineshapes. The simulation parameters
are listed in Table 3. To obtain consistent simulation pa-
rameters for the spectra observed at both magnetic field
strengths, it was necessary to assume two distinct three-
coordinate boron species: one component with an isotropic
chemical shift 5, near 14 + 1 ppm (B*(ID)-1) and one
component with §;.,*° near 17 ppm (B3(111)-2). Both com-
ponents are characterized by nuclear electric quadrupolar
coupling constants C near 2.6 + 0.1 MHz and asymme-
try parameter 7, near 0.30 + 0.05. These parameters are
typical for symmetrical BO5), (B?) units featuring three
bridging oxygen atoms. In the notation used here, the Latin
numeral denotes the coordination number and the super-
script specifies the number of bridging oxygen atoms. The
Latin numeral is omitted whenever the coordination num-
ber of the network former unit is obvious from context,
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FIGURE 3 !''BMAS-NMR spectra measured at 5.7 T (left) and at 14.1 T (right), of glasses in the system 60SiO,—10B,0;—10A1,05;—-10Na,O0—

10MO (M = Ca, Sr, Ba) and of 60Si0,-5B,05;-15A1,0,—10Ca0O-10MgO glass along with their simulations using the DMFit program [Color figure

can be viewed at wileyonlinelibrary.com]

for example all Si"-species discussed here are of the Si(IV)
type. Isotropic chemical shifts and nuclear electric quadru-
pole coupling constants show no significant compositional
trends. While the two B sites may be assignable to units
outside of and within ring structures as previously shown
for glassy B,0;,** there may be alternative assignments,
based on B (III)-O-Si versus B3(IH)—O—B linking.35 Also,
it needs to be pointed out that the deconvolution into two
types of B3(I11) units is only the simplest possible model,
and more complex distributions of chemical shift and elec-
tric field gradient tensor values might be able to repro-
duce the field-dependent data equally well. Nevertheless,
the fractions of three- and four-coordinated boron species
obtained by these simulations are accurate and consistent
at the two magnetic field strengths measured. The exist-
ence of at least two distinct BS(HI) sites consistent with the
MAS-NMR fit is also confirmed by a TQMAS experiment
(see Figure S1, Supporting Materials Section). Table 3 re-
veals some striking compositional dependences of the frac-
tion of four-coordinate boron, N,:

1. Partial replacement of Na,O by alkaline-earth oxide
leads to a reduction of N,; the effect increases with
decreasing size of the M cation's ionic radius (increasing

ionic potential) and is most strongly pronounced with
MgO.

2. Within the series 60 SiO,~-10 B,0;-10 Al,03;—(20—x)
MO—x MgO (M = Ca, Sr, Ba) at any fixed value of x, N,
decreases linearly with decreasing size (increasing ionic
potential) of the alkaline-earth metal.

3. For the all-alkaline-earth oxide series, the successive replace-
ment of MO by MgO leads to a reduction of N, as well.

Overall, the universal phenomenon observed here in-
volves a diminution of four-coordinate boron species with
increasing average ionic potential £ of the charge compen-
sating alkaline-earth ion inventory. Figure 4 shows a plot
of N, versus £ for all the glasses studied here, illustrating a
universal relationship. This result confirms previously dis-
covered findings in borosilicate glasses that the mechanism
of anionic compensation in these multiple network former
glasses is greatly influenced by the ionic potential of the cat-
ion: low ionic potential cations favor four-coordinate boron,
whereas high ionic potential cations favor non-bridging ox-
ygen species. The latter could be bound to Si (si* species)
or to three-coordinate boron (B*(III) species). Although
a clearly identifiable B(III) lineshape component, which
would have an asymmetry parameter near 0.5, could not
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TABLE 3

MgO

10

MgO

10

MgO

10

MgO
10

MgO
10

"B NMR interaction parameters extracted from lineshape simulations for the glasses of the system 60Si0,-10B,03;-10A1,05—
(20—x)MO-xMgO (x =0, 5, 10), 60Si0,~10B,05-10A1,05-10Na,0-10M,)O (M = Ca, Sr, Ba, Na), and 60Si0,~5B,0;~15A1,0;-10Ca0-
10MgO. First line: simulation of the spectrum measured at 5.7 T, second line: simulation of the spectrum measured at 14.1 T

