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a b s t r a c t 

Achieving thinner and higher performance display/substrate glasses and transparent glass-ceramics with 

tunable properties requires a precise control of acid-etching process, thus necessitating a comprehensive 

understanding of glass composition–structure–dissolution behavior relationships in acidic medium. Un- 

fortunately, the literature on this subject has been focused only on a narrow set of glass chemistries. 

Therefore, consensus on the mechanisms that govern the acidic dissolution of multicomponent silicate 

glasses over a broad compositional space is still lacking. The present work employs a suite of state-of- 

the-art spectroscopic techniques, including 1D and 2D NMR, TEM-EELS, ICP-OES, and XPS, to provide an 

insight into the mechanism and kinetics of corrosion of alkali/alkaline-earth aluminoborosilicate glasses 

(comprising high field strength cations – HFSCs, i.e., La 3 + , Ti 4 + , Zr 4 + and Nb 5 + ) in acidic media (HCl; 

pH = 2). Incorporating the HFSCs into the glasses induces significant structural changes in their net- 

work, thus, impacting the forward rate dissolution kinetics. Based on the results, we hypothesize that 

the glasses dissolve at pH = 2 through an ‘interfacial dissolution – re-precipitation mechanism (IDPM)’ 

and ‘ in-situ recondensation’ coupled pattern, wherein the IDPM results in a Si-rich alteration layer, fol- 

lowed by local recondensation occurring due to limited kinetics near the interfacial solution between the 

uncorroded glass surface and the outer alteration layer. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The fast-paced advancement in the field of portable electronics, 

icro-electromechanical system (MEMS) and photovoltaic devices 

as created a growing demand for thinner, higher performance 

isplay/substrate glasses and transparent glass-ceramics with tun- 

ble properties. This has prompted the development of novel 

rocessing techniques that can tune the properties of very thin 

lasses in a controllable manner. One such technique is the selec- 

ive chemical etching of glass in acidic media that is being em- 

loyed to create nanoscale features at the glass surface that can 

ocally change the optical, mechanical, or even electrical proper- 

ies of the glass without significantly altering its thickness. For in- 
∗ Corresponding author. 

E-mail address: ag1179@soe.rutgers.edu (A. Goel) . 
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tance, Corning® has recently developed a novel coating-free anti- 

lare borosilicate-based display glass by chemically etching out 

ight-reflecting nanostructures on the glass’ surface [1] . A similar 

ethod has also been applied to fabricate textured glass substrates 

hat can be used as light guide plates in liquid crystal display (LCD) 

evices or exhibit reduced electrostatic charging during process- 

ng [2–4] . Additionally, it has been shown that the chemical etch- 

ng of an alkali-free aluminoborosilicate glass (in acid) can modify 

he geometry of surface flaws resulting in a slow-down of crack 

ropagation, thus, increasing the fracture toughness of the final 

roduct [5] . This advancement opens the avenue for the potential 

se of acid etching as a strengthening process for glassy materials 

hat cannot be strengthened by chemical ion exchange. However, 

n each of the above examples, the targeted property depends di- 

ectly on a precise control of the size and geometry of the resul- 

ant nanostructures; thus, the etching process must be performed 

n a highly controlled and well-predicted manner. Therefore, it is 

https://doi.org/10.1016/j.actamat.2022.118468
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.118468&domain=pdf
mailto:ag1179@soe.rutgers.edu
https://doi.org/10.1016/j.actamat.2022.118468
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rucial to have a comprehensive understanding of the fundamental 

cience governing the corrosion of aluminoborosilicate glasses in 

cidic media—particularly relating to the impact of common con- 

tituent oxides. While several recent studies have aimed to unearth 

hese relationships [6–15] , a significant knowledge gap about the 

ompositional dependence of chemical etching of glasses in acidic 

olutions still exists, as discussed below. 

The literature about corrosion of glasses in acidic solutions ap- 

roaches the problem from an academic perspective where the 

im is to understand the mechanisms controlling the corrosion 

f silicate-, borosilicate-, and aluminosilicate-based glasses. [16–20] 

hough it provides a wealth of knowledge about the fundamen- 

al science of glass corrosion, it falls short of helping to resolve 

he technological challenges that are encountered during the pro- 

essing (e.g., chemical etching) of functional glasses, owing to the 

ompositional complexity of the latter. To put it in simple words: 

he majority of glass compositions reported in the literature are 

onsiderably simpler than advanced industrial glasses, comprising 

nly one or two non-framework cations (for example, Na + and 
a 2 + ) along with a mixture of conventional network formers, i.e., 

iO 2 , Al 2 O 3 and B 2 O 3 [ 16 , 18–21 ]. However, the chemical make-up

f the technologically relevant glasses is significantly more com- 

lex, comprising multiple non-framework cations which, depend- 

ng on their ionic field strength (IFS) may play varied roles re- 

ulting in a change in the degree of polymerization or introducing 

eterogeneity in the glass structure. As an example, ZrO 2 is usu- 

lly added to functional glasses to increase their refractive index 

nd/or mechanical strength, or to induce homogeneous nucleation 

f crystals. Nonetheless, owing to its high IFS (Zr 4 + : 0.77 Å 
−2 ) [22] ,

t induces several structural changes in the silicate glass structure 

hich inadvertently alter the interaction between glass surface and 

he etchant [ 23 , 24 ]. Another example is that of Ti 4 + , which, ei-

her alone or in combination with Zr 4 + , is added to aluminosili- 

ate glasses and melts to induce homogeneous crystallization [25–

7] . Again, owing to its high IFS (Ti 4 + : 1.04 Å 
−2 ) [22] along with

ts ability to exist in four-, five- and even six-coordination in the 

etwork, TiO 2 can induce several changes in the short–to–medium 

ange order in the structure of silicate glasses, including affecting 

he degree of network connectivity by acting as an intermediate 

xide, reducing the disorder around the alkali cations, and induc- 

ng phase separation [28–30] . All these changes in the structure 

f glasses are likely to affect the kinetics and mechanisms of in- 

eraction between the glass/glass-ceramic surface and the chem- 

cal etchant (mostly acidic). Unfortunately, our knowledge about 

he impact of these high field strength cations on the corrosion of 

ulticomponent silicate glasses is limited primarily to only glass–

ater interactions. [14] . For example, when in contact with water, 

rO 2 is known to increase the resistance of the glass against hy- 

rolysis, owing to the increased network connectivity induced by 

r 4 + ions. Nonetheless, ZrO 2 is also known to hinder the recon- 

truction of the altered layer towards passivation thereby resulting 

n a longer time required for the glass to enter the residual rate 

egime (Stage II), in which it dissolves in water at a much slower 

ate than in the forward rate regime (Stage I) [31] . Further com- 

lexity stems from the fact that Zr 4 + can convert to higher coor- 
ination states in formed hydrated layers, which has been shown 

o depend on the pH and solution chemistry (i.e., saturated vs. 

ndersaturated) of the surrounding environment [ 32 , 33 ]. Ti 4 + , on 
he other hand, is less effective in strengthening the glass network 

gainst hydrolysis, but, in the residual rate regime, allows gel layer 

eorganization to occur while also promoting the precipitation of 

econdary crystalline phases [ 9 , 20 ]. The exposure of multicompo- 

ent silicate glasses containing ZrO 2 and/or TiO 2 to acidic solu- 

ions is still an unknown territory that needs to be explored to not 

nly help develop efficient industrial etching processes but also for 

he development of quantitative structure – property relationship 
2 
QSPR) models to predict the compositional and structural depen- 

ence of chemical durability of oxide glasses. 

Accordingly, the work presented in this article focuses on un- 

erstanding the impact of high field strength cations (La 3 + , Ti 4 + , 
r 4 + , Nb 5 + ) on the dissolution behavior of alkali/alkaline earth 
luminoborosilicate glasses in acidic solution (pH = 2). Table 1 

resents the ionic radii and field strength of these cations. While 

he basis for selection of Ti 4 + and Zr 4 + in the present study has 
een discussed above, the choice of La 3 + and Nb 5 + has been made 

ue to the following reasons: 

• Rare-earth cations (RE 3 + ), known for their high IFS (0.54 to 0.63 

Å 
−2 

; calculated based on the ionic radii data from Ref. [34] ), are 

an integral component of several functional glasses, for exam- 

ple, nuclear waste glasses [35–37] , optical glasses [ 38 , 39 ], and

high modulus glasses [40] . The chemical durability is either an 

active or passive player in all of the above-mentioned appli- 

cations, thus making it imperative to understand the impact 

(and fate) of RE 3 + during the dissolution of these glasses. At 
the atomistic level, the structural role of rare-earth cations in 

borosilicate glasses is still debated. While one viewpoint sug- 

gests that RE 3 + tend to cluster in peralkaline (Na/Al > 1) alumi- 

noborosilicate glasses, thus, inducing nano-scale phase separa- 

tion and leading to the segregation of borate-rich and silicate- 

rich phases [41–44] , the second viewpoint argues against the 

clustering tendency of rare-earth cations, instead suggesting 

the network modifying role of RE 3 + in homogenous peralkaline 

aluminoborosilicate glasses [ 45 , 46 ]. These diverging viewpoints 

make the problem of establishing structure–durability relation- 

ships in rare-earth containing glasses intriguing and worth in- 

vestigating. [47] . In this study, La 3 + (IFS: 0.54 Å 
−2 ) has been 

used as a representative of rare-earth cations considering its 

diamagnetic nature that allows to probe the bulk structure of 

the pre- and post-corroded glass samples by nuclear magnetic 

resonance (NMR) spectroscopy. 

• Nb 2 O 5 is another technologically relevant oxide that is increas- 

ingly becoming an important component in the design and de- 

velopment of transparent glass-ceramics owing to the optical 

transparency of alkali niobate crystals (for example, LiNbO 3 ) 

[ 4 8 , 4 9 ]. Also, Nb 2 O 5 is a well-known nucleating agent used to

promote the crystallization of perovskite phases in piezoelectric 

glass-ceramics, [50] or to improve the thermal stability of glassy 

materials used as metal seals.[ 51 , 52 ] At the structural level, 

Nb 5 + (IFS: 1.28 Å 
−2 ) is known to exist in four-, five- and six 

coordination in the structure of oxide glasses [53–58] . In sili- 

cate glasses, Nb 5 + has been reported to incorporate into the sil- 
icate backbone as NbO 6 

− octahedra in either of the two forms, 

i.e., a highly distorted type associated with non-bridging oxy- 

gens (NBOs) or a less distorted form without NBOs [ 53 , 56–58 ].

The complex configurations and role of Nb 5 + in the structure of 
these glasses can affect their dissolution kinetics and behavior 

in unpredictable manner, thus, making it an interesting cation 

to investigate. 

A total of five glasses with composition (100- x ) (12.5 Na 2 O –

2.5 CaO – 5.0 Al 2 O 3 – 15.0 B 2 O 3 – 55.0 SiO 2 ) – x M x O y (where,

 = 0 and 5 mol.%; M x O y = La 2 O 3 , TiO 2 , ZrO 2 , Nb 2 O 5 ) have been

nvestigated for their dissolution behavior and kinetics in ∼0.1 M 

Cl solution at pH 25 °C = 2 ± 0.01. A suite of state-of-the-art spec- 

roscopic techniques have been employed to understand the struc- 

ural and chemical evolution of the glasses (both in bulk and at 

urface) as a function of dissolution kinetics and the high field 

trength cation identity. The results from the present study will 

ot only augment our current understanding of the fundamental 

cience of glass corrosion but are expected to have tangible im- 

lications on the design of novel functional glasses with tailored 

urface topographies. 
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Table 1 

Ionic field strength of some common cations in glass. 

Element Valance Z Ionic Radius r (for CN = 6; Å) Ionic Distance for Oxides a ( ̊A) Ionic Field Strength Z/a 2 Refs. 

Na 1 0.98 2.30 0.19 [22] 

Ca 2 1.06 2.48 0.33 [22] 

La 3 1.03 2.35 ∗ 0.54 [34] 

Zr 4 0.87 2.28 0.77 [22] 

Ti 4 0.64 1.96 1.04 [22] 

Nb 5 0.64 1.96 ∗ 1.30 [34] 

∗ Calculated from the reported ionic radius. Z = r + r O 2 − ; r O 2 − = 1.32 Å from [ 22 ]. 

Table 2 

Batched and experimental (in brackets; measured via ICP-OES, ±0.5 mol%) composition (mol. %), T g ( °C) and density (g/cm 
3 ) of the studied glasses. 

