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a b s t r a c t 

The addition of MgO to aluminosilicate glasses usually leads to significant changes for many macroscopic 

properties. The underlying microscopic structure origin of this effect, however, remains elusive. We herein 

conduct systematic studies to reveal the structural role of MgO in sodium aluminosilicate glasses over a 

wide composition range from peralkaline to peraluminous using molecular dynamics simulations. Our 

results provide pieces of evidence to show that MgO plays a dual role of glass network modifier/charge 

compensator and network former, with the balance of these two roles strongly depending on the com- 

position of other oxides in the glass. Specifically, Mg 2 + tends to play a network modifier/charge compen- 

sator role when the glass simultaneously contains large amount Al atoms that need to charge balanced 

and a low concentration of other modifier oxides. In contrast, Mg 2 + exhibits a more pronounced network- 

forming role in Al-poor glasses. Additionally, by considering the structural role of MgO in the glass net- 

work, we further demonstrate that the non-linear evolution of the isokom annealing temperature upon 

increasing Al 2 O 3 content in the peraluminous regime can be rationalized in terms of the combined ef- 

fects of short-range connectivity and medium-range ring size distribution. The findings provide insights 

to further exploit MgO in making glasses with advanced properties. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Alkali and alkaline earth aluminosilicate glasses have faced 

reat success in many industrial and technological applications, 

uch as chemically strengthened Corning® Gorilla® glass [ 1 , 2 ], liq- 

id crystal display substrates [ 3 , 4 ], and nuclear waste storage [ 5 , 6 ].

l 2 O 3 has been playing an influencing role in these glasses be- 

ause it offers significant improvement regarding many desirable 

lass performances, such as chemical durability, mechanical prop- 

rties, and various other thermodynamics behaviors [7–10] . One of 

he key factors is that Al 2 O 3 can effectively control the degree of 

lass network polymerization by “consuming” non-bridging oxy- 

en, that is, by transforming network modifiers (e.g., alkali ox- 

des) into charge compensators. Details on the local coordination 

nvironment of Al atoms and how it is affected by composition 

nd other processing conditions have been extensively reported in 

any studies over the past few decades, both by experiments [11–

0] and atomistic simulations [ 10 , 21-24 ]. 

Even though the effect of alkali oxides on the structure of alu- 

inosilicate glasses is fairly well understood [ 10 , 13 , 21 ], the effect

f alkaline earth oxides turns out to be more complicated, partic- 
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larly for glasses containing notable amount of MgO. Compared 

ith Ca 2 + , Mg 2 + has a strong field strength due to its relatively 
mall radius, thus leading to low coordination number (CN) of 4.5- 

o-5 as compared to the high CN of 6 for Ca 2 + [ 25 , 26 ]. However,

g 2 + and Zn 2 + share similar ionic radius and field strength, thus 

he impact of Mg 2 + on aluminosilicate glass structure and proper- 

ies is similar to that of Zn 2 + as demonstrated by Smedskjaer et al. 

n an outstanding work [27] . Historically, MgO has been considered 

s a glass network modifier by Zachariasen [28] (since MgO cannot 

orm a glass on its own and violate the four rules of glass forma- 

ion) and by Sun [29] (based on its single bond energy criterion), 

r as an intermediate species by Dietzel [30] (based on its cation 

eld strength). 

Recently, many studies have suggested that the role of Mg 2 + 

ies in between the traditional network modifier and network for- 

er roles, i.e., that Mg 2 + acts as an intermediate species. For in- 

tance, Eckert et al. [31] have shown that Mg 2 + plays a partial net- 
ork former role in a high crack-resistant 60SiO 2 -10Al 2 O 3 -10B 2 O 3 - 

0MgO-10Na 2 O glasses by detailed NMR study. Mauro and Smed- 

kjaer et al. [32] studied the composition-structure-property rela- 

ionships in 20 sodium aluminosilicate glasses with MgO-for-CaO 

ubstitution, and suggested that the widely observed glass prop- 

rty difference might be attributed to the fact that Mg competes 

ith Al and Si in network-forming positions and is not entirely 

https://doi.org/10.1016/j.actamat.2021.117417
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.117417&domain=pdf
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vailable for modifying the glass network or charge-balancing Al IV 

toms. Moreover, Lee et al. [33] and Bechgaard et al. [34] have 

hown that MgO can help to violate the Al-avoidance in alumi- 

osilicate glasses by careful NMR study and Raman spectroscopy 

tudy, respectively. Interestingly, Souza et al. [35] , on the other 

and, have suggested that MgO does not act as a network inter- 

ediate but simply as a network modifier in a series of bioac- 

ive glasses with the compositions of 24.3Na 2 O–26.9( x CaO −(1- 

 )MgO)–46.3SiO 2 –2.5P 2 O 5 ( x = 1, 0.875, 0.75, 0.625 and 0.5) by

MR study. Even within the composition space of aluminosilicate 

lasses, the role of MgO also remains debated. The apparent con- 

radiction between all these conflicting reports can be resolved by 

onsidering that the structure role of MgO depends on the glass 

omposition. 

However, revealing how composition governs the role played by 

g 2 + has thus far been limited by a lack of knowledge regarding 

heir local structure at different length scales. Specifically, although 

he short-range order of Mg has been investigated (e.g., in terms of 

ond length, coordination number, etc.) [ 34 , 36 ], little is known re-

arding the effect of Mg on the ring structure of glasses because 

f lack of effective experimental approaches to directly probe the 

tructure at that length scale. Atomistic simulations are capable of 

asily accessing the medium-range structure, even though glasses 

enerated by these approaches tend to be more disordered than 

heir experimental counterparts due to the much higher cooling 

ate used in simulations [37] . However, insights obtained from sim- 

lations with respect to short- and medium-range structures on 

any glass systems have proven to be useful to reveal structural 

etails that are challenging to access experimentally [ 10 , 12 , 38-42 ].