CaO
20

15

10

SrO
20

15

10

BaO
20

15

10

Ca0 SrO

10

10

CaO
10

aFrom Ref. [9] at 5.7 T.

llB
B(II) - 1/B(1I1)—2 B* (IV)
Al% Oiso/PPM Cy/MHz Mg A% Oiso/PPM
+2 +0.4 +0.04 +0.05 +2 +0.1
36/44 15.0/17.6 2.64/2.55 0.28/0.32 20 -1.0
37/47 14.4/17.0 2.61/2.62 0.28/0.32 16 -04
42/46 14.4/17.6 2.64/2.59 0.2/0.32 12 )
43/47 14.4/17.0 2.59/2.62 0.28/0.32 10 -0.3
46/45 14.4/17.6 2.65/2.60 0.28/0.32 9 -1.1
45/49 14.3/17.0 2.60/2.62 0.28/0.32 6 -0.3
B3(ID) - /B MID)—2 B* (1V)
Al% Oiso/PPM Cy/MHz U Al% Oiso/PPM
+2 +0.4 +0.04 +0.05 +2 +0.1
29/41 14.8/17.6 2.65/2.59 0.28/0.32 30 -1.3
28/41 14.6/17.3 2.59/2.63 0.28/0.32 31 -04
37/46 14.1/17.4 2.65/2.62 0.28/0.32 17 -1.6
36/48 14.6/17.0 2.60/2.60 0.28/0.32 16 -0.3
41/49 14.7/17.7 2.64/2.61 0.28/0.32 11 -14
41/51 14.4/17.0 2.60/2.61 0.26/0.32 8 -0.2
B3(III) - 1/B(111)—2 B* (@V)
Al% Oiso/PPM Cy/MHz U Al% Oiso/PPM
+2 +0.4 +0.04 +0.05 +2 +0.1
23/39 14.8/17.3 2.65/2.58 0.28/0.32 38 -1.6
23/37 14.9/17.3 2.61/2.61 0.28/0.32 40 -0.5
35/45 14.1/17.6 2.64/2.61 0.28/0.32 20 -14
34/46 14.7/17.2 2.61/2.64 0.28/0.32 20 —-0.4
37/52 14.3/17.6 2.61/2.59 0.28/0.32 11 -1.1
39/52 14.6/17.3 2.58/2.65 0.28/0.32 9 0.2
llB
B3I - 1/B(1I1)—2 B* (@IV)
Al% Oio/pPm  Co/MHz 74 Al% Oiso/PPM
BaO Na,O +2 +0.4 +0.04 +0.05 +2 +0.1
10 89.5% 15.3 2.6* 0.27% 10.5% 1.2%
10 33/36 15.0/17.9  2.63/2.58 0.28/0.32 31 -1.0
33/40 14.9/17.5 2.58/2.62 028/032 27 -0.3
10 26/31 14.9/17.5 2.64/2.58 0.28/0.32 42 -1.0
23/33 15.0/17.5  2.59/2.58  0.28/0.32 43 0.4
10 10 21/31 15.0/17.2  2.64/2.58 0.28/0.32 48 -1.5
18/32 152/17.7  2.63/2.63  0.28/0.32 50 -0.5
20 42° 15.4° 2.6" 0.24 58% 1.6*
llB
B3(ID) - /B3IID)—2 B* (IV)
A% Oiso/PPM Cy/MHz 1q Al% Oiso/PPM
+2 +0.4 +0.04 +0.05 +2 +0.1
56/40 14.9/17.8 2.61/2.59 0.28/0.32 4 0.1
55/42 14.6/17.4 2.59/2.65 0.28/0.32 3 -0.2
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be identified for the latter, small concentrations cannot be
ruled out. Finally it is noteworthy that the strongest out-
lier in Figure 4 is observed for the glass with composition
60Si0,—-10B,0;—10A1,0,—10MgO-10Na,0O, which shows
a substantially lower experimental N, value than indicated
by the linear relationship. This is the same glass that also
does not follow the monotonic correlation of Log(CR) ver-
sus & in Figure lc. This finding will be discussed further