Sample ID 

Batched Composition (mol. %) 

T g ( °C) Density (g/cm 
3 ) 

Na 2 O CaO Nb 2 O 5 ZrO 2 TiO 2 La 2 O 3 Al 2 O 3 B 2 O 3 SiO 2 

BL 12.5[11.6] 12.5[13.4] - - - - 5.0[5.3] 15.0[13.9] 55.0[55.9] 605 ± 1 2.519 ± 0.002 

Nb-5 11.9[11.6] 11.9[12.9] 5.0[5.1] - - - 4.8[4.9] 14.3[14.5] 52.3[51.0] 615 ± 2 2.730 ± 0.001 

Zr-5 11.9[10.2] 11.9[13.0] - 5.0[5.2] - - 4.8[5.1] 14.3[14.1] 52.3[52.5] 626 ± 1 2.643 ± 0.002 

Ti-5 11.9[11.8] 11.9[12.8] - - 5.0[5.3] - 4.8[4.9] 14.3[13.2] 52.3[52.0] 608 ± 2 2.561 ± 0.005 

La-5 11.9[10.6] 11.9[12.8] - - - 5.0[5.2] 4.8[4.9] 14.3[15.0] 52.3[51.5] 606 ± 1; 

718 ± 2 

2.974 ± 0.005 
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. Experimental 

.1. Glass synthesis 

The glasses have been synthesized by a conventional melt- 

uench technique using high purity powders of SiO 2 (Alfa Aesar; 

9.5%), H 3 BO 3 (Alfa Aesar; 98%), Na 2 SiO 3 (Alfa Aesar; > 99%), Al 2 O 3 

Fisher Scientific; 99.7 + %), CaCO 3 (Alfa Aesar; 98%), Nb 2 O 5 (Strem 

hemicals; 99.5%), ZrO 2 (Alfa Aesar; 99 + %), TiO 2 (Fisher Scientific; 

 99%) and La 2 O 3 (Fisher Scientific; 99.9%) as precursors. The com- 

ositions have been designed such that the molar ratio of con- 

tituent oxide remains same in all the glasses, thus enabling a di- 

ect comparison between the impact of different HFSCs on their 

tructure and dissolution behavior. Batches yielding 150 g of glass 

ere melted in Pt-Rh crucibles at 1575 °C for 1 h in ambient at- 

osphere and quenched on a copper plate. To minimize the resid- 

al stresses, the as-poured glasses were immediately transferred 

o a box furnace and annealed at T g 
∗ – 50 °C for 1 h (where T g 

∗

s the predicted glass transition temperature as obtained from the 

ciGlass database) [59] . The annealed samples were then analyzed 

y powder X-ray diffraction (XRD; PANalytical – X’Pert Pro; Cu K α
adiation; 2 θ range: 10–90 °; step size: 0.01313 ° s –1 ) to confirm 

heir amorphous nature. The experimental compositions were veri- 

ed by inductively coupled plasma – optical emission spectroscopy 

ICP-OES; PerkinElmer Optima 8300). The experimental glass tran- 

ition temperatures (T g ) of the annealed samples were measured 

sing differential scanning calorimetry (DSC; STA 449 F5 Jupiter®, 

etzsch Inc.). The DSC measurements were performed at a heat- 

ng rate of 20 °C/min under a continuous N 2 flow (Pt pan, particle 

ize of glass sample: < 45 μm). The T g was deduced from the in-

ection point of the endothermic dip in the DSC spectra. The T g 
alue of each glass reported in the paper is an average of T g val-

es obtained from at least three DSC scans. Table 2 presents the 

atched and experimental compositions of the investigated glasses 

long with their measured T g values. 

.2. Bulk structural analysis of glasses 

23 Na, 27 Al, and 11 B magic-angle spinning nuclear magnetic res- 

nance (MAS NMR) spectra of the annealed glasses (crushed to 

owder) were acquired on a Bruker Avance III HD 500 M spec- 

rometer (4-mm Bruker MAS NMR probe) at 11.7 T. 11 B MAS NMR 

pectra (160.5 MHz resonance frequency) were obtained at a spin- 

ing speed of 10 kHz using RF pulses of 0.87 μs (15 ° tip angle)
3 
ith a recycle delay of 32 s. 27 Al MAS NMR spectra (130.4 MHz 

esonance frequency) were obtained at a spinning speed of 12 kHz 

sing RF pulses of 0.56 μs (10 ° tip angle) with a recycle delay 

f 2 s. 23 Na MAS NMR spectra (132.4 MHz resonance frequency) 

ere obtained at a spinning speed of 12 kHz using RF pulses of 

.4 μs (15 ° tip angle) with a recycle delay of 1 s. The acquired 

pectra for 11 B, 27 Al, and 23 Na were referenced to 1 M H 3 BO 3 , 1

 Al(NO 3 ) 3 and 1 M NaCl solutions, respectively. All the spectra 

ere fitted using DMFit software. [60] . To account for distribu- 

ions in the quadrupolar coupling constants, 23 Na and 27 Al MAS 

MR spectra were fitted by the CzSimple model. “Q MAS ½” and 

aus/Lor functions were used to fit 3- and 4-fold coordinated 11 B 

esonances, respectively, and N 4 ( = 

BO 4 
BO 3 +BO 4 

) fraction was calcu- 

ated from the relative areas of these peaks, with a small correc- 

ion for the overlapping satellite transition of the 4-fold coordi- 

ated boron peak [61] . 

.3. Sample preparation for corrosion tests 

.3.1. Glass powder specimens 

Glass powders with particle diameter varying between 300 μm 

o 425 μm were obtained by crushing and sieving the annealed 

amples. To remove fine powder residue, the powders were ultra- 

onicated in acetone until the supernatant liquid was clear (typ- 

cally ≥3 cycles). The ultrasonicated glass powders were dried 

vernight at room temperature in ambient air and analyzed us- 

ng Fourier Transform Infrared (FTIR) spectroscopy to confirm the 

bsence of any structural changes. The FTIR spectra were ac- 

uired using a single-bounce attenuated total reflectance (ATR) ap- 

aratus (FTIR-UATR, Frontier TM , Perkin Elmer Inc., diamond crys- 

al, scanning resolution: 4 cm 
−1 , 32 scans for background and 

amples). 

The geometric three-dimensional surface area of the acetone- 

ashed glass particles was calculated using ImageJ software af- 

er capturing optical microscope images of ∼10 0 0 particles per 

omposition at 50 × magnification (Zeiss Axioskop 40). A detailed 

ethodology used to determine the surface area of powder speci- 

ens has been described in Ref. [62] . Using these values in com- 

ination with the experimental density values (measured using 

rchimedes’ method by measuring mass of sample in air and in D- 

imonene solution; number of samples per composition = 3; stan- 

ard deviation < 0.005 g cm 
−3 ; Table 2 ), the mean specific sur- 

ace area of the washed powders was determined to be 3500- 
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200 mm 
2 /g. Finally, the mass of glass particles resulting in the 

esired surface area–to–solution volume ratio (S/V) was calculated. 

.3.2. Monolithic glass coupons 

Based on the results of corrosion studies on powder sam- 

les, corrosion tests were performed on monolithic coupons 

f selected glass compositions. Two coupons with dimensions 

10 mm × 10 mm were cut for each glass composition using a 

iamond blade and polished according to the procedure described 

n ASTM C1220-10, [63] where the glass samples were ground in 

cetone sequentially using 120–600 grit sized SiC sheets followed 

y polishing in a 6 μm non-aqueous diamond suspension until a 

irror finish was acquired. The thickness of the polished sample 

aried between 1 and 3 mm. The dimensions of the polished sam- 

les were measured to calculate the geometric surface areas. 

.4. Glass corrosion in acidic environments 

.4.1. Dissolution behavior and kinetics 

The dissolution behavior of the glasses was studied under static 

onditions in ∼0.1 M HCl solution at pH 25 °C = 2 ± 0.01 (experi- 

ental T = 65 °C; S/V = 7.5 m 
−1 ) in sterilized polypropylene flasks 

or duration varying between 1 h and 120 days without agitation. 

or each experiment, 95 ±0.1 mg of glass powder was added to 

0 ±1 mL of freshly prepared acid solution. All experiments were 

erformed in triplicate with a blank (glass-free) control to eval- 

ate the uncertainty of the results. The evolution of solution pH 

as analyzed on recovered solution aliquots at room temperature 

sing a pH meter (Mettler Toledo InLab® Pro-ISM). The solution 

liquots from each experiment were analyzed for their elemental 

oncentrations using ICP-OES (PerkinElmer Optima 8300). The ICP- 

ES detection limits were < 0.5 ppm for Na, < 0.2 ppm for Al, < 0.2

pm for B, < 0.1 ppm for Si, < 0.05 ppm for Ca, < 0.08 ppm for Nb,

 0.05 ppm for Zr, < 0.03 ppm for Ti and < 0.1 ppm for La. Each el-

mental concentration value reported in this paper represents an 

verage of at least nine ICP-OES measurements (three aliquots for 

ach sample, with each aliquot being measured thrice). The % frac- 

ion of alteration was calculated from the concentration of each 

onstituent element in the solution using Eq. (1) . 

 F raction of alteration i = 

( C i −C o ) 

M · f i 
·V · 100% (1) 

urther, the normalized loss (NL) of each element released into the 

urrounding solution was calculated using Eq. (2) , 

L i = 

C i −C o (
S 
V 

)
f i 

(2) 

here C i is the concentration (ppm-wt, or mg/L) of element i in 

he solution as detected by ICP-OES, C o is the background concen- 

ration (as determined from the blank solutions), M is the mass 

f glass powder before dissolution ( = 95 ±0.1 mg for all studied 

lasses), f i is the mass fraction of the element i in the glass, and

 is the volume of solution ( = 50 ±1 mL). To compare the normal-

zed release behavior of different elements and glass compositions, 

ormalized loss data were plotted against time and the apparent 

inear regimes at early times were fitted with linear regression to 

stimate the forward rates. 

Additionally, corrosion experiments were performed on pol- 

shed monolithic glass coupons (prepared according to Section 2.3.2 ; 

wo per composition) in identical conditions as the powder condi- 

ion (pH = 2, 65 °C; S/V = 7.5 m 
−1 ) for 120-day durations. The glass

oupons recovered after the dissolution experiments were rinsed 

hrice with deionized (DI) water, followed by rinsing in ethanol 

Fisher Chemical, anhydrous) to remove any water sticking to their 

urface, and drying at room temperature. 
4

.4.2. Surface chemistry of pre- and post-corroded glasses 

X-ray photoelectron spectroscopy (XPS) measurements were 

erformed on both pre- and post-dissolution monolithic glass 

oupons to study the concentration and chemical environment of 

ach element within the top 3-10 nm of surface layers. A Thermo 

cientific K-Alpha instrument equipped with 1486.6 eV monochro- 

ated Al K α X-ray source (to excite core level electrons from the 

ample) and a low energy dual electron/argon-ion beam flood gun 

or charge compensation was used for the XPS measurements. 

he kinetic energy of the photoelectrons was measured using a 

80 ° double-focusing hemispherical analyzer with a 128-channel 

etector. Binding energies were referenced to the main compo- 

ent of the adventitious carbon peak at 284.8 eV. The photoelec- 

ron spectrometer was calibrated using the Au4f 7/2 binding energy 

83.96 eV) for the etched surface of Au metal reference. The an- 

lyzer was operated in the constant resolution mode with a pass 

nergy of 10 eV for high resolution spectroscopy, while a pass en- 

rgy of 50 eV was used for the routine survey scans. Peak fitting 

or the core-level scans was performed using a mixed Gaussian- 

orentzian function (Gaussian: 85%) for obtaining binding energy 

nd FWHM of the peaks. Peak areas were converted to composition 

sing suitable elemental relative sensitivity factors [64] and cor- 

ected for attenuation through an adventitious carbonaceous over- 

ayer using a calculation similar to the method described by Smith 

65] . The probe depth of XPS, taken to be three times the inelastic 

ean free path of photoelectrons, was 3.6 nm for Na 1s, 9.0 nm for 

 1s, 9.6 nm for Si 2p, 7.8 nm for Al 2p, 6.9 nm for O 1s, 8.1 nm

or Nb 3d, 7.5 nm for Zr 3d, 7.2 nm for Ti 2p, 6.3 nm for La 3d and

1.4 nm for Ca 2p photoelectrons. 

The hydrogen content on the surface of pre- and post- 

issolution monolithic glass coupons was determined by electron 

ecoil detection analysis (ERDA) using a 2.0 MeV He ++ beam (Gen- 

ral Ionex Tandetron accelerator). The beam was oriented in a 

razing geometry with an angle of 75 ° between the incident beam 

nd the surface normal. The detector was mounted 75 ° with re- 

pect to the surface normal in the specular direction, with a 40 μm 

ylar foil placed over the active area to block scattered He ions. 

ence, only forward-scattered H ions were able to penetrate the 

etector. The probe depth of reported ERDA data is approximately 

0 0–40 0 nm. 

.4.3. Structural evolution in glasses as a function of aqueous 

orrosion 

The glass powders retrieved after dissolution experiments (from 

ection 2.4.1 ) were subjected to the same washing and drying pro- 

edure as was performed for the corroded glass coupons. The re- 

overed glass powders were analyzed by XRD, FTIR and 23 Na, 11 B 

nd 27 Al MAS NMR spectroscopy. The experimental methodology 

nd protocols for these characterization techniques have been dis- 

ussed above. 

Solid-state 27 Al{ 1 H} rotational-echo, double resonance nuclear 

agnetic resonance (REDOR NMR) spectra of the corroded glass 

owder were acquired on a Bruker Avance III-HD 500 NMR spec- 

rometer (4 mm Bruker MAS NMR probe) at 11.7 T (spinning 

peed: 12 kHz) following the standard REDOR sequence pub- 

ished by Gullion and Schaefer [66] . The resonance frequency was 

30.3 MHz and 500.1 MHz for 27 Al and 1 H, respectively, with 

 π REDOR pulse length of 5.6 μs. Nine different echo times, 

 τ = NT r = 0.167, 0.333, 0.500, 0.667, 0.833, 1.00, 1.167, 1.333 and 

.500 ms, were employed to evaluate the 27 Al{ 1 H} effects of the 

orroded samples. 

