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Using Brillouin and Raman scattering and NMR techniques, we have investigated the elastic and

structural properties of four post-shocked specimens of borosilicate glass, recovered from peak

pressures of 19.8, 31.3, 40.3, and 49.1 GPa. The Raman spectra of shock-wave compressed

borosilicate glass for peak pressures of 19.8 and 31.3 GPa show two new peaks at 606 cm�1 and

near 1600 cm�1, while a peak at �923 cm�1 disappears in these glasses following shock-loading.

The mode at 606 cm�1 is correlated with four-membered rings, composed of one BO4 and three

SiO4 tetrahedra (a reedmergneritelike configuration). Modes near �1600 cm�1 are of uncertain

origin, while that at 923 cm�1 may associated with silica tetrahedra with two nonbridging oxygens,

although standard models of this type of glass suggest that total nonbridging oxygen contents

should be low. The Raman spectra for the shocked samples at 40.3 and 49.1 GPa are similar to that

of the unshocked sample, suggesting that much of the irreversible density and structural changes

are recoverable following adiabatic decompression and thermal relaxation. This reversibility for

the highest pressure shocked samples is in accord with the Brillouin results, which show an

increase in the product of sound velocity and index of refraction at pressures up to 20 GPa.

The Raman band initially at 450 cm�1, which corresponds to the bending vibration mode of the

Si–O–Si, Si–O–B (with primarily six-membered rings in the network) reaches a maximum

frequency of 470 cm�1 and narrowing at a peak shock pressure of 31.3 GPa, and then also

decreases to its initial values for samples shocked at 40.3 and 49.1 GPa. This shift toward higher

frequency under shock-wave compression indicates the average Si–O–Si, Si-O-B angles decrease

with pressure. The narrowing of this band suggests a narrower distribution of Si–O–Si angles in the

shocked samples for peak pressures of 19.8 and 31.3 GPa. 11B NMR spectra for all four shocked

glasses are similar, and indicate ratios of BO3 to BO4 that are not greatly changed from the starting

material. However, changes in peak shapes suggest significant changes in the connectivity of the B

and Si components of the network, with more silicon neighbors surrounding BO4 tetrahedra in the

shocked glasses, and a modest increase in the number of nonring related BO3 groups following

shock-loading. Thus, the irreversible effects of shock-loading appear to be to generate smaller

rings of tetrahedra (hence decreasing the average T–O–T bond angle), and to increase the average

number of neighbors of Si around boron tetrahedra. VC 2011 American Institute of Physics.

[doi:10.1063/1.3592346]

I. INTRODUCTION

Borosilicate glasses are used as transparent armors, pre-

cision engineering materials, neutron absorbers, optical mir-

rors and display glasses because of their many unusual

properties such as high failure strength and excellent optical

transparency. They are also the leading and most intensively

studied candidate medium for immobilizing nuclear waste.

An enhanced understanding of the glass structure and its

responses to pressure and temperature can maximize the

effective use of glasses for different applications. For exam-

ple, a fundamental understanding of glass structure, elastic

properties and strength under in situ static and dynamic high

pressures is the key for deployment as armor ceramics.

In high-pressure studies of borosilicate glasses, several

shock-wave experiments have been carried out to probe the

nature and effects of the shock process.1–5 These studies

show several different regions in the stress-time profile of

borosilicate glasses. At pressures below 3 GPa, a nonlinear

elastic response is found, while an approximately linear elas-

tic response is present at pressures between 3 and 7.5 GPa.

For shock pressures above 7.5 GPa, the glass shows visco-

plastic behavior. Several impact and penetration studies on

borosilicate glasses6 show delayed failure in the glass due to

the propagation of a failure wave. Studies on the structural

changes in borosilicate glass induced by shock-wave com-

pression are important for understanding the detailed shock-

wave process in the glass, and the structural behavior of the
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glass under dynamic compression. However, no structural

studies have been carried out on shock-recovered borosili-

cate glasses and at present there is insufficient knowledge to

understand the structural changes that occur in these glasses

during shock-wave compression.

Raman scattering provides direct information on the

pressure induced changes in the glass structure (i.e., bond

length, bonding angle, and densification) which can be corre-

lated with glass strength. Raman spectroscopy has been

applied to probe the structure and dynamics of glasses in

numerous studies.7 The Raman spectra of pressure-densified

fused silica have been reported by several workers.8–11 The

densification processes in SiO2, obsidian, anorthite glasses

and quartz induced by shock-wave compression have been

studied by Raman spectroscopy.12–15

In the present study, we have investigated four shock

recovered borosilicate samples, shocked to peak pressures of

19.8, 31.3, 40.3, and 49.1 GPa, using Raman, Brillouin and

NMR spectroscopy. These data yield information on the

structural changes and densification (or lack thereof) in the

shocked samples.