60-\. m 1417
~ O b.7T
N
50 - S~ 8
N
2|
o N
—_— ~
o ~
<30 EoNQ
O ~
z N
~
20 4 oI |
oY
Y
10+ u )oY
\NO
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oL . — —_— —_— —_—
15 2.0 2.5 3.0 3.5
£(102c/m)

FIGURE 4 Fraction of four-coordinate boron species as a
function of average ionic potential in glasses of the system 60SiO,—
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below in connection with a potential partial network former
role of Mg in these aluminoborosilicate glasses.

3.3 | »Si MAS-NMR

Figure 5 shows the 2Si MAS-NMR spectra of the glasses
under study. No peak resolution into distinct silicon species
can be observed. Rather, the spectra show one broad unre-
solved resonance line, from which the average isotropic
chemical shift can be extracted from the center of gravity (see
Table 4). The spectra are likely to be composed of multiple
contributions: (1) fully polymerized tetrahedral units, whose
resonances are shifted towards higher frequencies compared
to Si0,, owing to the presence of m Si—O-Al linkages (Si4m Al
species), (2) analogous Si4mB species, where the chemical shift
effect of a Si-O-B linkage is significantly smaller than that of
a Si—O-Al linkage and also depends on the boron coordination
number, and (3) Si® species connected to non-bridging oxygen
atoms. The average %S chemical shift of the glass containing
20 mole% Na,O is found near —93.5 ppm, distinctly higher
than the values observed for the analogous alkaline-earth ox-
ide-containing glasses (values between —95 and —98 ppm).
Partial substitution of Na by alkaline-earth elements dis-
places the signal towards lower frequency, by 3-5 ppm, re-
spectively. Again, the low-frequency displacement increases
with decreasing size of the alkaline-earth cation, manifesting
a monotonic correlation with the average ionic potential of the
network modifier as illustrated in Figure 6.
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FIGURE 5 ?Si MAS-NMR spectra of 60Si0,—~10B,0;~10A1,0;~(20—x)MO-xMgO (x = 0, 5, 10) glasses, of 60Si0,~10B,0;~10A1,05—
10Na,0-10MO (M = Ca, Sr, Ba) glasses, and of three 60Si0,~20A1,05~(10M,,0)-xM’O glasses with the compositions specified [Color figure

can be viewed at wileyonlinelibrary.com]
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TABLE 4 Average *Si chemical shift (center of gravity) and full width at half height of glasses in the system 60Si0,-10B,0;-10A1,05—
(20—-x)MO-xMgO (x = 0, 5, 10) and 60Si0,~10B,0;-10Al,0;-10Na,0-10M,,O (M = Ca, Sr, Ba, Na). Additional results on some

aluminosilicate glasses are included as well

»si
Oiso/PPM FWHM/ppm
MgO CaO SrO BaO Na,O (£0.5) (£0.5)
0 20 -98.3 22.8
5 15 -99.2 24.5
10 10 —100.0 243
0 20 -97.0 20.0
5 15 -98.6 20.1
10 10 -99.7 23.0
20 -95.7 17.6
15 -97.5 19.7
10 10 -98.9 20.2
10 10 —98.6" 17.4*
10 10 -96.4 18.8
10 10 -95.4 17.1
10 10 -952 16.8
20 —-93.5% 18.0°*
Boroaluminosilicate glass: 5B,0;-15A1,03;-60Si0,-5SMO-15M’O
»si
Oiso/PPM FWHM/ppm
MgO CaO SrO BaO Na,O (+0.5) (+0.5)
5 15 -95.6 21.1
Aluminosilicate glasses: 20A1,0;-60Si0,-10M;,0-10M’O
?si
0is/PPM FWHM/ppm
MgO CaO SrO BaO Na,O (£0.5) (£0.5)
10 10 -91.2 17.0
20 —91.3 19.1
10 10 -93.2 19.9

“From Ref. [9].