Solid-state 29 Si MAS NMR, 1 H MAS NMR and 1 H → 
29 Si cross- 

olarization (CP)-MAS NMR spectra of the corroded powder sam- 

les were recorded on a Bruker Avance III-HD 500 NMR spec- 

rometer (4 mm Bruker MAS NMR probe) at 11.7 T. 29 Si MAS 

pectra (99.3 MHz resonance frequency) were obtained using 
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 30 ° pulse of 2 μs with a recycle delay of 300 s and a sample

pinning speed of 6 kHz. 1 H MAS NMR (500.1 MHz resonance fre- 

uency) were measured using 90 ° pulse of 2.8 μs with 1 s recycle 

elay at a spinning speed of 12 kHz. 1 H → 
29 Si CP-MAS NMR spec- 

ra were measured at a 2 ms CP pulse with a recycle delay of 2

. Tetrakis(trimethylsilyl) silane and adamantane were used as the 

eference for 29 Si and 1 H chemical shift, respectively. 

The chemistry and microstructure of the corroded glass par- 

icles was investigated using an FEI Titan Themis aberration cor- 

ected scanning transmission electron microscope (STEM) operated 

t 200 keV. Images of glass particles were obtained in scanning 

EM modes with a point resolution of 0.8 Å. The microscope is 

tted with an array of four windowless X-ray SuperX 
TM detec- 

ors for faster X-ray maps with better X-ray counts compared to 

onventional X-ray detectors [67] . For the present set of experi- 

ents, 20 μs dwell time and 100 pA beam current were used. The 

lass particles were firsthand ground for 2 min and suspended in 

ethanol to make them electron transparent; they were then de- 

osited on 200 mesh Cu grids covered with holey C film for TEM 

nalysis. To identify any compositional changes occurring between 

he bulk and corroded layers, STEM-EDS (energy dispersive spec- 

roscopy) was employed to measure the elemental distribution of 

he powder samples. Both the STEM and EDS data were acquired 

nd analyzed using Thermo Fischer Velox software. 

Since the EDS is insensitive to light elements ( < Z = 11), Boron

-edge electron energy loss spectroscopy (EELS) was performed on 

he corroded glass particles using the Gatan Quantum GIF system. 

he convergence and collection semi-angles were 16.9 mrad and 

2.8 mrad, respectively. All the obtained EELS spectra were cali- 

rated using the O-K edge at 538 eV. Indexing and crystallographic 

alculations were performed using JEMS software. 

. Results 

.1. Glass formation 

The as-synthesized glasses are transparent and X-ray amor- 

hous after annealing below T g 
∗ (estimated using the SciGlass 

atabase) [59] for 1 h, as shown in Fig. S1. The DSC-measured 

 g of the annealed glass samples are presented in Table 2 . While 

he addition of Nb 2 O 5 and ZrO 2 to the BL glass leads to a non-

egligible increase in the T g value, the T g values of glasses BL, La-5 

nd Ti-5 are all statistically similar. Further, the DSC thermograph 

f glass La-5 exhibits two endothermic dips before the crystalliza- 

ion curve representing two T g values (Fig. S2), thus, suggesting the 

xistence of glass-in-glass phase separation. The tendency of La 2 O 3 

and other rare-earths) to induce nano-scale phase separation in 

lkali/alkaline-earth aluminoborosilicate glasses has been reported 

n our previous studies [ 37 , 44 ]. 

.2. Structural analysis of annealed glasses 

The 23 Na MAS NMR spectra of the studied glasses are presented 

n Fig. 1 a, each displaying a broad asymmetric peak with max- 

ma near -15 to -20 ppm. To better understand the Na environ- 

ent and coordination in the annealed glass samples, all 23 Na MAS 

MR spectra have been fitted using the CZSimple model in DMFit 

60] and the optimized fitting parameters are presented in Table 3 . 

hile the addition of Ti 4 + , Zr 4 + , and Nb 5 + to the BL glass leads
o a slight upfield shift of the 23 Na δiso (isotropic chemical shift; 

rom -14.1 ppm for BL glass to -14.4, -14.9 and -15.4 ppm, re- 

pectively), La 3 + substitution shifted the resonance in the opposite 
irection (to -12.8 ppm), highlighting the distinct effect of HFSC 

dentity on the local Na environment in the glass structure. Since 
iso of the 23 Na resonance is negatively correlated to the average 

a–O bond distance, d (Na–O), it is thus evident that the presence 
5 
f La 3 + in the glass structure leads to a decrease in d (Na–O) while 

i 4 + , Zr 4 + , and Nb 5 + additions increase d (Na–O). This distinction 
ay be attributed to the effect that each HFSC has upon the glass 

tructure. For instance, Ti 4 + , Zr 4 + and Nb 5 + , when added in small 

mounts, typically incorporate into silicate-based glass structure as 

eutral or negatively charged polyhedra that require charge com- 

ensation by modifier cations (i.e. Na + and/or Ca 2 + , in this case) 
 28 , 30 , 56 , 57 , 68–70 ]. They have also been observed to compete for

harge-compensating cations with tetrahedral boron sites [ 68 , 71 ]. 

ue to these reasons, their presence thus results in a longer d (Na–

). 

The downfield shift of the 23 Na δiso in the glass La-5 is difficult 

o explain as the distinct structural role of La 3 + (and RE 3 + , in gen-
ral) in a multicomponent borosilicate glass is still debatable. The 

raditional viewpoint usually considers La 3 + as a network modifier 

hat behaves similar to Ca 2 + (which is also a HFSC) in borosilicate 

nd aluminosilicate glasses [ 45 , 46 ]. Therefore, the addition of La 3 + 

o the glass will decrease the d (Na–O), assuming that La 3 + ran- 
omly mixes with other non-framework cations such as Na + , and 
harge-compensate some of the AlO 4 an BO 4 units, thus, making 

ore Na + available to create NBOs in the glass network. However, 

his does not seem to be the case in the glasses being investigated 

n the present study, as the presence of two glass transition tem- 

eratures in the DSC scan of glass La-5 is a clear evidence of phase 

eparation (Fig. S2). 

Another possible interpretation that would effect a shift in the 

ole of Na + is the so-called ‘mixed cation effect,’ as has been previ- 

usly proposed in Na/Ca- and Na/Ca/La-containing glasses [ 46 , 72 ]. 

t has been hypothesized that because of their similar ionic radii 

Na + , 1.02 Å; Ca 2 + , 0.99 Å; La 3 + , 1.03 Å), these non-framework

ations tend to pair up in the vicinity of NBOs and share the 

xygen within their coordination shell to stabilize themselves. 

he literature reveals a good agreement between simulated and 

xperimental 17 O multiple quantum (MQ) MAS NMR spectra of 

a 2 O-CaO-La 2 O 3 -B 2 O 3 -SiO 2 based glass system assuming that each 

ation mixing site contains on an average 2.2 Na + and 0.5 Ca 2 + 

er La 3+ [46] . In this way, the mixing cations become more ‘net- 

ork modifying’ and a larger number of NBOs are required for 

harge-balancing. Here it should be noted that although Angeli 

t al. [46] did not report the clustering of La 3 + in their glasses 
nd instead defined the pairing of La 3 + with Na + and Ca 2 + as 
mixed cation effect,” a recent spectroscopic study by Kamat et al. 

44] on La 3 + /Nd 3 + -containing sodium aluminoborosilicate glasses 

roposes a similar model where La 3 + requires charge compensa- 

ion and tends to cluster when the surrounding environment is 

ot sufficiently alkali-rich, causing the glass to undergo nanoscale 

hase separation into La-B-Na-rich (two to three Na + per La 3 + ) 
nd Al-Si-rich phases. In our case, the DSC thermograph of glass 

a-5 (Fig. S2) does indicate the co-existence of two distinct phases 

uggesting nanoscale phase separation induced by the addition of 

a 3 + to the glass. Nonetheless, from either viewpoint, it is evident 

hat La 3 + has a significant impact on the sodium environment in 

n alkali aluminoborosilicate glass. 

Despite the difference in peak position, in all cases, the addi- 

ion of HFSCs leads to insignificant change in quadrupolar cou- 

ling constant (C Q ), i.e., from 1.6 MHz in BL glass to 1.6-1.7 MHz 

n HFSC-containing glasses, suggesting similar distortion from local 

pherical symmetry around sodium ion in each of the investigated 

lasses [73] . 

The 27 Al MAS NMR spectra of the samples, as shown in Fig. 1 b,

isplay one broad peak centered around ∼55 ppm, characteristic 

f tetrahedral Al (AlO 4 
−) units in silicate glass [ 15 , 19 , 74 ]. While

- and 6-coordinated Al have been previously reported in silicate 

lasses containing HFSCs [ 45 , 73 ], these higher-coordinated species 

re not observed in the investigated glasses, as evidenced by the 

bsence of distinct 27 Al NMR resonance around ∼30 ppm or ∼0 
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Fig. 1. (a) 23 Na, (b) 27 Al and (c) 11 B MAS NMR spectra of the as-prepared glass samples. 

Table 3 

Average isotropic chemical shifts ( δiso 
; ±0.5 ppm) and quadrupolar coupling constants (C Q ; ±0.3 MHz) of fitted 27 Al and 23 Na MAS NMR data of the pre- and 

post-dissolution samples. Calculated N 4 fraction ( ±10%) and ring/non-ring BO 3 species ratio of the pre- and post-corroded glass samples, as extracted from 
11 B 

MAS NMR. 

Sample ID Duration 23 Na MAS NMR 27 Al MAS NMR 11 B MAS NMR 

δiso C Q δiso C Q N 4 Ring/non-ring BO 3 ratio 

BL Pristine -14.1 1.6 56.3 3.6 46.8 4.0 

120 d -11.9 1.6 57.5 3.2 41.8 3.1 

Nb-5 Pristine -15.4 1.6 55.6 3.5 33.8 3.5 

120 d -15.4 1.6 56.1 3.5 33.0 3.7 

Zr-5 Pristine -14.9 1.6 55.9 3.7 32.5 4.3 

120 d -14.2 1.6 57.1 3.6 31.9 4.3 

Ti-5 Pristine -14.4 1.6 56.1 3.6 39.8 3.9 

120 d -14.3 1.6 57.2 3.5 37.9 3.8 

La-5 Pristine -12.8 1.7 57.1 3.6 35.4 4.5 

120 d -12.5 1.7 56.8 3.3 35.4 5.0 
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δ
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f

pm [ 19 , 74 ], Fitting of the NMR spectra has been performed using

he CZSimple model and has thus only considered the resonance 

rom the tetrahedral Al units. The parameters extracted for these 

pectral fittings are listed in Table 3 . It is observed that neither 

iso ( ±0.8 ppm) nor C Q ( ±0.1 MHz) are significantly affected by 

he identity or field strength of the HFSC. 

The 11 B MAS NMR spectra of all glass samples ( Fig. 1 c) exhibit

wo well-resolved peaks centered near 12 ppm and 0 ppm, cor- 

esponding to BO 3 and BO 4 units, respectively [ 75 , 76 ]. The BO 3 

eak was fitted with two distinct components, attributed to ring- 
6 
nd non-ring BO 3 units. Further, the BO 4 resonance was fitted ade- 

uately with two separate components following correction for the 

nderlying satellite peak. The calculated fractions of each species 

re listed in Table 3 . It is evident that while the addition of HFSCs

oes not exhibit a significant impact on the shape of the 11 B res- 

nance, the relative area of the BO 3 resonance (N 3 ; the fraction of 

O 3 species) increases significantly ( + 5.7-13.8%). It is well known 

hat anionic BO 4 
− units in glass must be charge-balanced by 

earby non-framework cations, for example, Na + and Ca 2 + . There- 
ore, the boron speciation in a glass exhibits a strong dependence 
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n the amount and ionic field strength of the available charge- 

ompensating cations [ 37 , 73 , 77 , 78 ]. As discussed above, Nb 5 + , Zr 4 + 

nd Ti 4 + are known to form polyhedral units when incorporated 

nto the silicate glass structure [ 28 , 30 , 56 , 57 , 68–70 ]. The 23 Na MAS

MR result also implies that in the studied glasses, the pres- 

nce of the HFSCs shifts some Na + from network-modifying to 

harge-compensating role. Since the molar ratios between other 

onstituent oxides (i.e., between Na 2 O, CaO, B 2 O 3 , Al 2 O 3 , and SiO 2 )

emain the same as the baseline glass after the addition of HF- 

Cs, the observed decrease in N 4 fraction can be readily explained 

y the preferential charge-compensation of HFSC structural units, 

hus, limiting the availability of charge compensators to the BO 4 
−

nits. The determined N 4 fractions of the studied glasses (ex- 

ept La-5 glass, discussed later) follows the order: Zr-5 < Nb-5 < Ti- 

 < BL, which may correlate to differences in their valence and co- 

rdination environment in the glass. Both Nb 5 + and Zr 4 + cations 
ave been shown to form octahedral units in the silicate glasses 

 56–58 , 68 , 69 ]. However, NbO 6 
− requires less charge-compensation 

han ZrO 6 
2- units, effecting a higher N 4 fraction in the Nb- 

ontaining glass. Ti 4 + , on the other hand, can be present in both 4-
nd 5-coordination (i.e., TiO 4 and TiO 5 

−, respectively) when added 

o silicate and aluminosilicate glasses in small amount ( ≤5 mol%) 

 9 , 28 , 30 , 70 , 79 ]. TiO 4 does not require charge compensation, and it

as been suggested that 5-fold Ti units do not show strong in- 

eraction with Na + [80] , both would account for the further in- 

reased N 4 fraction in the Ti-5 glass with respect to the Nb- and 

r-containing glass. 