II. EXPERIMENTAL

Four shock-recovered samples of borosilicate glasses

(disks of about 0.9 mm thickiness and 10 mm diameter) are

used for this study. The samples were shocked using a single

stage propellant gun; samples were enclosed in a steel con-

tainer (stainless steel 304), and peak pressures were calculated

from projectile velocities using impedance matching.16 3-mm

thick stainless steel 304 was employed as flyer material at

impact velocities of 0.95, 1.41, 1.74, and 2.04 km/s, corre-

sponding to peak shock pressures of 19.8, 31.3, 40.3, and 49.1

GPa, respectively. The sample cavity was located 3-mm deep

from the impact surface of the container (30 mm long, 30 mm

diameter). Shocked glasses were recovered as intact (albeit

fractured) glass disks. The glass composition is given in Table

I; the atomic Si/B ratio in the glass is �3.7, and the overall

composition is that of commercial Pyrex
VR

. Clear fragments of

glass, free of visible bubble and inclusions, were obtained

from all but the highest pressure runs. Their densities were

measured by the sink-float method in acetone-diiodomethane

mixtures17 and were found to be the same within an uncer-

tainty of about 6 0.7%, suggesting significant relaxation from

their high-pressure/temperature state.

Raman spectra were obtained with a confocal DILOR

XY micro-Raman spectroscopy using the 514.5 nm green

line of a Spectra Physics Ar-ion laser for sample excitation.

The incident laser light is focused using a 50� long distance

objective which gave a spot size of �2–3 mm at the sample.

Laser power at the sample was 30 mW, and the scattered

light was collected using the same objective and detected by

a CCD detector.

The Brillouin scattering experiments were also con-

ducted using a similar laser. The output beam power is 130

mW, and at the sample, beam power is 60 mW. Brillouin

spectra were taken in backscattering geometry using a lens

with 6 cm of focal length. No polarizer was used for detect-

ing the scattered light.
11B MAS NMR spectra for all of the glasses were col-

lected on a Varian 14.1 T spectrometer at 192.4 MHz using a

Varian/Chemagnetics T3 probe with 3.2 mm zirconia rotors

spinning at 20 kHz with a recycle delay of 1 s and a radio

frequency pulse length of 0.3 ms, which corresponds to a liq-

uid radio frequency (rf) tip angle of about p/16. 11B chemical

shifts are reported in parts per million (ppm) relative to 1.0

M boric acid at 19.6 ppm. For the ambient pressure and 19.8

GPa samples, 27Al MAS spectra (not shown here) were col-

lected with the same instrument with similar conditions and

also with a similar probe at 18.8 T. Triple-quantum MAS

spectra were also collected at 14.1 T as recently described.18

In both cases, only a single peak for four-coordinated Al

(IVAl) was observed; no peaks for VAl or VIAl, which is

common in densified, high pressure aluminosilicate

glasses,18 were seen at a detection limit of about 1%, consist-

ent with results of Prasad et al.19 on ambient pressure Pyrex
VR

glass.

III. RESULTS AND DISCUSSION

A. Raman and Brillouin spectra of unshocked and
shocked samples

Figure 1 shows typical Raman spectra of the unshocked

borosilicate glass at ambient temperature and pressure. As

expected from the high silica content of the glass, the main

features of the spectrum are very similar to the spectrum of

TABLE I. Composition of borosilicate glass used in this study. It also

includes minor amounts (less than 1 wt. %) of MgO, SO3, TiO2, SrO, MnO,

and Cr2O3.

SiO2 Al2O3 Fe2O3 CaO Na2O K2O ZrO2 BaO B2O3

80.54 2.53 0.015 0.02 3.54 0.64 0.03 0.02 12.70
FIG. 1. Raman spectra of borosilicate glass at ambient condition.

TABLE II. Elastic properties of borosilicate glass at ambient temperature

and pressure obtained in this study.