Overall, these results suggest that MgO (and other high
ion potential modifiers) has the effect of decreasing the
Si—O-Al connectivity in these glasses; we view this to be
the dominant effect upon the average chemical shift in the
present series of glasses. Our interpretation is supported by
29Si{27A1} REAPDOR comparisons between a sodium and
a magnesium aluminosilicate glass with the 20-20-60 com-
position, suggesting a reduced extent of Si—O—Al connec-
tivity in the Mg-containing glass.9 A further contribution
towards the systematic displacements of the average 28j
chemical shift towards lower frequency upon Na — alka-
line-earth substitution may arise from a diminished con-
tribution of Si—~O-B(IV) linkages, as the fraction of B(IV)

units is decreased with increasing average ion potential.
However, as the four-coordinated boron species have low
overall concentrations their impact on the glass structure is
small.

Finally, the 2Si chemical shift trends do not support an
increase in the concentration of Si® units as a consequence
of charge balancing demands which must be met when
Si—O-Al linking and/or B(IV) contents are diminished in
Mg-containing glasses. An increase in Si* units would con-
tribute to higher-frequency shifts of the 25i signals, which
is opposite to what is observed experimentally. As discussed
further below, this may be taken as evidence for Mg partially
adopting a network former role in these glasses.
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34 | YAIMAS-NMR

Figure 7 shows the ZAl MAS-NMR spectra of all the glasses,
measured at 14.1 T. Only the central m = %2 < m = -2 Zeeman
transition of the *’Al nuclear spins (I = 5/2) is observed. All
the spectra show the typical asymmetric lineshape at isotropic
chemical shifts between 57 and 63 ppm, which could be satisfac-
torily fitted by a distribution of quadrupolar coupling constants,
based on the Czjzek model.** Table 5 summarizes the results.
Al occurs almost exclusively in the four-coordinate state (Al(IV)
units, which are generally assumed to be linked to other network

10 15 20 25 30 35
£(109¢/m)

FIGURE 6 Correlation of average »Si chemical shifts of

60Si0,-10B,05-10A1,03—(20—x)MO-xMgO (x = 0, 5, 10) glasses,

and of 60Si0,-10B,05-10A1,05-10Na,0-10M;, O (M = Na, Ca,

Sr, Ba) glasses with the average ionic potentials [Color figure can be
viewed at wileyonlinelibrary.com]
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forming units via four bridging oxygen atoms, i.e. occurring as
anionic AlOy,~ (A1*) units. Overall, this result stands in good
agreement with the findings in the literature on charge-balanced
sodium aluminosilicate glasses:****® for the chosen composi-
tions, all the anionic AlO,,  sites can be charge balanced by
alkaline or alkaline-earth ions, producing a highly polymerized
tetrahedral network. Within each (M0)y,_(MgO), series,
however, there is a systematic trend of the linewidth to increase,
indicating an increase in the average T Al nuclear electric quad-
rupolar coupling constant <CQ> with increasing MgO content x,
in good agreement with previous findings on related boro- and
aluminosilicate glasses.9 This result indicates that the interac-
tion of AI* units with Mg2+
tions of the oxygen environment. Evidently charge neutralization
of the anionic Al* species by Mg2+ produces a larger degree of
local distortion at the aluminum sites than charge neutralization
by Na*. Figure 8a indicates that, when glasses with different
alkaline-earth inventories are examined, this effect can again be
correlated with its average ionic potential. The extent of scatter
is larger in this case, possibly because the random error of the
(CQ> determination is larger than for the average *’Si isotropic
chemical shift or the 11B-N4 value. Two mechanisms promoted
by the high-field strength cation Mngr can be envisioned leading
to the formation of Al species not observed in alkali aluminosili-
cate glasses: Al species involved in either AI*-O-AI* linkages or
four-coordinate Al species carrying non-bridging oxygen atoms
(Al3 av) units).39’40 The structural relevance of such seemingly
energetically unfavorable units was recently demonstrated by
70{*'Al} dipolar recoupling NMR experiments.*’ While in al-
kali aluminosilicate glasses such units are suppressed because of