The lower N 4 value observed for the La 2 O 3 -containing glass 

ompared to that in BL, as also observed in the cases of Nb 5 + , Zr 4 + ,
nd Ti 4 + containing glasses, indicates that La 3 + also competes with 

orate species for Na + , and such competition may be attributed to 

he prevalent mixing of Na + with La 3 + in the borosilicate glass sys- 
em. According to the literature [ 44 , 46 ], each La 3 + would associate

ith two to three Na + to stabilize itself in the glass network, thus 

imiting the availability of Na + to BO 4 
− species. 

.3. Dissolution behavior of glasses 

.3.1. Dissolution kinetics in HCl 

The elemental NL curves, pH evolution and calculated fraction 

f alteration as a function of experiment duration are presented 

or each composition in Figs. 2 , S3 and S4, respectively (Note: de- 

ailed pH readings, calculated NL values, and ICP-OES raw data are 

isted in Tables S1 and S2). The measured pH values maintain be- 

ween 2.0 to 2.5 throughout the 120 days of experiment for all 

amples except the La-5 glass, in which the solution pH increases 

o ∼2.75 within 14 days of dissolution experiments and stabilizes 

t ∼3 as the reaction proceeds beyond 60 days. At the end of the 

20-d experiments, all the studied compositions except La-5 glass 

ave not reached complete dissolution (Fig. S4). For the glass La-5, 

he dissolution of all elements besides Si is calculated as near 100% 

uring the 14- to 120-day period, merely leaving behind an Si-rich 

lteration surface. 

.3.1.1. Forward rate regime. The release of all the elements dis- 

lays a linear trend with time during the first 3 h to 14 days of

xperiments, depending on the glass composition and kinetics of 

issolution, corresponding to the forward rate regime commonly 

een in the corrosion of silicate and borosilicate glasses.A few ex- 

eptions to this trend are the Na and Nb release from the glass 

b-5 and Zr release from the glass Zr-5, which each stay near 

r below the detection limit of ICP-OES within the forward rate 

egime. In the forward rate regime, the dissolution kinetics of sili- 

ate glasses depends on the hydrolysis of glass network, and thus, 

he glass composition and identity of network linkages. It should 

e noted here that an accurate picture of the forward rate in the 
7 
bsence of flow-through conditions assumes an adequately dilute 

queous environment surrounding the glass with regard to the dis- 

olved glass components. In the present study, we emphasize that 

 linear regression of this initial region represents an estimate of 

he forward rate and depicts a region in which solution feedback 

i.e., dissolved silica) is not influencing non-linearity in elemental 

elease from the glass. Accordingly, the fitted rates, as presented 

n Table 4 , represent release of each constituent elements from the 

lasses when the solutions are less than ∼33% saturated with re- 

ard to silica, i.e., the Si content in the solutions is ≤ 33% of the 

stimated Si solubility limit in acid, as reported in Ref. [81] . The 

ncertainties listed in the table have been calculated from the un- 

ertainty in the least-squares fitting method (discussed by Kragten 

82] ) using a similar approach as described in our previous pub- 

ications. At the same time, uncertainties of 25% have also been 

onsidered while comparing rates, as has previously been assessed 

s a typical uncertainty attributed to rate determination in static 

xperiments [83] . 

As evident from the fitted dissolution rates, for the BL glass 

 Fig. 2 a) all elements except B and Si dissolve relatively congru- 

ntly in HCl solutions following a regression of the first 3 days of 

xperiments. While Si leaches out at a slightly slower rate from 

his glass compared to other constituent elements within the first 

2 h, the release of B is much faster within the same duration. 

imilar results pertaining to a slow release of Si compared to boron 

rom sodium borosilicate glasses in acidic solutions (HCl; pH < 5) 

ave been reported by Bunker et al., [84] and have been attributed 

o the high resistance of Si–O–Si bonds towards hydrolysis com- 

ared to B–O–B bonds. The introduction of Ti 4 + to the BL glass 
ffects a similar pattern of release, where all elements except Si 

re released congruently within the first 7 days ( Fig. 2 b), where Si

s released at a slower rate. The addition of La 3 + , however, facili- 

ates a much faster transition towards residual rate regime, as the 

L curves of all constituent elements in the glass La-5 glass exhibit 

lear deviation from linearity after only 3 h of corrosion, therefore 

he reported forward rate is fitted using only (0,0) and 1-3 h data 

 Fig. 2 c). In this glass, similar to the other glasses discussed above, 

ll elements besides Si were released rapidly at similar rates within 

he first 3 h, while Si was released at a slower rate during the at

ame duration. 

In contrast, it is observed that glass Zr-5 ( Fig. 2 d) features ap-

arently congruent release of Na, Ca Al and, Si within 3 days of 

xperiments, with slightly elevated boron release as compared to 

he other constituent elements. Since Zr release from the glass 

nto the solution (in the initial 24 h of dissolution) is near or be- 

ow the ICP-OES reporting limits, the forward rate of Zr could not 

e estimated. Nb-5 (displayed in Fig. 2 e), on the other hand, ex- 

ibits congruent dissolution for all elements except Nb and Na 

ithin 14 days. For this glass, the amount of Nb in the solu- 

ion remains below the detection limit of ICP-OES throughout the 

20 days of experiment, while Na readings stabilize only after 14 

ays of immersion, as mentioned in the footnote of Table 4 . As 

 result, the forward rate of Na and Nb is not reported for Nb-5 

lass. 

When comparing kinetics of glass dissolution as a function of 

he HFSC, while the addition of La 3 + to the BL glass increases its 
orward dissolution rate by ∼25 × (in terms of Na release), the 

ddition of other three HFSCs, i.e., Nb 5 + , Zr 4 + and Ti 4 + , results 
n slowed dissolution kinetics. For example, the glasses Nb-5, Zr- 

 and Ti-5 exhibit a release rate of only ∼0.1 × (based on Ca re- 

ease), ∼0.3 ×, and ∼0.3 × (based on Na release), respectively, as 

ompared to the BL glass. Here it should be noted that we have 

resented the results in terms of Na or Ca release from the glasses 

ecause these elements release from the glass at similar rates to 

ther elements, thus allow an inter-glass composition comparison 

y forward rate trends. 
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Fig. 2. Calculated elemental normalized loss as a function of time from glass: (a) BL, (b) La-5, (c) Ti-5, (d) Zr-5 and (e) Nb-5 in HCl solution. Each data point represents the 

average of three parallel experiments. Readings below detection limit of ICP-OES are marked with open symbols and dotted lines. 

Table 4 

Estimated forward rate (g �m 
−2 h −1 ) of the studied glasses for each constituent element. 

Estimated Forward Rate 

Sample ID Na Al B Si Ca HFSC 

BL 0.70 ±0.07 0.52 ±0.09 1.01 ±0.05 0.32 ±0.02 0.5 ±0.1 - 

Nb-5 n.d. † 0.059 ±0.006 0.050 ±0.002 0.052 ±0.004 0.053 ±0.008 Nb: n.d. † 

Zr-5 0.22 ±0.01 0.17 ±0.01 0.35 ±0.02 0.26 ±0.02 0.21 ±0.01 Zr: n.d. † 

Ti-5 0.21 ±0.02 0.26 ±0.01 0.22 ±0.02 0.13 ±0.01 0.26 ±0.02 Ti: 0.25 ±0.01 

La-5 18 ±3 15 ±4 14 ±1 9 ±2 20 ±4 La: 20 ±4 

† Not determined as the concentration of Na, Nb and Zr in the noted solutions was too low to be reported 

within the experimental uncertainty in the defined forward rate regime. 

8 
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The observed variation in the corrosion kinetics upon the ad- 

ition of different HFSCs can be explained based on the impact 

hat different HFSCs exert on the glass network. Nb 5 + , Zr 4 + and 
i 4 + , due to their high ionic field-strengths, can be present in the 
lass in various polyhedral forms with/without NBOs, and there- 

ore do not strictly follow the traditional definition of ‘network- 

ormer’. However, their ability to intercalate into the glass net- 

ork [ 30 , 56 , 57 , 68 , 69 ] and form relatively more hydrolysis-resistant

onds with other framework moieties (e.g., Si–O–Zr, as compared 

o Si–O–Si), [9] support our consideration of them as ‘network 

eticulating agents’, which strengthen the glass structure and lead 

o the observed lower forward rate (compared to the BL glass). 

pecifically, in case of TiO 2 and ZrO 2 -containing glasses, while both 

eing Group IVB elements, Zr 4 + leads to a more significant inhibi- 

ion on the initial dissolution than Ti 4 + when added to the alu- 

inoborosilicate baseline glass. Similar results have been reported 

reviously [ 9 , 24 ], and may be related to the difference in the coor-

ination between Zr 4 + and Ti 4 + as they incorporate into the glass 
etwork. While Zr 4 + commonly forms octahedral ZrO 6 

2 − units in 

orosilicate glass [ 33 , 68 , 69 , 85 ], most literature reports Ti 4 + as 4-
nd 5-coordination [ 28 , 30 , 70 , 79 ], which not only has less bonding

ut also require less charge compensation than ZrO 6 
2 −

. Therefore, 

ore non-framework cations (in our case, Na + and Ca 2 + ) would be 

onsumed as charge compensator by Zr 4 + than Ti 4 + , leaving less of 
hem as modifier (or charge compensating BO 4 

−). This argument 

s supported by the 11 B MAS NMR results showing that though the 

ddition of ZrO 2 and TiO 2 to the BL composition both results in a 

ecrease in N 4 fraction (compared to the BL glass), the Ti-5 glass 

as higher N 4 fraction than the Zr-5 glass. The higher measured 

 g also implies a potentially stronger and denser bonding in the 

r-5 glass as compared to the Ti-5 glass. It can thus be inferred 

hat Ti-5 glass has a less rigid network than the Zr-5 glass (but 

till higher network connectivity than the BL glass), accounting for 

he faster initial dissolution of the former. Nonetheless, the even 

ore slowed initial dissolution kinetics observed in the Nb-5 glass 

as compared to Zr-5 glass) cannot be explained by the same ar- 

ument, as Nb 5 + has also been widely reported to form octahedral 

nits in silicate glass [56–58] . Therefore, we hypothesize that the 

lower dissolution kinetics of Nb 2 O 5 -containing glass may be re- 

ated to the stronger interaction of Nb 5 + with the surrounding oxy- 

ens due to its significantly higher ionic field strength than Zr 4 + 

 Table 1 ) [86] . The much lower aqueous solubility as well as the

igher free energy of formation of Nb 2 O 5 [87–89] as compared to 

uartz and vitreous silica [90] also suggests a potentially higher 

esistance of Nb-5 glass against hydrolysis due to the formation of 

otentially hydrolysis resistant Si–O–Nb as compared to the Si–O–

i linkages. Further detailed investigations pertaining to glass–acid 

r glass–water interactions are warranted to validate the proposed 

ypothesis. 

In contrast, the significantly faster initial dissolution of the La- 

ontaining glass is consistent with the structural model proposed 

n the literature suggesting that La 3 + induces nanoscale phase sep- 
ration in the glass [44] . The presence of multiple glassy phases, 

s apparent from two T g values in the DSC, supports the argu- 

ent that we are observing a faster dissolution of the more soluble 

hase rich in Na, La and B, thus making the La-5 glass appear more 

usceptible to acidic attack in comparison to the other glasses, es- 

ecially in the forward rate regime. 

It is observed in the ZrO 2 - and Nb 2 O 5 -containing glasses that 

he elemental NL value continues to increase in a relatively lin- 

ar manner after the initial 3-14 days of corrosion ( Fig. 2 d and

), and no clear residual rate plateau can be observed through- 

ut the 120-day duration of experiments. Considering the slow 

orrosion kinetics of these glasses, presumably they are still in 

 stage of slow transition towards the residual rate regime at 

he end of the experiment. Thus, in the next section, we will 
9 
ainly focus on the residual rate behavior in the remaining 

lasses. 