Glass sample

Density

(g/cm3)

Vp

(km/s)

Vs

(km/s) G(GPa) Ks(GPa) E(GPa)

Poisson’s

ratio

Borosilicate 2.242 5.561 3.422 26.248 34.324 62.749 0.195
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pure silica glass.20,21 The intense broad band at around 450

cm�1 dominates the Raman spectrum. A shoulder is also

visible at 480 cm�1. Other modes are observed at 800, 923,

1063, and 1160 cm�1. The band assignments of the Raman

spectra can be based on previous work on SiO2 glass and

SiO2-rich glasses (i.e., Pyrex
VR

, borosilicate and various al-

kali silicates).7,20–26 The 450 cm�1 Raman band is assigned

to the bending vibration mode of the Si–O–Si bond (T–O–T

bending mode of the TO4 network structure) in six-mem-

bered rings. The 480 cm�1 band has been assigned to a

vibrationally isolated Si–O–Si, Si–O–B mode of four-mem-

bered rings which has small inter-tetrahedral angles. The

weak band at around 800 cm�1 is assigned to the O–Si–O

symmetric bond stretching, associated with motions of Si

(possibly also B) against its O cage. Narrow bands near to

806 cm�1 have also commonly been assigned to three-mem-

bered rings of BO3 triangles (“boroxyl rings”) in borate and

other glasses,23,26 but the shape of this feature in the Pyrex
VR

-

based glasses and their composition suggests that this species

may not be abundant. The 923 cm�1 band is attributed to a

Si–O stretching vibration with two nonbridging O atoms per

silicon. The bands at 1063 and 1160 cm�1 are respectively

assigned to the Si–O stretching in a tetrahedron with one

nonbridging oxygen per silicon, and a fully polymerized tet-

rahedron. It is important to note, however, that conventional

models of alkali borosilicate glass structure27 suggest that

there should be no nonbridging oxygens (NBO) in this com-

position range. Our 11B measurements (below) support this

approximation, suggesting that the total concentration of

nonbridging oxygens (NBO) is probably less than 1 or 2% of

total oxygens, and that the concentrations of the correspond-

ing Si and B species should thus also be quite low, although

possibly detectable by Raman spectroscopy.

The Raman spectrum of the four shocked samples and

the ambient pressure sample is presented in Fig. 2. The

Raman spectra of shock compressed borosilicate glass for

peak pressure 19.8 and 31.3 GPa shows new peaks at 606

cm�1and near 1600 cm�1. In pure silica glass, there is a

mode at 606 cm�1 which has been assigned to a “defect”

band involving either partially broken bonds or three-mem-

bered rings of SiO4 tetrahedra.21 In borosilicate glasses with

a relatively low ratio of Si/B, a mode at 630 cm�1 have been

observed and attributed to the breathing mode of danburite-

like rings (four-membered rings that contain two SiO4 and

two BO4 tetrahedra).23,28 These authors also discussed the

possible connection of this 630 cm�1 mode to the breathing

mode of reedmergneritelike rings, which include three SiO4

and one BO4 tetrahedra. The mode associated with four-

membered rings in danburite (CaB2Si2O8) is observed at 614

cm�1, while the mode related to the four-membered rings in

reedmergnerite (NaBSi3O8) is observed at 586 cm�1. The

606 cm�1 mode in our shocked borosilicate glass sample

thus lies between the modes for reedmergnerite rings and

danburite rings. Considering the high Si/B ratio of our boro-

silicate sample and the NMR results discussed below, we

conclude that the mode which appears at 606 cm�1 in glasses

shocked to a peak pressure of 19.8 and 31.3 GPa is associ-

ated with reedmergneritelike, four-membered tetrahedral

rings. The presence of such smaller rings is generally viewed

as correlated with increased density of silica-rich glasses,

e.g., Refs. 11, 29, 30.

The new modes at �1600 cm�1 are higher in frequency

than generally reported in borosilicate glasses. Raman bands

at about 1500 to 1550 cm�1 have been attributed to B–O

stretching vibrations involving NBO in Na-rich borate

glasses,23,24,31 but again, the NBO concentration in the

Pyrex
VR

composition should be very low. Bands in this region

have also been associated with boroxyl ring modes.24 It has

been suggested that decreases in the Si–O–Si angles between

corner-shared silicate tetrahedra in glasses and melts with

increasing pressure can lead to arrangements of oxygen

atoms to the edge- or face-shared octahedra.32 Indeed,

Raman bands at about 1350 and 1600 cm�1 in the spectra for

fully vitrified retrieved silica have been attributed to Si–O

bond stretching in the bipyramidal cage of six O atoms.33

The mode at �1600 cm–1 in our study may be related to the

Si–O bond stretching in the higher coordinated polyhedra.

The Raman spectra for the shocked samples at 40.3, 49.1

GPa are similar to the unshocked sample in this region,

implying that watever their exact nature, these B–O or Si–O

species are destabilized by post-shock high temperatures.