tends to increase the local distor-
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FIGURE 7 %Al MAS-NMR spectra of glasses in the system 60Si0,~10B,0;~10A1,0;~(20—x)MO-xMgO (x = 0, 5, 10), 60Si0,~10B,04—
10A1,05-10Na,0-10MO (M = Ca, Sr, Ba), and 60Si0,~20Al,05-10M,,0-10M’O (M = Na, Ca, M’
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= Ca, Mg) [Color figure can be viewed at
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TABLE 5 Al isotropic chemical shifts and average nuclear electric quadrupolar coupling constants (CQ) of glasses in the system 60SiO,—
10B,0;-10A1,03-(20—x)MO-xMgO and 60Si0,~10B,0;-10A1,0;~10Na,0-10M,,0O

2751
Siso/PPM (Co) /MHz
MgO CaO SrO BaO Na,O (1) (0.1)
0 20 61 7.1
5 15 61 7.5
10 10 58 8.1
20 58 6.3
15 58 6.8
10 10 58 7.5
0 20 58 5.6
15 57 6.0
10 10 57 6.9
10 10 60° 4.5%
10 10 61 4.8
10 10 58 52
10 10 58 53
20" 61 4.2¢
Boroaluminosilicates: SB,0;-15A1,0;-60Si0,-SMO-15M’O
2751
8iso/PPM (Co) /MHz
MgO CaO SrO BaO Na,O (=D (£0.1)
5 15 60 8.2
Aluminosilicates: 20A1,0;-60Si0,-10MO-10M,,’O
2751
(Cq) /MHz
MgO CaO SrO BaO Na,O 0iso/PPM (£0.5) (+0.1)
10 10 63 5.8
20 63 7.5
10 10 64 8.6

“From Ref. [9].

the unfavorable Coulombic repulsion of two negative charges in
close proximity they might be stabilized by doubly charged cati-
ons with high ionic potential such as Mg2+.

The asymmetric lineshape, characterized by the systematic
sloping of the spectra towards lower frequencies, which is a con-
sequence of the distribution of electric field gradients, neverthe-
less raises the question whether there may be hidden contributions
from five- and six-coordinated aluminum. To probe this possibil-
ity we conducted both 2 Al satellite transition (SATRAS)41 and
ZTAL triple quantum MAS-NMR studies.** Both experiments
enhance the spectroscopic resolution by minimizing anisotropic
broadening of the *’Al MAS-NMR spectra due to second-order
quadrupolar effects. Exemplary spectra are shown in Figures S2
and S3 of the Supporting Materials Section. However, in none of

the glasses of this study, any five- or six-coordinate " Al could be
identified, neither in the SATRAS nor in the TQMAS-NMR data.
These results indicate that the replacement of Na,O (or any of the
alkaline-earth oxides) by MgO does not produce higher-coordi-
nated Al species in significant amounts in this series of glasses.
As previously shown the only related glass revealing signifi-
cant concentrations of higher-coordinate aluminum in both the
TQMAS- and the SATRAS data is the purely MgO-containing
sample 6OSi02—20A1203—20MgO.9 In that sample, the amount
of higher-coordinated aluminum is estimated at 16 + 2% Al(V)
and 2 + 2% AI(VI). Minor amounts of Al(V) have also been de-
tected in 60Si0,~20A1,05~10MgO-10Na,O glass.” Overall, the
trends observed in this study are in excellent agreement with pre-
vious results obtained on other aluminoborosilicate glasses.g"23
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Figure 8a shows the relationship between (CQ> (27Al) and & of
all the glasses of this study. Except for the Na-Ca and Na-Mg
glasses (yellow symbols), there seems to be a good correlation.
The subset series of the glasses in which Na,O is substituted for
MO (M = Ca, Sr and Ba) were extracted and the linear relation-
ship is re-verified in Figure 8b, with a minor deviation observed
for the Na-Ca glass). Only the data point referring to the Na-Mg
glass in Figure 8a does not fit this correlation.