.3.1.2. Residual rate regime. As shown in Fig. 2 a, the dissolution 

inetics of glass BL slow down after 72 h followed by a transition 

nto residual rate regime after 28 days. During the residual rate 

egime, boron continues to dissolve congruently with Na, Ca, and 

l, while the release of Si further deviates from congruency. The 

ddition of TiO 2 to the BL glass did not exhibit a significant impact 

n its dissolution kinetics in the residual rate regime, as evident 

rom Fig. 2 b, except that the NL of Ti drops below the detection 

imit of the ICP-OES after 14 days of corrosion. The glass La-5, ow- 

ng to its significantly faster kinetics of dissolution (compared to 

lass BL) in the forward rate regime, transitions into the residual 

ate regime after 72 h, where all the elements except Si are re- 

eased congruently into the solution ( Fig. 2 c). As compared to the 

L glass, which presents a much slower but non-zero residual rate 

t the end of experiment, the passivation effect is apparently more 

fficient in the La-containing sample (considering the fast initial 

issolution kinetics of La-5 glass), as evident from the comparable 

L Na values of glasses BL ( ∼210 g/m 
2 ) and La-5 ( ∼230 g/m 

2 ) after

20 days. The ZrO 2 -containing glass shows a dissolution behavior 

imilar to that observed in TiO 2 -containing glass, wherein the Zr 

oncentration in the solution drops below the detection limit of 

he ICP-OES after 28 days ( Fig. 2 d). The drastic decrease in the NL

alues of Ti and Zr after 14 and 28 days, respectively, may be at- 

ributed to the low solubility of Ti 4 + and Zr 4 + in dilute HCl [ 91 , 92 ],
hich causes their precipitation onto the surface of glass. The de- 

ay in the precipitation of Zr (28 days compared to 14 days for Ti in

i-5 glass) may be attributed to the slower dissolution kinetics of 

rO 2 -containing glass. In fact, as mentioned in Section 3.2.1.2, due 

o their slower kinetics of dissolution, the Zr-5 and Nb-5 glasses 

ppear to be still in the stage of a gradual transition towards resid- 

al rate regime at the end of the experiments. Therefore, it is not 

easible to discuss their residual rate behavior herein. Nevertheless, 

he addition of ZrO 2 and Nb 2 O 5 to the BL glass leads to a much

ower final NL Na value ( ∼111 and 77 g/m 
2 , respectively), indicat- 

ng the inhibiting effect of Zr 4 + and Nb 5 + against acidic corrosion 
ithin the timescale of our experiments. 

.3.2. Structural characterization of corroded powders 

The XRD patterns of all pre- and post-dissolution samples are 

resented in Fig. S1. All the glass powders (except Ti-5) are XRD 

morphous until 120 days of corrosion in HCl. The XRD patterns 

f glass Ti-5 reveal the presence of crystalline peaks likely corre- 

ponding to anatase, a tetragonal polymorph of TiO 2 , after 28 days 

nd 120 days of corrosion in HCl (Fig. S5). Although the precipita- 

ion of Zr and Nb-related phases is also expected in Zr-5 and Nb-5 

lass-solution mixtures, no signs of crystallinity are evident from 

he XRD patterns of post-dissolution glass powders from these 

amples. The formation of crystalline TiO 2 in the Ti-5 sample can 

e explained based on the faster dissolution kinetics of Ti-5 glass 

compared to Zr-5 and Nb-5), which leads to the local supersat- 

ration of Ti near the glass surface followed by rapid nucleation 

nd growth of solid phase into a crystalline product. It should be 

oted here that nucleation does not necessarily begins on reach- 

ng the supersaturated condition, except at a very high supersat- 

ration, and there may be an induction period before the detec- 

ion of first crystal or solid particle. Thus, the absence of any crys- 

alline products in the precipitates of Zr-5 and Nb-5 samples may 

e attributed to the lower degree of supersaturation (due to their 

lower dissolution kinetics), which results in an induction period 

efore the detection of any crystalline phases. 

While the XRD data of the post-dissolution glass powders did 

ot show any signs of crystallinity (except in Ti-5 sample), a com- 

arison of the FTIR-ATR spectra of the pre- and post-dissolution 
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Fig. 3. (a) 23 Na, (b) 27 Al and (c) 11 B MAS NMR spectra of the 120-day corroded samples. 23 Na, 27 Al and 11 B MAS NMR spectra measured on the un-corroded samples have 

been added for comparison. 
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owders (Fig. S6) reveals the formation of absorption bands at 

1635 cm 
−1 and ∼3390 cm 

−1 in the samples after 120 days 

f corrosion, corresponding to the H 2 O bending and OH stretch- 

ng modes, respectively [ 6 , 8 , 93 ], thus suggesting the formation

f hydrated layer(s). Additionally, the FTIR-ATR spectra of post- 

issolution glass powders from compositions BL, Ti-5 and La-5 

how a significant weakening in the vibration modes of BO 3 units 

ocated at ∼700 cm 
−1 [94–96] , which can be attributed to an ex- 

ensive leaching of B species into the solution, as also suggested by 

he NL data. 

In order to understand the structural evolution of glasses as 

 result of corrosion, 27 Al, 23 Na and 11 B MAS NMR analyses have 

een performed on glassy grains recovered after 120 days of dis- 

olution experiments. Fig. 3 a and b present the 23 Na and 27 Al MAS 

MR spectra of the pre- and post-dissolution glass powders, re- 

pectively, while Table 3 presents the optimized fitting parameters 

or these spectra. As evident in Fig. 3 a, for all the investigated glass

ompositions except BL, the 23 Na MAS NMR spectra of the cor- 

oded samples overlap closely with that of the uncorroded sam- 

les. For the BL glass, 23 Na spectra show a slight downfield shift 

 + 2.2 ppm) after corrosion, indicating a decrease of d (Na-O). 

The 27 Al MAS NMR spectra of the post-dissolution glass sam- 

les ( Fig. 3 b) comprise one broad peak around ∼57 ppm corre- 

ponding to AlO 4 
− units in the glass structure [ 15 , 19 , 74 ]. The 27 Al

AS NMR spectra of the post-dissolution glass powders does not 

uggest the possible presence of any higher-coordinated aluminum 

pecies. Nevertheless, the change in the 27 Al resonance shape can 

e observed for glasses BL, Ti-5 and La-5, marked by a general de- 
10 
rease in the C Q value (-0.4, -0.1 and -0.3 MHz, respectively) and a 

light shift in the fitted δiso value ( + 1.2, + 1.1 and -0.3 ppm, re-

pectively, as listed in Table 3 ). Since C Q value is a measure of 

he deviation from perfect cubic symmetry around the Al environ- 

ent, these results, thus, suggest that the glass network of post- 

issolution BL, Ti-5 and La-5 samples is less distorted around 4- 

oordinated Al species upon corrosion [ 97 , 98 ]. 

To identify the origin of change in the shape of 27 Al NMR 

pectra of glasses due to corrosion, the 27 Al{ 1 H} REDOR NMR 

nalysis has been performed on the 120-day corroded Ti-5 glass 

which shows the most significant change in 27 Al resonance upon 

orrosion). Fig. 4 a displays the comparison between S 0 and S 

pectra at an echo time of 1.5 ms, where the extent of spectral 

ephasing is indicated by the difference curve. Further, Fig. 4 b 

hows the REDOR curve of this sample, plotted as �S/S 0 (spectral 

ephasing) vs. number of rotor cycles (dipolar mixing time), 

here increased curvature indicates a greater extent of 27 Al- 1 H 

nteraction in the sample. Our results, however, indicate that this 

ample shows weak interaction between Al and H species, marked 

y the limited dephasing induced by heteronuclear recoupling of 

hese two nuclei. Further, our results indicate that the presence of 

ydrated aluminum species in the 120-day corroded Ti-5 sample is 

inor. Therefore, it is likely that another type of structural trans- 

ormation is taking place in the corroded glass, potentially driven 

y the dissolution and re-condensation of glass network around Al 

pecies that gradually transition into a more ordered state. 

The 11 B MAS NMR spectra of the corroded glass samples 

 Fig. 3 c) again shows a close overlap with the spectra of the 
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Fig. 4. (a) 27 Al{ 1 H} REDOR NMR spectrum obtained at an echo time of 1.5ms, and (b) 27 Al{ 1 H} effects ( �S/ S 0 ) for the Al(IV) resonance at 56 ppm of the 120-days corroded 

Ti-5 glass powders. S 0 : spectrum obtained without REDOR pulse; S : spectrum obtained with REDOR pulse; �S : difference spectrum �S = S 0 – S . 

Table 5 

Average isotropic chemical shifts ( δiso ; ppm), FWHM (ppm), and calculated fraction (%) 

of each Q n species in 120-d corroded Ti-5 glass powder, as assessed by 29 Si MAS NMR 

analysis. 

Duration Silicate Species δiso FWHM Calculated Fraction 

120 

d 

Q 2 -84.4 8.7 14.0 

Q 3 /Q 2 (OH) 2 -91.5 7.1 12.4 

Q 3 -OH -100.2 11.9 51.7 

Q 4 -110.4 6.4 21.9 

Pristine Q 2 (2Si) -82.5 11.5 9.9 

Q 3 (3Si)/Q 3 (2Si/1Al, B, Ti) -92.2 13.5 51.5 

Q 4 (3Si/1Al, B, Ti) -101.2 10.0 21.5 

Q 4 (4Si) -109.0 15.3 17.1 
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ncorroded samples. Table 3 lists the calculated N 4 fractions of 

he post-dissolution samples obtained after deconvoluting their 11 B 

AS spectra using DMFit. In all the studied compositions except BL 

nd Ti-5, the N 4 fraction decreases slightly after corrosion, but the 

alculated difference (within ± 0.8%) lies well within the typical 

rrors assessed while fitting 11 B MAS NMR spectra, thus indicat- 

ng that the borate environment in these glasses remain unaltered 

compared to pre-dissolution glasses). On the other hand, the BL, 

nd Ti-5 samples both show a significant decrease in their BO 4 

ractions (5.0% and 1.9%, respectively) after 120 days of corrosion 

n ∼0.1 M HCl, implying possible preferential release or restructur- 

ng of BO 4 units as the corrosion proceeds in these glasses. 

To further understand the structural change occurring in the 

orroded Ti-5 samples, 29 Si MAS, 1 H MAS and 1 H → 
29 Si CP-MAS 

MR analysis have been performed on both the uncorroded and 

orroded Ti-5 powders. The obtained spectra are displayed in 

igs. 5 and 6 . Fitting parameters of the 29 Si MAS NMR and the

alculated fractions of different structural moieties are listed in 

able 5 . As shown in Fig. 5 , the 29 Si MAS NMR spectrum of the

s-synthesized Ti-5 glass ( Fig. 5 a), displaying a broad resonance of 

etrahedral Si in the range -75 to -125 ppm, can be fitted with 

our Gaussian components (centered at -84.4, -91.5, -100.2 and - 

10.4 ppm, respectively). While each peak represents a potentially 

istinct silicate species in the glass, a distinct identification of 

he deconvoluted species is difficult since the chemical shift po- 

ition is not only affected by its Q 
n speciation (where n represents 

he number of bridging oxygen around tetrahedral Si units), but 

lso by the identity of the next-nearest neighbor species (Si–O–

; where M = Si, Al, B, Ti). Accordingly, glasses containing mul- 

iple network-forming oxides can contain several different Si–O–

 linkages in the network. For instance, it is well known that 

he presence of Si–O–Al linkages in alkali aluminosilicate glasses 
11 
eshields the 29 Si nucleus, thus leading to overlapping peaks be- 

ween species such as Q 
3 and Q 

4 (3Al) or Q 
3 (1Al) and Q 

4 (4Al)

 10 , 99 , 100 ]. Additionally, the formation of Si–O–Ti [5] and Si–O–B [4] 

inkages has also been reported to cause downfield shifts in the 
9 Si resonance [ 70,101–103 ] In our case, since all the aforemen- 

ioned species are present in the Ti-5 glass, the structural complex- 

ty of the network is evident. While we are unable to resolve con- 

ributions from Q 
4 and Q 

3 units containing different second neigh- 

ors in the spectrum, referring to literature values [ 10 , 70 , 101 , 104 ]

nd ignoring the contribution from Si species that have more than 

ne neighboring Si being substituted by other network formers, we 

ave roughly assigned the four resonances at δiso = -84.4, -91.5, 

100.2 and -110.4 ppm to Q 
2 (2Si), Q 

3 (3Si or 2Si / 1Al, B, or Ti),

 
4 (3Si / 1 Al, B, or Ti) and Q 

4 (4Si), respectively. It can thus be in-

erred that the as-synthesized Ti-5 glass contains mainly Q 
3 (3Si), 

 
3 (2Si / 1 Al, B, or Ti) and Q 

4 (3Si / 1 Al, B, or Ti) species with

inor fraction of Q 
2 (2Si) / Q 

4 (4Si) units. To supplement this argu- 

ent with a more quantitative picture of the network connectivity, 

e have also calculated the NBO fraction in the as-synthesized Ti- 

 glass using the tetrahedral Al and B fractions (as determined by 

MR), using the expression: 

BO F ract ion = 

at . % Na + 2 × at. % Ca − at . % B in BO 4 − at . % Al in AlO 4 
at . % O 

In this equation, a few assumptions have been made, for in- 

tance, we assumed that: (1) Ti 4 + incorporates in the network as 

iO 4 due to its low concentration, and therefore, will not affect the 

onnectivity of the silicate network [ 70 , 105 ], and (ii) Na + and Ca 2 + 

re first consumed by BO 4 
− and AlO 4 

− units as charge compen- 

ator; the excess modifier charge then creates NBOs in the sili- 

ate network on a 1-for-1 or 1-for-2 basis, respectively [73] . The 

alculated NBO fraction is ∼13.7%, corresponding to an average Si 
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Fig. 5. 29 Si MAS NMR spectra of the (a) un-corroded and (b) 120-day corroded Ti- 

5 glass; (c) 1 H → 
29 Si CP-MAS NMR spectra of the 120-day corroded Ti-5 glass. The 

29 Si MAS NMR spectrum was fitted with four Gaussian/Lorentz functions (red line) 

corresponding to the Q n resonances; the position of each component is indicated 

by the black dash line. 

Fig. 6. 1 H MAS NMR spectrum of the 120-day corroded Ti-5 glass. 
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onnectivity of 3.49, which is in satisfactory agreement with the 

tted Si speciation from the 29 Si NMR spectrum (fitted Si connec- 

ivity: 3.29). Therefore, on an average, roughly half of the Si species 

re Q 
3 , and half are Q 

4 , where each may contain distinct next- 

earest neighbor species. 