The Raman band at 450 cm�1 corresponds to the bending

vibration mode of the Si–O–Si and Si–O–B six-membered

rings in the network. This band reaches a maximum (470

cm�1) at a peak shock pressure of 31.3 GPa, and then

decreases in frequency for the samples shocked at 40.3 and

49.1 GPa (Fig. 3). In addition, the 450–480 cm�1 band for

peak pressures of 19.8 and 31.3 GPa became narrower as

compared to the unshocked and shocked samples (40.3, 49.1

GPa): a result that mirrors the behavior of silica glass under

static compression.34 Interestingly, static high-P Raman

measurements in the diamond anvil cell show that the 450

cm�1 band (at ambient P) is shifted to �470 cm�1 at �1.3

GPa.35 Since the 450 cm�1 band is related to the average

T–O–T bond angle (the Si–O–Si and Si–O–B angles, primar-

ily in six-membered rings of tetrahedra), a shift toward

higher frequency following shock-compression indicates that

the average bond angle decreases with pressure, implying
FIG. 2. (Color online) Raman spectra of shock recovered samples of borosi-

licate glass.
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that an irreversible structural modification in the glass has

taken place. The narrowing of the 450–480 cm�1 band sug-

gests a narrower distribution of Si–O–Si angles in the

shocked samples for peak pressures of 19.8 and 31.3 GPa.

Taken in tandem with the observation of a new band near

606 cm�1, the irreversible effect of shock compression

appears to be to both generate smaller rings and to narrow

the T–O–T bond angle.

As noted in the experimental section, the measured den-

sities of the shocked and unshocked glasses are the same

within 0.7% uncertainty. This suggests significant post-shock

relaxation, as density increases of borosilicate and alumino-

silicate glasses melted and compressed statically even to

pressures less than 10 GPa often exceed 5 to 10%.17

For static high-pressure measurements, the frequency

changes of the 450 cm�1 band are generally correlated to the

densification at high pressure. However, the frequency varia-

tions of the 450 cm�1 Si–O–Si bending mode in these shock-

quenched glasses are not correlated with measurable density

changes of the shock-recovered samples. While the environ-

ment of the Si atoms appears to have undergone alterations

typically associated with densification, the differences in

static and shock-wave compression may result from structural

modifications associated with boron in these shocked sam-

ples. In this context, the appearance of a new Raman band at

1600 cm�1 may indicate that shifts in the environment of

boron may provide a competing and compensating effect

with respect to density shifts for the angle changes and shifts

in ring size undergone by portions of the silica network.

Thus, to probe both the elastic behavior of these glasses and

the local environment of boron, both Brillouin spectra and

NMR measurements were made on these samples.

In Fig. 4, the longitudinal sound velocity Vp times the

refractive index n is shown as a function of pressure for these

glasses, as determined from Brillouin spectroscopy. The

open circles are the data points taken at the edge position of

the sample, while the dark circles represent the data meas-

ured at a central position. The rationale for these two sets of

measurement is simply to monitor whether the edges of the

samples, which likely underwent more rapid cooling in the

post-shock environment show any systematic or resolvable

difference in properties from those at the center of the sam-

ple. The product of nVp shows an increase to a maximum at

peak pressure 19.8 GPa, followed by a decrease for higher

peak pressures than 19.8 GPa: the highest pressure data

actually lie below the ambient pressure value (Fig. 4). For

comparison, the variations of refractive index and density of

SiO2 glass recovered from different shock pressures have

been reported.13 These show a maximum near �26 GPa

(with values at pressures below �10 and above �33 GPa

estimated to be near the ambient pressure values), and have

very similar behaviors with shock pressure. The maximum

density increment observed by Okuno et al.13 is 11.0% for a

peak shock pressure of 26.3 GPa, while the maximum refrac-

tive index increment is 3.23%. For shocked borosilicate

glasses, the close relationship between density and refractive

index through the Lorentz–Lorenz relationship implies that

the refractive index of the shocked glasses has also not

changed significantly. Hence, the increase in velocity and

longitudinal elastic constant for the borosilicate glass sample

shocked to 19.5 GPa is most likely related to structural modi-

fications of the silicate-dominated network (for example, the

appearance of reedmergneritelike rings and the probable nar-

rowing of the Si–O–Si angle within six-membered rings of

tetrahedra). Thus, while the density of these glasses is not

resolvably changed following shock-loading, the longitudi-

nal elastic modulus is clearly elevated by �5% in the 19.5

GPa glass.