60 20 0 -20 -40 -60

8(**Na)/ppm

2Na MAS-NMR spectra of glasses with composition 60Si0,—10B,0;—10A1,03;—10Na,0-10MO and 60Si0,—20A1,03;—10Na,O—

3.5 | *NaMAS-NMR

Figure 9 summarizes the Na MAS-NMR spectra of all the
Na-containing glasses (central m = Y2 & m = -2 transi-
tions). Similarly, as for TAl the asymmetrically broadened
lineshapes suggest a high degree of disorder in the local envi-
ronment around Na. This is supported by the excellent agree-
ment with the one-component Czjzek model deconvolutions
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TABLE 6 *NaMAS-NMR parameter of the Na-containing glasses
Boroaluminosilicates: 10B,05-10A1,0;-60Si0,-10Na,0-10M,,’O
23N,
Siso/PPM (Co) /MHz
MgO CaO SrO BaO Na,O +0.5 (+0.1)
20 -8.6" 2.5
10 10 —12.0* 2.0*
10 10 -114 2.1
10 10 -9.6 2.4
10 10 -9.5 22
Aluminosilicates: 20A1,0;—60Si0,~10Na,0-M’O
BN,
diss/PPM (Co) /MHz
MgO CaO Na,O +0.5 (0.1)
10 10 -11.4 2.1
10 10 -11.7 2.0
“From Ref. [9].
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FIGURE 10 Correlation of *’Na isotropic chemical shifts d;,” with average ionic potential in glasses with composition 60SiO,~10B,0;—

10A1,03—-10Na,0-10MO [Color figure can be viewed at wileyonlinelibrary.com]

(Table 6). The limited amount of data available indicate a
trend of the »*Na isotropic chemical shifts to become more
negative with increasing ionic potential of the second cation
present (see Figure 9, bottom). The interpretation of such sub-
tle chemical shift trends is difficult. In general, *Na chemical
shifts reflect both the coordination number and the covalence
of the Na—O bonding,43‘44 which, in turn, is affected by the

other elements (network formers and modifiers) with which
these oxygen atoms are being shared. The shift of the »Na
signals in the mixed Na-Mg and other alkaline-earth glasses
towards lower frequencies is also observed in mixed Na-Li
borate glasses and indicates that the Na—O bonds are less co-
valent (and the sites are possibly somewhat expanded) in these
glasses than in the corresponding single-alkali glasses.44
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FIGURE 11 Correlation of Crack Resistance with (A) the fraction

of four-coordinate boron species, (B) the average »Si chemical shift, and

(C) the average ZTAl quadrupolar coupling constants for glasses in the systems 60Si0,—10B,05;-10A1,0;—(20—x)MO-xMgO (M = Ca, Sr, Ba) and

60Si0,-10B,0;-10A1,0,~10Na,0-10M’O (M’ = Na, Mg, Ca, Sr, Ba)

4 | DISCUSSION
4.1 | Correlation of structural and
functional properties

Figure la,b show that log(CR) is linearly correlated with the
average ionic potential as calculated from the cation inventory
of these glasses, in both mixed alkaline-earth aluminoboro-
silicate glasses and in mixed Na,O-alkaline-earth aluminobo-
rosilicate glasses with fixed Na,O/alkaline-earth oxide ratio.
Simultaneously, Figures 4, 6, 8, and 10 reveal that the chief
multinuclear NMR observables for the network former species,
namely N4(11B), 5150(2981), and <C> (27A1), show monotonic
uniform linear dependences on the average ionic potential. As
Figure 11 illustrates, then, all these NMR observables show
linear correlations with log(CR), leading to the conclusion
that enhanced crack initiation resistances are correlated with
reduced B(IV) content, fewer Al-O-Si linkages, and more

[Color figure can be viewed at wileyonlinelibrary.com]

distorted AI(IV) local environments. The effect of Mg on the
crack resistance thus can be understood in terms of these struc-
tural parameters, which in turn arise as a consequence of the
high ionic potential of Mg2+. This effect may be due to the in-
creased presence of either AI*-O-AT* linkages or Al3(IV) units
(four-coordinate Al attached to one non-bridging oxygen) in
the Mg-containing glasses.”’40 The structural relevance of such
seemingly energetically unfavorable units was recently demon-
strated by "0(? Al} dipolar recoupling expeﬁments.40 While
in alkali aluminosilicate glasses such units are suppressed be-
cause of the unfavorable Coulombic repulsion of two negative
charges in close proximity they might be stabilized by doubly
charged cations with high ionic potential such as Mg2+