As compared to the as-synthesized glass, the 29 Si MAS NMR 

pectra of the 120-day corroded Ti-5 sample ( Fig. 5 b) starts to 
12 
how more resolved features, highlighting the effect of acid corro- 

ion on the glass structure. Deconvolution of the spectrum clearly 

emonstrates the contribution from four distinct environments, 

ith resonance peaks centered at -83.9, -91.7, -100.0 and -109.5 

pm. The latter three peaks noticeably align closely with the three 

eaks displayed in the CP-MAS NMR spectrum ( Fig. 5 c). Therefore, 

n accordance with the literature [ 10 , 103 , 106 ], we have attributed

he -100.0 and -109.5 ppm peak to Q 
3 –OH and Q 

4 species, respec- 

ively. The Q 
3 –OH is expected to stem from the hydrated silica (i.e., 

i–OH, as also indicated by the FTIR result) in the altered layer, ei- 

her resulting from ion exchange at NBO sites or hydrolysis, and 

hus shows strong interaction with hydrogen in the CP-MAS spec- 

rum. The Q 
4 signals likely arise as a result of cross-polarization 

o protons at greater 1 H- 29 Si internuclear distances. The assign- 

ent of the peak centered at -91.7 ppm, however, is more chal- 

enging as it may be correlated to Q 
2 (OH) 2 , which has been previ-

usly suggested by Angeli et al. [10] or coming from non-silanol Q 
3 

pecies in the sample, as Q 
3 units in silicate and borosilicate glass 

re generally reported around this position [ 104 , 107 , 108 ]. With the

urrent data, we are unable to determine the exact origin of this 

eak. However, the resonance peak centered at -83.9 ppm, which 

s not evident from CP-MAS NMR spectra, most likely originates 

rom the bulk, pristine (unaltered) portion of the glass. Also, due 

o the above-discussed uncertainty in peak assignments, the effect 

f varying second nearest neighbors is not considered here. This 

tting gives an average calculated Si connectivity of 3.02 (assum- 

ng a similar distribution of Q 
3 and Q 

2 (OH) 2 species for an average 

onnectivity of 2.5), displaying that acid corrosion has induced a 

erious breakdown of the Si network by hydrolysis. 

The 1 H MAS NMR spectrum of the post-dissolution Ti-5 sam- 

le ( Fig. 6 ) can be roughly resolved into four components: (i) Two 

road peaks at 4 and 6 ppm, corresponding to molecular water and 

ydrogen-bonded silanol groups in the alteration layer [ 10,109–111 ] 

nd (ii) two overlapping narrow peaks at 0.5 and 1 ppm, which 

ay be attributed to Al–OH or isolated silanols in which the pro- 

on is not bound to another oxygen through hydrogen bonding 

 10 , 112 ]. Combining these results, the formation of a silica gel layer

n the corroded Ti-5 glass can thus be inferred. Though we are 

nable to calculate the detailed Si speciation in the glass due the 

ompositional complexity, the significant increase of Q 
4 fraction 

 + 4.8%) in the corroded sample emphasizes the possibility of net- 

ork recondensation within the hydrated silica layer during cor- 

osion, which is in good agreement with the mechanism previ- 

usly proposed for borosilicate glass leached in acidic environment 

 10 , 20 , 113 ]. 

.3.3. Surface chemistry of corroded glasses 

While the MAS NMR spectroscopy helps us understand the evo- 

ution in the bulk structure of glasses because of aqueous corro- 

ion, XPS has been employed to understand the chemical transfor- 

ations occurring near the glass-solution interface. Fig. 7 presents 

 comparison of the core level XPS spectra of all constituent ele- 

ents in the polished glass coupons before and after corrosion in 

.1M HCl for 120 days. The concentration of Na, Ca and Al in the 

5-10 nm deep (probe depth of XPS) surface of corroded glass is 

elow the detection limit of XPS, as emphasized from the absence 

f peaks in the core level spectra for each element ( Fig. 7 a-c). It

hould be noted that the broad peak ( ∼347 eV) observed within 

he Ca 2p window of the corroded Zr-5 sample ( Fig. 7 b) is indeed

ssociated with a shifted Zr 3p1 peak (instead of Ca 2p) due to 

emaining Zr species at the surface. This result is further proven 

y the absence of Ca 2s peak in the survey spectrum of the same 

ample (Fig. S7). Similar to Na, Ca, and Al core-level spectra, the 

ntensities of B 1s peaks are also significantly reduced in the cor- 

oded samples ( Fig. 7 d). Here the peak with an asterisk centered at 

196 eV in the pre-dissolution glass La-5 should be attributed to 
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Fig. 7. (a) Na 1s, (b) Ca 2p, (c) Al 2p, (d) B 1s, (e) Nb 3d, Zr 3d, Ti 2p and La 3d, (f) Si 2p and (g) O 1s XPS spectra of the polished (un-corroded) and 120-day corroded glass 

samples. The ∗ in Ca 2p, B 1s and Si 2p core-level spectra indicate signal from shifted Zr 3p, La 4p and La 4d photoelectrons, respectively. 

Table 6 

Elemental composition (atom %) of polished and corroded glass coupons as measured in the top ∼5-10 nm surface via XPS analysis (atomic 

percentages accurate within ±5%). 

Sample ID Na B Si O Al Ca Nb Zr Ti La 

BL Polished 8.0 3.3 14.6 68.9 4.3 0.9 - - - - 

120 d 0 0.6 23.9 75.5 0 0 - - - - 

Nb-5 Polished 7.9 4.6 12.3 68.4 3.1 1.8 1.8 - - - 

120 d 0 1.7 2.4 76.5 0 0 19.4 - - - 

Zr-5 Polished 6.3 4.7 14.3 67.9 3.8 1.7 - 1.3 - - 

120 d 0 - 13.3 78.8 0 0 - 7.9 - - 

Ti-5 Polished 5.8 4.8 14.8 68.3 3.7 1.2 - - 1.4 - 

120 d 0 1.3 17.1 72.9 0 0 - - 8.6 - 

La-5 Polished 5.3 4.1 17.8 66.7 3.7 1.1 - - - 1.3 

120 d 0 0 24.1 75.2 0.8 0 - - - 0 
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a4p signal. Also, in the 120-day Zr-5 sample, B 1s signal is masked 

y the tail of the nearby Zr 3d doublet peak and thus cannot be as-

igned. Since the quantification of the XPS results is subject to the 

nfluence of peak interference, and the detection limit of the in- 

trument can vary significantly with the cross section of the core 

tate of interest and the background signal level (i.e., matrix ef- 

ect), STEM adjoined with EELS has also been employed on the 

ost-dissolution samples as a complementary technique to get a 

ore precise understanding of the surface elemental compositions, 

hich will be discussed later in this section. 

The surface compositions of the pre- and post-dissolution sam- 

les are estimated based on fitting of the core level spectra and 

he results are listed in Table 6 . As indicated by the calculated val-

es, while a significant enrichment ( ∼6 to 10 ×, as compared to 
13
re-dissolution samples) of network reticulating HFSCs, i.e., Nb 5 + , 
r 4 + and Ti 4 + , is observed in the altered surface of the Nb-5, Zr-5 
nd Ti-5 samples, respectively, the La content in the corroded La-5 

lass is below detection limit of XPS ( Fig. 7 e). This is in agreement

ith the NL data of La-5 sample showing the congruent release of 

a (along with Na, Ca and B in the residual rate regime) from the 

lass into the solution. A relatively smaller but substantial increase 

n the Si concentration ( ∼1.2 × to 1.6 ×) can be observed on the 

urface of all post-dissolution samples except Nb-5 and Zr-5 when 

ompared with the pre-dissolution samples ( Fig. 7 f). The Nb-5 and 

r-5 compositions, on the other hand, exhibit depletion (but not 

ull exhaustion) of the surface concentrations of Si. It should be 

oted that XPS is only looking at the top few nanometers of the 

ample surface, therefore, the minor retainment (or incorporation) 
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f Si in the Nb-/Zr-rich altered layer, as indicated by the XPS re- 

ult, may not be reflected in the ICP-OES measurement (which is 

sually in the ppm range). As a result, for these two glasses, the 

L plots from the ICP-OES data show a congruent dissolution pat- 

ern between Si, Na, Ca and Al. Nonetheless, this result indicates 

hat in the Nb-5 and Zr-5 glass, significant formation of silica gel 

ayer has not yet started. Moreover, it is observed that the Si 2p 

eak shifts towards higher energy ( ∼0.2-1.6 eV) upon corrosion in 

ll the studied glasses, reflecting a general decrease in the electron 

harge density around the surface Si atoms. Such a modification 

ay be attributed to the change in the surface composition and 

tructure of the sample, as the polished, uncorroded glass surface 

ransitions towards a hydrated altered layer that is dominated by 

e-precipitated Si- or HFSC-containing product(s) [ 114 , 115 ]. 

In terms of oxygen speciation, the asymmetric nature of the O 

s peaks observed for both the uncorroded and corroded samples 

 Fig. 7 g) suggests the presence of several underlying peaks asso- 

iated with different local binding environments of oxygen in the 

ample surfaces, e.g., bridging oxygens (BOs) ( ∼532.5 eV) and NBOs 

531.0 eV) in the silicate glass network [116–118] . The shift towards 

igher binding energy upon corrosion as observed in the O 1s (and 

lso Si 2p) spectra of all the samples but Nb-5 (which is highly 

epleted in Si) is in agreement with the literature on borosilicate 

lasses and silica gel layers [ 119 , 120 ]. Interestingly, a secondary 

eak centered at ∼529.5 eV appears in the O 1s spectrum of the 

ost-dissolution Ti-5 sample, which may be attributed to formation 

f Ti-rich dissolution product (previously reported values for TiO 2 –

 range from 529.5 to 530.6 eV) [121–123] . Such change is also 

bserved for the 120-day Zr-5 samples, in which a shoulder cen- 

ered at ∼530 eV can be seen upon corrosion (reported O 1s bind- 

ng energy ranges from 529.6 to 531.2 eV for ZrO 2 ) [124–127] . This

rregularity in the O 1s peak shape likely highlights the impact of 

he formation of Ti/Zr-containing crystalline/amorphous secondary 
Fig. 8. EELS spectrum from the surface region of post-dissolution (a) BL, (b) Nb-5, (c) Z

14 
roduct(s) (as also indicated in the NL data) on the surface struc- 

ure of these samples, and it can be inferred that the enrichment 

f this secondary product (with respect to the silica gel layer) on 

he surface is much more significant in the Ti-5 sample than Zr-5 

ample owing to the faster dissolution kinetics of the former. Sim- 

larly, for the Nb-5 glass, the appearance of a symmetric O 1s peak 

ocated around 530.7 eV upon corrosion should be related to the 

ormation of Nb/O-containing corrosion product (reported Nb 2 O 5 –

 1s binding energy: 529.6 to 531.3 eV) [128–131] , consistent with 

he results of ICP-OES and Nb 3d XPS data, which suggests the pre- 

ipitation of Nb on the glass surface after corrosion. However, due 

o the co-existence of various oxygen species with similar binding 

nergies, precise O 1s peak assignment for multicomponent oxide 

lasses may sometimes be difficult or even infeasible. Therefore, 

he analysis of the O 1s spectra has been limited to quantification 

f the total oxygen content on the sample surfaces before and af- 

er corrosion. As shown in Table 6 , a 5-11% increase in the oxygen 

ontent can be estimated on the surface of glasses (irrespective of 

omposition) as a result of glass-acid interactions. 

As mentioned earlier, STEM and EELS have been employed on 

he 120-day corroded glass powders to complement the XPS re- 

ults. The high angle annular dark-field (HAADF) images taken near 

he surface of the corroded glass particles of each composition 

ith corresponding EDS maps are shown in Fig. S8-S12. For all 

he studied samples, layers of different chemical makeup can be 

bserved within the corroded powders, confirming the formation 

f alteration layer(s) that are chemically different from the pre- 

issolution glass powders. While the crystalline phase has been 

dentified in the Ti-5 sample by XRD, it is not detected during the 

EM analysis, possibly due to the smaller sample size. However, its 

AADF image clearly depicts a Ti-enriched area near the surface 

Area #3 – Fig. S11). Additionally, minor concentrations of boron 

ave been detected in the altered layer of all the glass powders, 
r-5, (d) Nb-5 and (e) La-5 glass powders showing the boron K-edge near 190 eV. 
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Fig. 9. ERDA-measured hydrogen profiles of the 120-day corroded glass coupons 

(red line) and the polished (un-corroded) BL glass coupon (black line). The hydro- 

gen concentrations displayed have been estimated for the top 370 nm of the sam- 

ples. 
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s evident from the B K-edge at ∼190 eV in the EELS spectra ob- 

ained near the surface of the corroded samples ( Fig. 8 ). This re-

ult suggests that for the studied glass compositions, some boron 

tays in the alteration layer resulting either from incomplete dis- 

olution of the B network or from reprecipitation of dissolved B 

pecies during corrosion processes. Similar results discussing the 

ossibility of boron incorporation in the alteration layer during the 

issolution of borosilicate glasses have been reported in the liter- 

ture [ 62 , 132 ]. In the present study, considering the faster boron

elease during the forward rate regime followed by its slow down, 

t is likely that boron precipitates back on to the glass surface and 

s retained in the altered layer during the dissolution. 