B. NMR spectroscopy

There have been numerous NMR studies on borosilicate

glasses,36–41 including a few published on Pyrex
VR

glass19,36

which is the same type of composition as was used in this

study. 11B NMR spectra for all four shocked glass samples

and unshocked sample are shown in Fig. 5. All 11B NMR

spectra are similar, and indicate that the contents of BO3 and

BO4 groups are not greatly changed from those of the start-

ing material. The fraction of the latter is about 22 6 1% of

the total boron species. From the reported composition, this

figure is consistent within error of the standard borosilicate

glass model assumption27 that in this compositional range,

the added Na2O converts BO3 groups to BO4 without

FIG. 4. nVp of shock densified borosilicate glasses. n is refractive index of

the shocked glass.FIG. 3. Raman frequency of 450 cm�1 Band vs peak shock pressure.
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generating significant fractions of NBO. This conclusion is

valid if “nonstandard” species, such as oxygen “triclusters”

of three BO4 groups, and high-coordinated Al (AlO5 or AlO6

groups) are negligible. There is no evidence for the former in

these types of glasses; our high-field 27Al NMR data (see ex-

perimental section) limit the latter to less than about 1%.

On the other hand, the differences in the shapes of both

the BO3 and BO4 peaks between the unshocked and shocked

material are dramatic and, from previous studies,19,40,41 can

be attributed to previously characterized types of structural

changes. The BO3 peak is dominated by two components,

each with a complex peak shape caused by the relatively

large quadrupolar coupling constants typical of such groups.

These can be assigned to a major component of BO3 in rings

(three BO3 and/or BO4 groups), and a minor component of

“nonring” BO3.40,41 In contrast, BO4 groups are well-known

to have very small quadrupolar couplings, leading to narrow,

Gaussian peaks at their characteristic chemical shifts. The

shoulders and splittings of the BO4 peaks are therefore usu-

ally attributed to variations in the numbers of first-neighbor

cations, which in borosilicates are ascribed to varying num-

bers of B and Si. In particular, the two overlapping BO4

components with peak positions near to –0.2 and –2.0 ppm

are similar to those attributed to 1B, 3Si neighbors and 0B,

4Si neighbors, respectively,40,41 which is sensible given the

high Si/B ratio of the Pyrex
VR

composition. Thus, it appears

that the shocked glasses have a significantly increased frac-

tion of nonring BO3 groups, and of BO4 groups with a higher

number of Si neighbors. If some BO4 groups are part of the

three-membered ring species, than in fact these trends should

be correlated, as conversion of ring to nonring species will

lead to more Si neighbors on average. A similar change in

both types of species was observed in annealing experiments

on somewhat comparable alkali borosilicates, and connected

to the development of long-range heterogeneity (incipient

phase separation) at lower temperatures.42

It is thus possible that some of the difference between

shocked and unshocked glasses observed by NMR is the

result of the former having a higher fictive temperature,

resulting from being heated well above the glass transition

region along some P/T path and then cooling more rapidly

than the starting glass after decompression. Finally, to test the

reversibility of the changes induced in the shocked glasses,

samples of the unshocked glass and the 19.8 GPa glass were

heated to 550 �C (well above Tg) for 10 min, then cooled at

0.1 �C/s. The 11B spectra were identical for both, and were

very similar to the spectrum for the unshocked glass in Fig. 5.

IV. CONCLUSIONS

The Raman and NMR spectroscopy yield complemen-

tary pictures of the structural changes induced in shock-

recovered Pyrex
VR

composition glasses. The largest structural

changes present within these glasses are induced by pres-

sures less than 40 GPa: high post-shock temperatures for

samples shocked to higher pressures plausibly produce rever-

sion of irreversibly densified features due to post-shock

annealing. Specifically, in the 19–31 GPa range, six-mem-

bered rings of tetrahedra have narrower Si–O–Si(B) angles

and more four-membered rings (with three silicons and one

boron tetrahedra) are present. Additionally, the number of

silicon first neighbors surrounding BO4 tetrahedra is

enhanced. However, the abundance of a small fraction of

silica tetrahedra with two nonbridging oxygens is signifi-

cantly reduced in the shock-loaded samples. Thus, it appears

that shock-loading induces complex structural changes

within these glasses: while the shifts in bond-angle and ring

statistics closely mirror pressure-induced changes that occur

in silica glass, there may also be a net shift in the distribution

nonbridging oxygens (and hence local polymerization) in the

shock-loaded samples. Some of the recovered structural

changes may also be attributable to variations in thermal his-

tory on decompression and cooling of the shocked glasses.
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