In glasses with variable Na,O/alkaline-earth oxide ra-
tios (Figure 1c) the correlation between log(CR) and struc-
tural parameters is less straightforward. This behavior may
be related to the fact, that the overall cation concentration
in the latter system is not constant, but increases linearly
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FIGURE 12 Correlation of Young's Modulus with (A) the fraction of four-coordinate boron species, (B) the average ionic potential and (C)
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with increasing Na,O content. The necessity of the struc-
ture to accommodate increasing amounts of Na* ions along
this series can be expected to have additional structural
impact that cannot be described by the cation's ability to
polarize its local environment. As evident from Figure 11,
the glasses with cation contents of 20% Na,O, 10%Na,O—
10%MgO and 10%Na,0-10%CaO do not follow the cor-
relations exhibited by the other glasses. Notably, these are
the same glasses for which the crack resistances deviate
from values predicted from the trends based on average
ionic potential in Figure 1c. In connection with Figure 8a,
we suspect that this behavior may be related to the state
of the aluminum species: experimental <C,> values for
these glasses are found lower than expected from the gen-
eral trend of the & values. We suspect that these glasses
may contain small amounts of AI(V) or AI(VI) units that
went undetected by *’Al MAS- and TQMAS-NMR but
still influence the macroscopic physical properties of these
glasses. In addition (as discussed further below), the results

obtained on the 10Na,0-10MgO glass in particular may
suggest that Mg partially adopts a network former role.
Figure 12 explores analogous correlations between
Young's modulus E and the three aforementioned structural
parameters. E follows the same trends with <CQ>(27A1) and
5150(2981) as log(CR), suggesting that the formation of highly
distorted AI(IV) environments (and the associated decrease
in Si—O—-Al connectivities) enhances both parameters in par-
allel. In contrast, the correlation of E with N, (''B) is exactly
the opposite of the one observed for the crack initiation resis-
tance. Thus, if the physical parameters are dominated by the
boron coordination (as they are in borosilicate glasses), high
crack resistance would come at the price of low modulus and
vice versa. In aluminoborosilicate glasses, however, the phys-
ical properties can be additionally influenced by the details
of the aluminum coordination, which is—again—modified
by the ion potential of the alkaline-earth cation. In this case
the more highly distorted AI(IV) environments promoted
by the high-¢ cations (in particular Mg2+) have the effect
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of increasing CR and E in parallel. The special role of Mg-
containing glasses as compared to the other alkaline-earth
species can thus be explained as follows: crack resistance is
strongly enhanced because the high ion potential disfavors
the formation of B(IV) units and promotes more strongly dis-
torted Al(IV) environments. However, the enhanced CR does
not come at the price of a lowered E because the negative
effect of the N, reduction on E is counterbalanced by the pos-
itive effect exerted on this parameter by the highly distorted
Al environments.

Again, we may note that the three glasses with cation con-
tents of 20Na,O, 10Na,0-10MgO and 10Na,0-10CaO show
different behavior and do not follow the correlations exhibited
by the other glasses. In alkaline-earth aluminosilicate glasses
this phenomenon can be understood on the basis of five- and
six-coordinated aluminum which is only present in consider-
able amounts in the Mg-containing glasses.9 In the present alu-
minoborosilicate glasses, however, no higher-coordinated Al
could be detected, even though we cannot rule out the possibil-
ity that low concentrations of such species are present.