To gain further insights into the formation and reconstruction 

f the hydrated altered layer during aqueous corrosion, ERDA has 

een performed on the 120-day corroded samples and the results 

howing the hydrogen incorporation in the top 370 nm of the sam- 

le surface are presented in Fig. 9 . The surface of glass is indicated

y the vertical black dotted line in the figure and the energy of 

he detected recoiled particles can be converted from their chan- 

el scale through a factor of 1.42 keV per channel. As shown in the 

pectrum, the channel at which the maximum count of hydrogen 

ignals is measured follows the order: Nb-5 > Zr-5 > Ti-5 ≈BL-5 > La-5

lass. While this scale can be affected by factors such as surface 

harging or energy loss due to collision with the substrates, gener- 

lly this scale is negatively correlated to the depth of the detected 

pecies in the sample, i.e., peaks with higher channel/energy refer 

o species that are closer to the surface. Therefore, it can be in- 

erred that the altered layer of the corroded Nb-5 and Zr-5 sample 

eems to be dominated by hydrogen species that are closer to the 

urface, whereas the other samples are dominated by hydrogen re- 

iding deeper into the surface. 
15 
Further, using the pre-dissolution glass samples as reference 

which typically contains < 0.1% H, as shown in our previous study 

19] ), the surface hydrogen contents are calculated as 3.8, 5.4, 7.5, 

.0 and 11.6 atom% for the 120-day BL, Ti-5, Zr-5, La-5, and Nb- 

 samples, respectively. Such a significant increase in the surface 

ydrogen content clearly indicates the formation of hydrated alter- 

tion layer(s) on the surface of the corroded glasses, in agreement 

ith the ICP-OES and XPS results demonstrating incongruent dis- 

olution in all the investigated compositions. 

The differences in the concentration and depth of hydrogen 

ontent in surface of the corroded glasses may be related to several 

actors including the (i) degree of corrosion, (ii) type and amount 

f resultant hydration products, and (iii) chemistry and structure 

f the alteration layer. Therefore, the ERDA results need to be in- 

erred in combination with the results from the other spectro- 

copic characterization techniques, i.e., ICP-OES, XPS. In the present 

tudy, while the glasses BL, Ti-5 and La-5 exhibit higher NL values 

fter 120-day corrosion compared to the glasses Nb-5 and Zr-5, the 

lateau in the NL curves of the former (BL, Ti-5 and La-5) indicate 

heir dissolution has already been passivated due to the forma- 

ion of Si–OH gel layer on their surfaces. As revealed in the liter- 

tures, the structure of the SiO 2 -rich alteration layer can continue 

o evolve through recondensation after its formation; such struc- 

ural reorganization towards densification and pore closure plays 

 crucial part in passivating the dissolution as it limits the trans- 

ort of aqueous species to the pristine glass surface [ 7 , 31 , 133-136 ].

herefore, the effective passivation observed in the glasses BL-5, 

i-5, and La-5 suggest that their surface silica gel layer has already 

ndergone reorganization and densification. We believe this mat- 

ration process of the gel layer can cause lower H content near 

he surface due to the more condensed surface structure, as repre- 

ipitation, and thus condensation, occurs fastest near the reacting 

ront; It has also been shown that during the reorganization pro- 

ess, water can still diffuse into the Si gel layer and being trapped 

n closed pores, leading to the observed H retention deeper into 

he surface [ 132 , 135 , 137 ]. As compared to the corroded BL glass,

he higher hydrogen content measured in the 120-day Ti-5 sample 

an be attributed to the presence of Ti-bearing hydrated precipi- 

ate along with Si – OH layers. Further, the higher H content on the 

urface of corroded La-5 sample may be attributed to its faster dis- 

olution kinetics resulting in the formation of a thicker and mature 

ilica gel layer. Here it needs to be emphasized that the ERDA only 

easures the top 370 nm of the sample surface. Therefore, the 

resence of hydrogen species deeper in the surface layer may not 

e readily detected. Thus, the calculated hydrogen content from 

he ERDA may not represent the entire hydrated layer. 

On the contrary, the NL profiles and the surface chemistry 

by XPS) of the corroded Nb-5 and Zr-5 samples suggest that 

he dissolution in these glasses has not reached the residual rate 

egime by the end of the 120-day experiment. Thus, the forma- 

ion/precipitation of Si–OH layers on the surface of these glasses 

as either not initiated or their concentration is below the de- 

ection limit of the characterization techniques used in the study. 

nstead, the surface of these two samples is covered by loosely 

ound layer(s) of Nb (in Nb-5) and Zr (in Zr-5) based dissolution 

roducts. It is likely that these layers have adsorbed/absorbed wa- 

er resulting in high H content and distinct hydrogen profiles as 

ompared to that of the corroded BL, La-5 and Ti-5 glass. 

. Discussion 

.1. Insights into the mechanism of glass dissolution in acidic 

onditions 

The literature on the topic of glass corrosion in acidic media 

eveals only a handful of studies focused on understanding the 
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echanism and kinetics of dissolution in a narrow set of glass 

hemistries, with most of them being vitrified analogs of SiO 2 - 

ich natural minerals [ 16–18,21,138–144 ], a few being simplified 

orosilicate-based nuclear waste glasses [ 20 , 145 ], and others be- 

ng on aluminosilicate-based E-glass [ 146 , 147 ]. Consequently, there 

s a lack of consensus in the literature on the fundamental mecha- 

isms governing the dissolution of multicomponent silicate glasses 

n acidic solutions that applies to a wide composition space. 

The literature on this subject debate two basic mechanisms 

or silicate glass corrosion: (i) the classical multi-step inter- 

iffusion-based mechanism and (ii) the interfacial dissolution –

e-precipitation mechanism (IDPM) [20] . The former describes the 

echanism of corrosion as a multi-step process that includes re- 

ease of mobile glass modifying cations (such as Na + ) through 
on exchange with protons in solution to form hydrated Si–OH 

onds (forming an inter-diffusion layer), followed by the protona- 

ion and hydrolysis of bridging bonds (i.e., Si–O–Si or Si–O–Al) and 

estructuring of the hydrated silica network into a gel layer via re- 

olymerization reactions [148–151] . The IDPM, on the other hand, 

uggests that glass corrosion proceeds as an inward-moving reac- 

ion front in which all bonds at the glass–fluid interface break and 

re immediately re-precipitated to form an amorphous gel layer 

20] . The supersaturated water at the interface not only promotes 

lkali/alkaline-earth release from the glass but in fact releases all 

lements in the outermost surface layer only to reorganize as a 

econdary phase of network forming species such as Si and Al 

20] . While the classical inter-diffusion-based mechanism has been 

idely accepted in the glass community, recent studies suggest 

hat a basic mechanism describing silicate glass corrosion may be 

ore complicated than assumed in either individual mechanism, 

ith high dependence upon glass composition and surrounding 

eaching conditions [ 150 , 152 , 153 ]. The most recent literature on

his topic suggests the above discussed mechanisms of glass cor- 

osion are not necessarily mutually exclusive, as transition from 

DPM to partial hydrolysis- in situ reorganization has been observed 

n one single experiment, following the formation of a continuous 

recipitated layer [135] . However, that experiment has been per- 

ormed at pH = 9, and therefore may be distinctly different from 

ur results. 

In the preface to the discussion about the mechanism of glass 

issolution in the present study, it needs to be highlighted that 

he incorporation of HFSCs into the glass structure, and their re- 

recipitation during the dissolution, does not alter the reaction 

echanism in the investigated glass system. The impact of HFSCs 

n the kinetics of dissolution of the investigated glasses will be 

iscussed in the next section. 

In the present investigation, we clearly detect a slower release 

f Si from the BL, Ti-5 and La-5 glasses starting from their rate 

rop regions followed by a significant retention of Si in the al- 

eration layer. Nonetheless, these results alone do not unambigu- 

usly support one mechanism of glass dissolution over the other. 

owever, when these results are viewed in combination with the 

low but congruent dissolution of glasses Nb-5 and Zr-5, the dis- 

olution of these glasses seem to follow the IDPM model, wherein, 

t the early stages of the experiment, the glasses dissolve congru- 

ntly due to the strong proton attack at pH = 2, thus, hydrolyzing 

he various linkages in the glass indiscriminately despite their in- 

rinsically different bond energies. The fast release of constituent 

lements then quickly leads to local supersaturation, and there- 

ore, re-precipitation of less soluble species, e.g., silicates, at the 

lass surface, thus, forming amorphous Si-rich gel layer that re- 

ondenses and passivates the reaction. 

As the experiments proceed to 120 days, while the slow (and 

ongruent) release of Nb-5 and Zr-5 glasses still exhibit a dissolu- 

ion pattern that can be well defined by IDPM, the structural char- 

cteristics of heavily corroded BL, La-5, and Ti-5 glass powders de- 
16 
iate from what would otherwise be expected from a purely IDPM- 

ontrolled glass dissolution. Specifically, the 27 Al MAS and 27 Al{ 1 H} 

EDOR NMR spectra of Ti-5 glass ( Fig. 4 ) reveals that upon cor- 

osion, this glass undergoes a structural transformation towards a 

ore ordered network around Al, and such process is seemingly 

ot related to the precipitation of hydrated Al species. For instance, 

t has been observed by CP-NMR that the Al-H interaction in this 

lass is minor—thus, the amount of hydrated Al is too insignifi- 

ant to cause the observed narrowing of the 27 Al resonance. There- 

ore, another process must be taking place in conjunction with the 

DPM during the corrosion. 

As demonstrated in the literature [ 132 , 154 , 155 ], glasses dis-

olved through IDPM usually form an ultrathin interfacial solu- 

ion layer between the pristine glass and the outer alteration layer, 

hich is thus considered as characteristic of IDPM. The reaction 

ront described for glasses undergoing IDPM is relatively sharp, 

eading to abrupt changes in structure and chemistry when com- 

aring the uncorroded glass surface with the hydrated layer. How- 

ver, the interfacial solution in this region can exhibit a pH and 

oncentration gradient. Additionally, ion transport and water diffu- 

ion does not necessarily cease within the amorphous Si-rich layer 

 135 , 144 , 150 ]. It can thus be inferred that ion exchange/network

ydrolysis can still occur on the pristine glass surface even af- 

er the formation of an alteration layer, but the kinetics may not 

ecessarily be the same. Consequently, two possible scenarios may 

ontribute to the observed structural rearrangement around Al, as 

iscussed below. 

1) The formation of a highly concentrated interfacial solution near 

the uncorroded glass surface, as well as the reorganization 

of Si gel layer, imposes a kinetic barrier for protons migrat- 

ing towards the glass, thus, weakening the acid attack on the 

glass network. As a result, congruent dissolution can no longer 

be maintained, but instead preferential leaching of less tightly 

bound species and in-situ reorganization of the residual net- 

work takes place. Since Si–O–B and B–O–B linkages are more 

readily hydrolyzed than Si–O–Si and Si–O–Al linkages [ 19 , 156 ], 

one can thus imagine a more condensed/polymerized and less 

distorted network around Al forming as a result of the recon- 

densation process near the reactive interface. 

2) Alternatively, Al, and other constituent components, still leach 

out congruently from the glass surface, but they interact with 

the alteration layer and are being trapped in it before they can 

reach the bulk solution, i.e., they are not measurable by the ICP- 

OES, thus accounting for the reduction in rate of elemental re- 

lease with time, as observed in the NL plots. Additionally, Lent- 

ing et al. [152] reported a dense interfacial layer enriched in 

Si between the outer alteration layer and the pristine glass (at 

pH = 7-8), which they attributed to the precipitation and con- 

densation of dissolved Si species from the interfacial solution 

during the rinsing and drying procedure of the glasses after 

the conclusion of dissolution experiments. Although the exper- 

imental conditions in the present study are significantly differ- 

ent from those discussed by Lenting et al. [152] , the glasses in 

each study have gone through the same mechanism of dissolu- 

tion, i.e., IDPM, including similar rinsing and drying procedures 

(after the conclusion of experiments). Therefore, it is likely that 

the observed structural changes around Al, in the present study, 

are caused by local reorganization of Al in the alteration layer 

during the experiment, and/or similar precipitation and recon- 

densation processes at the interface between the glass and the 

alteration layer during the post-dissolution treatment, as dis- 

cussed by Lenting et al. [152] . 

In summary, both scenarios may lead to unexpected structural 

volution in glasses, as observed in BL, Ti-5 and La-5 glasses. While 

he current dataset cannot distinctly distinguish one scenario from 
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Fig. 10. Graphical representation of the IDPM/ in-situ recondensation coupled model. (a) At pH = 2, glass dissolution starts with congruent release of all constituent elements 

at forward rate r 0 . (b) The fast initial dissolution leads to Si supersaturation and hence precipitation near the glass surface, initiating the transition towards residual rate (r r ) 

behavior. (c) The structure of the amorphous Si–OH layer evolves towards densification upon its formation; In the meantime, ion exchange/network hydrolysis continues at 

the reacting front. (d) The transportation barrier (of protons and dissolved glass species) imposed by the densified Si–OH layer is eventually strong enough to initiate in-situ 

recondensation near the interfacial solution between the pristine glass surface and the amorphous silica layer. 
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he other, it is clear that at pH = 2, the dissolution of the studied

luminoborosilicate glasses is not exclusively governed by IDPM, 

ut instead better depicted by an IDPM/ in-situ recondensation cou- 

led model, wherein IDPM leads to the formation of Si-rich alter- 

tion layer at the early stage of dissolution, local recondensation 

hen takes place within the altered zone due to limited kinetics. A 

raphical representation of the proposed model is shown in Fig. 10 . 

Finally, while boron is generally considered as not being re- 

ained in alteration layer under acidic pH [ 20 , 145 , 157 ], our results

uggest it is not necessarily the case, as TEM-EELS analysis depicts 

he presence of boron in the altered region of the corroded glass 

articles, either through re-precipitation or retention. This observa- 

ion is consistent with our previous results showing slower release 

f B compared to Na, Al and Si during the residual rate regime of 

 series of sodium aluminoborosilicate glasses leaching at pH = 2 

19] . We thus suggest that the possibility of B incorporation in the 

lteration layer cannot be neglected under acidic condition, and 

he common practice of using B as the tracer element for mod- 

lling dissolution progress may need re-evaluation. 

.2. Compositional and structural dependence of dissolution kinetics 

n the investigated glass system 

Comparing the results of the HFSC-containing glasses to that of 

he BL glass, the effect of incorporating HFSCs into the borosilicate 

lass system on the dissolution behavior of the resultant glass at 

H = 2 is revealed, and this effect must be understood in the con- 

ext of the structural changes induced by the HFSC species in each 

lass. 

Upon exposure to acidic pH, substituting BL composition with 

a 3 + leads to an extensive acceleration of the glass dissolution ki- 
etics. This result may be explained by the hypothesis that the 

a-5 glass seemingly exhibits nanoscale phase separation (deduced 

rom the DSC curve and from previous literature [44] ), and that the 

a-rich alkali borate phase is likely more soluble in acid in compar- 

son to the homogeneous glass network of BL glass. However, La-5 

lass also exhibits faster and more efficient passivation (marked by 

he stable NL value) than that of the BL glass, which should be 

ttributed to a more mature Si gel layer. Therefore, it seems faster 

issolution kinetics can lead to faster formation and reorganization 
17
f the amorphous silica layer. In contrast, for BL glass, the slower 

elease kinetics leads to slower and less complete recondensation 

f the alteration layer, therefore, BL glass shows progressively more 

elease in the residual rate regime as compared to the La-5 glass. 

owever, if the corrosion is allowed to proceed for prolonged du- 

ations, i.e., beyond 120 days, it is also possible that the alteration 

ayer of BL glass may eventually densify and change the corrosion 

ehavior to resemble that of the La-5 glass. 

On the other hand, the presence of network reticulating HFSCs, 

.e., Nb 5 + , Zr 4 + and Ti 4 + , impacts not only the reaction kinetics 

ut also the dissolution pattern as well as the chemical makeup 

f the alteration surface at pH = 2. For example, the incorpora- 

ion of Nb 5 + and Zr 4 + lead to much slower congruent initial dis- 

olution behavior while the Ti-5 glass behaves similar to the BL 

lass, dissolving incongruently due to the slower release of Si. It 

s also observed that the corroded Ti-5 glass surface is enriched 

n Si, while the altered surfaces of Nb-5 and Zr-5 glasses are de- 

leted in Si and enriched in Nb/Zr, respectively. Combining all the 

esults, we believe these differences occur because of the vast dis- 

arities in corrosion kinetics, and hence the reaction progress dur- 

ng the experiment, but not necessarily the reaction mechanism. 

pecifically, Nb 5 + participates in the network as NbO 6 
− units with 

ntense Nb–O interactions, [ 56 , 57 ] which strengthens the glass net- 

ork so much that the network hydrolysis in this glass is ex- 

remely retarded, and that an obvious Si saturation cannot be ob- 

erved throughout the length of experiments. Accordingly, the al- 

ered surface is instead encompassed by precipitated Nb species, 

s opposed to Si in a gel layer. Similarly, the incorporation of Zr 4 + 

n the glass also slows down the network hydrolysis, but not as 

ignificantly as for Nb 5 + as Zr 4 + is less charged. It can be observed 
hat the NL plot of Zr-5 sample displays a gradual deviation of Si 

elease from congruency after 60 days, at which point the NL value 

f Si is ∼75 g/m 
2 , comparable to the onset value of Si plateau ob-

erved for the BL, La-5 and Ti-5 glass ( ∼69, 87, 78 g/m 
2 , respec-

ively). Therefore, it is also possible that this glass has entered an 

arly stage of Si saturation in which an Si-containing (13.3 vs. 14.3 

tom% for the uncorroded surface) alteration layer is able to form 

ut has not yet densified. In contrast, the addition of Ti 4 + does not 
trengthen the glass network as effectively as Zr 4 + and Nb 5 + does, 
s it is generally present in the network in TiO 4 and TiO 5 

− form 
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hen present in low content [ 70 , 105 ]. Therefore, the dissolution 

inetics of the Ti-5 glass, although slightly slower, still facilitate 

 rapid Si saturation, hence allowing the formation and ripening 

f a Si-rich passivating layer and rapid Ti phase precipitation. No- 

ably, we observe that the onset of Ti precipitation, as indicated 

y the drop in the Ti NL curve, does not coincide with that of the

i NL curve. Moreover, inhomogeneous distribution of Ti/Si with 

rea showing particular Ti enrichment (but not Si) was observed in 

EM. These observations, along with the results from other glasses, 

ikely suggest that formation of an amorphous silica layer is in- 

ependent of the precipitation of Ti, Zr, or Nb, but rather con- 

rolled by local Si saturation near the glass-water interface, as has 

lso been proposed by Geisler et. al. [20] However, this result does 

ot fully exclude the potential long-term effect of a re-precipitated 

FSC layer on the dissolution kinetics since, particularly for the Zr- 

 and Nb-5 samples: (i) the experiments only lasted for 120 days 

ith slow release kinetics, leading to a slow transition into stage 

I, and (ii) the HFSC-enriched layers are likely only a few nanome- 

ers thick after 120 days (as seen in SEM, data not presented). Due 

o these limitations in the current data and the competing effects 

f silica gel layers forming on the glass surface (as in the case of 

i-5), it is difficult to comment on the distinct effect of HFSC-rich 

ayers on the release kinetics. Nevertheless, it is possible that with 

ore time and surface-layer maturation, a particular long-term ef- 

ect of HFSC species can be unearthed, which to our knowledge, 

as not been reported in the literature. Thus, further examination 

f long-term behavior and the resulting surface layers is required. 

.3. Technological implications of the results 

The aluminoborosilicate glass family forms the basis for a wide 

ange of advanced industrial glasses [158–162] , and the acidic cor- 

osion behavior of these glasses is critical for their practical ap- 

lication. Whether it is reducing the thickness of glass substrates 

or flat panel displays [ 163 , 164 ] or lessening the severity of surface

aws on chemically strengthened cover glasses [159] , or designing 

ltra-thin glasses for photonics [165] , acid etching technology has 

nabled several such ideas to develop from concept to reality [166] . 

herefore, it is of utmost importance to understand and establish 

he compositional and structural dependence of acid etching in the 

lasses from alkali/alkaline-earth aluminoborosilicate family. 

As discussed earlier, the literature on this subject approaches 

he problem from an academic viewpoint with minimal tangible 

mplications on improving or optimizing the process of acid etch- 

ng in the glass industry. For example, the etch rate of a glass is 

he most important consideration for economic implementation of 

he acid-thinning approach, since a longer etch time leads to lower 

hroughput (and higher cost) on the production line. Therefore, it 

s vitally important to understand the relationship between glass 

omposition and etch rate in a highly acidic environment, as this 

nformation can be used to guide the development of the next gen- 

ration of display substrate materials. However, the lack of a rig- 

rous scientific understanding regarding the corrosion behavior of 

ulticomponent and compositionally complex glasses has forced 

ndustrial processes to be developed based primarily on empirical 

ata. 

In the abovementioned context, the results discussed in the 

resent study have significant scientific and technological rele- 

ance. While the scientific relevance pertaining to the new insights 

nto the mechanisms of glass corrosion in acidic solutions and re- 

ealing the structural drivers controlling the kinetics of glass dis- 

olution have been discussed in the previous sections, the techno- 

ogical relevance of the work can be gauged from the fact that the 

igh ionic field strength cations are an integral part of many in- 

ustrial glasses. As an example, nearly all industrial glass-melting 

s performed in melting tanks built from ZrO -containing refrac- 
2 

18 
ory bricks [167] . In many cases, the refractory bricks are pure 

rO 2 . In other cases, AZS (alumina-zirconia-silica) refractories are 

sed. Therefore, even if ZrO 2 is not specifically incorporated into 

he batch materials, the final glass product always contains some 

on-zero concentration of ZrO 2 due to dissolution of the refrac- 

ory bricks during the glass melting process [168] . Further, higher 

emperature melting, and longer residence times generally lead to 

 greater concentration of ZrO 2 being incorporated into the final 

lass product. The presence of undesired amounts of ZrO 2 in the 

nal glass product can have serious economic implications as ZrO 2 

ends to considerably slow down the kinetics of glass corrosion in 

he acidic solutions, as shown in the present study. This will re- 

ult in lower rate of etching of the glass, thus leading to a lower 

hroughput (and higher cost) during production. The problem of 

lower etching rate in acids gets further exacerbated in glasses 

ontaining Nb 2 O 5 , an important component of glass-ceramics with 

nique dielectric properties with applications in microelectronics 

169] . 

Another problem highlighted from the results of the present 

tudy is that of the behavior of chemical etching of glasses, i.e., 

ongruent vs. incongruent release. While most functional glasses 

re expected to undergo uniform isochemical etching [158] , all the 

igh field strength cations (except La 3 + ) in the present study tend 
o precipitate on the surface of glass, even during the early stage 

f reaction. This is undesirable from the viewpoint of achieving an 

sochemical etch as the precipitated products can act as a passi- 

ating layer, thus, hindering the process of etching. Even worse, 

he enrichment of HFSCs on the surface may change the surface 

roperties of the materials, thus harming its performance. 

Therefore, although it is imperative to work towards under- 

tanding the compositional dependence of chemical etching in 

ulticomponent silicate glasses over a broad compositional space, 

t is also equally important to work towards designing solutions 

hat can give uniform isochemical etches of a given glass composi- 

ion. Finally, the results presented in the article feed into the big- 

er vision of developing non-empirical/semi-empirical quantitative 

odels to predict the dissolution behavior and chemical durability 

f glasses for various functional applications [170–172] . 

. Conclusion 

Through a multi-scale investigation of the impact of HFSCs on 

he dissolution behavior of borosilicate glasses in acidic media 

pH = 2), we demonstrate here that HFSCs can impact the glass 

etwork significantly and thus lead to major changes in the disso- 

ution kinetics, in both the forward rate and the long-term behav- 

or, of the resultant glasses. While La 3 + enhances the initial dis- 
olution through nanoscale inhomogeneity of the glassy network, 

b 5 + , Zr 4 + and Ti 4 + tend to increase the chemical durability of the 

lass in the forward rate regime by increasing network connectiv- 

ty and forming hydrolysis-resistant linkages (e.g., Si-O-Ti, Si-O-Zr 

nd Si-O-Nb). However, for both HFSC-free and HFSC-containing 

amples, the transition towards the residual rate regime is heav- 

ly controlled by aqueous Si concentration near the glass surface—

ence related to the Si reactivity—but not necessarily controlled by 

he presence of HFSC species near the glass surface. For instance, 

t is observed that although the limited solubility of Zr and Nb 

n acidic media enables the re-precipitation of Zr- and Nb-phases 

nto the glass surface, the as-formed nanoscale surface layers do 

ot appear to have a passivating effect or influence the develop- 

ent of a silica passivating layer in our experimental duration. In- 

tead, effective passivation can only be achieved after the forma- 

ion and reorganization of a continuous amorphous silica layer as 

 result of local Si saturation near the glass-water interface. There- 

ore, slower initial dissolution does not necessarily guarantee en- 

anced long-term durability as it may delay the incorporation and 
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e-condensation of silica in the altered layer(s). As a result, to fa- 

ilitate the design of functional glasses, compositions must be de- 

igned such that the dissolution kinetics in the forward and the 

esidual rate regimes are properly balanced in accordance with ex- 

ected glass lifetime requirements. 

Additionally, while the fundamental mechanism that governs 

he dissolution of boro- and aluminoboro-silicate glass has been 

ebated between IDPM and inter-diffusion-based mechanism in re- 

ated literatures, our results highlight the possibility of a multi- 

rocess acid-glass interaction that proceeds in a more complex 

anner than can be described by a single scenario. Depending 

n the reaction progress, different mechanisms may dominate the 

tructural evolution within the altering glass. 

We hope this work will complement the ongoing research at- 

empting to decipher the fundamental chemistry governing the 

queous corrosion of borosilicate glasses and add to the quanti- 

ative composition – structure – property relationship database as 

n response to growing demands for a non-empirical model with 

hich glass compositions can be designed with predictable disso- 

ution behaviors. 
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XRD patterns of the pre- and post-dissolution powders recov- 

red from 28- and 120-days of corrosion; DSC thermograph of the 

n-corrded La-5 glass; FTIR spectrum of the studied glasses before 
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lass monolith; SEM-HAADF image and EDS elemental maps of re- 

overed glass monolith for each studied composition; pH, ICP-OES 

eadings, normalized loss and fraction of alteration data from all 

issolution experiments. 
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