4.2 | The special role of Mg in
aluminoborosilicate glasses

Finally, the joint interpretation of Figures 4, 6 and 8 warrants
a discussion of the special role of Mg in aluminoborosilicate
glasses: Evidently, the low anionic B(IV) concentrations of
Mg-containing glasses must imply the existence of an alter-
native charge balancing scheme. Regarding the generation
of more non-bridging oxygen species, our "B MAS-NMR
data do not provide clear evidence for higher concentrations
of B*(III) units in the Mg-containing glasses. Such B*(III)
units would produce a lineshape contribution from three-co-
ordinate boron species with electric field gradient asymmetry
parameters near 0.5, for which we have no clear evidence.
Furthermore, the 2°Si MAS-NMR spectra provide no evi-
dence for an enhanced Si’ contribution; rather the opposite
chemical shift effect (towards lower frequencies) is observed
in Mg-containing glasses. A structural mechanism that could
explain both, the low-frequency shift of the »Si NMR signal
(reflecting less Si—O-Al linking) and the reduced N, values,
is based on the idea that Mg2+
metal ions, may partly adopt a network former role, being
integrated in the network structure in the form of Mg04,22_
species, ie, Mg4 units linking to the other network formers
via four bridging oxygen atoms. This idea has been previ-
ously proposed for both silicate* and borate glasses.46 In the
present glass series, this mechanism should be considered
for the glass with composition 60Si0,—-10B,05;—-10A1,05—
10MgO-10Na,O, which shows a substantially lower ex-
perimental N, value than indicated by the linear relationship.
This is the same glass that also does not follow the monotonic

, unlike the other alkaline-earth
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correlation of Log(CR) versus £ in Figure 1c. Based on this
result, one could envision that a distinct contribution to the
crack initiation resistance results if Mg is partially found in a
network former role.

We wish to emphasize, however, that the suggestion of
Mg partially adopting a network former role is based solely
on indirect evidence. 25Mg NMR studies might possibly shed
light on this issue, however, the NMR properties of this iso-
tope are not very favorable, being characterized by a low nat-
ural abundance (10%), a small magnetic moment and a large
nuclear electric quadrupole moment. Previous 25Mg NMR
work in glasses has revealed that the chemical shift range in
oxide glasses is rather narrow.*’ ™ To overcome these draw-
backs NMR studies on isotopically enriched samples comple-
mented by isotope-selective neutron diffraction studies may
be helpful. Additional evidence may come from '’O NMR
work, if the oxygen atoms involved in covalent Si4—O—Mg4
linking and/or “free oxygen” species associated with Mg-rich
domains show a distinct spectroscopic signature.

5 | CONCLUSIONS

The structure of alkali and alkaline-earth aluminoborosilicate
glasses with compositions 60Si0,—10B,0;-10A1,0,—(20—x)
MO-xMgO (x = 0, 5, 10) and 60SiO,—~10B,05-10A1,05—
10Na,0-10MO (M = Mg, Ca, Sr, Ba) is significantly af-
fected by the ionic potentials of the participating alkaline
and alkaline-earth ions. Cations with high ionic potential
tend to (1) decrease the fraction of four-coordinate boron,
(2) diminish the extent of Si-O—Al linking, and (3) increase
the level of structural distortion for four-coordinate alu-
minum species in the network. Monotonic linear trends in
11B-N4, average “’Si chemical shifts, and average *’Al nu-
clear electric quadrupolar coupling constants are observed
as a function of average ion potential of the cation composi-
tion. For the mixed alkaline-earth-containing glasses trends
in the enhanced crack initiation resistance can be understood
in terms of the above structural variations associated with
the increased average ion potential. The incorporation of
MgO into these aluminoborosilicate glasses in particular al-
lows enhancing the crack initiation resistance without the
trade-off of a reduction in Young's modulus. While the data
can be consistently interpreted in terms of Mg adopting a
network former role, particularly in the mixed Na,O-MgO
glass, they do not provide direct experimental evidence for
this hypothesis. For addressing this issue in further detail,
systematic composition-dependent 25Mg and "0 NMR
work on isotopically enriched materials, along with neutron
diffraction work accompanied by isotopic substitution will
be required. These studies are currently under consideration
in our laboratory. Altogether the presence of MgO in alum-
inoborosilicate glasses helps overcome the trade-off issue
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between high crack resistance and high elasticity modulus
present in borosilicate glasses, thereby offering additional
opportunities for the design of glasses that are both very
rigid and very crack resistant.
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