To explore the structural role of MgO in aluminosilicate glasses, 

e herein carry out a combination of neutron total scattering 

easurements and molecular dynamics (MD) simulations of a se- 

ies of sodium aluminosilicate glasses that have been well stud- 

ed by Mauro and Smedskjaer et al. [ 8 , 32 , 34 , 43 ] for many other

spects. By taking advantage of ring size distribution and coordina- 

ion number analysis, our study provides direct evidence to show 

hat Mg 2 + indeed participates in the glass network formation—

herein the degree of participation largely depends on the com- 

osition of the glass. 

. Experimental and simulation methods 

.1. Experiment sample preparation 

The nominal compositions (mol%) of the glasses under study 

re (76 - x )SiO 2 –x Al 2 O 3 –16Na 2 O–8MgO with x = 0, 2.7, 5.3, 8, 10.7,

3.3, 16, 18.7, 21.3, and 24. The compositions range widely from 

eralkaline to peraluminous, which is believed to be a good choice 

or studying the structure role of MgO. If some Mg 2 + cations en- 
er the glass network by forming MgO 4 tetrahedron in the same 

ay as AlO 4 tetrahedron, Mg 2 + and Al 3 + will have to compete 

or the Na + cations for charge compensation, thus the structure 

ole of MgO will be clearly revealed by analyzing its local struc- 

ure configuration change with varying Si/Al ratio. These glasses 

ave been synthesized and thoroughly studied with respect to var- 

ous properties by Mauro and Smedskjaer et al. in previous stud- 

es [ 8 , 32 , 34 , 43 ]. Readers are encouraged to check out the detailed

elting and quenching procedures for these glasses from those 

tudies. For convenience, we also tabulate the real compositions 

or these 10 glasses in the Supplementary Material. In this study, 

e probe the structure role of MgO in these glasses, particularly 

he medium-range structure, by taking advantage of analyzing the 

rst sharp diffraction peak (FSDP) of total neutron scattering struc- 

ure factor. 
2 
.2. Neutron scattering measurement 

We take the time-of-flight (TOF) neutron total scattering mea- 

urements on the Nanoscale-Ordered Materials Diffractometer 

NOMAD) at the Spallation Neutron Source (SNS), Oak Ridge Na- 

ional Laboratory [44] . Powdered samples ( ∼200 mg) are loaded 

nto a fused quartz capillary (3 mm diameter), and a data acquisi- 

ion time of ∼30 min is used, achieving a total proton charge of 

.8 × 10 12 [45] . Neutron total scattering structure functions are 

rocessed using the IDL software developed for the NOMAD in- 

trument [44] . All the structure factors used in this study are nor- 

alized to absolute scale utilizing the low- r of G(r) criterion as 

escribed in Ref. [46] . The main motivation for performing neu- 

ron scattering measurement rather than the commonly used X-ray 

cattering technique is that ring size distribution can only be reli- 

bly decoded from the shape of FSDP of the neutron total scatter- 

ng structure factor [45] . More specifically, the structure factor of 

used silica from neutron scattering contains a well-defined FSDP 

nd principle peak (2 nd peak), while the FSDP is much broader and 

he 2 nd peak is missing from the X-ray scattering structure factor 

45] . 

.3. RingFSDP 

To experimentally access the ring size distribution for these 

lasses, we take advantage of our latest developed and validated 

ingFSDP method [ 45 , 47 ]. Specifically, the RingFSDP method of- 

ers an empirical approach to deconvolve the FSDP of neutron total 

cattering structure factor into three Gaussian distributions with 

xed average reciprocal lengths Q , wherein each distribution is as- 

ribed to a certain family of rings: (i) large rings ( ≥ 6-membered) 

entered at low Q , (ii) medium rings (5-membered) centered at 

ntermediate Q , and (iii) small rings ( ≤ 4-membered) centered at 

igh Q [45] . The population of each ring type is estimated to be 

roportional to the relative integrated area under each Gaussian 

istribution. Therefore, the ring size distribution of glasses can be 

eadily accessed. 

.4. Molecular dynamics simulations 

We pick four glasses from the series of experimentally-studied 

lasses (76 - x )SiO 2 –x Al 2 O 3 –16Na 2 O–8MgO with x = 0, 8, 16, and

4 for the present simulation study. The model glass samples are 

ade by the following key steps: (1) randomly placing approxi- 

ately 50 0 0 atoms into a cubic simulation box (42.3 × 42.3 × 42.3 
˚  3 ) and equilibrating them at 40 0 0 K for 4 ns in the NVT ensemble

o lose the memory of the initial configuration, (2) cooling down 

he liquid to 30 0 0 K in the NPT ensemble for 4 ns under atmo-

pheric pressure to lose the memory of the density of the initial 

onfiguration, (3) continuously quenching the melt down to 300 K 

n the NPT ensemble with an average cooling rate of 0.3375 K • ps −1 ,

4) relaxing the sample under atmospheric pressure for 2 ns. The 

elt-quenching sample preparation process has been well tested 

n our previous work [ 23 , 40 , 4 8 , 4 9 ]. Note that this cooling rate has

een found to be low enough to ensure a fair convergence in the 

tructural properties of silicate glasses [37] . 

We use Lammps [50] to run all the simulations and use a 

imestep of 2 fs. Temperature and pressure are controlled via Nose- 

oover [ 51 , 52 ] thermostat and barostat, respectively. Short-range 

nteractions are described by the well-established Teter [53] po- 

ential with a cutoff of 8 Å. The damped shifted force (dsf) method 

ith a cutoff of 10 Å and damping parameter of 0.25 Å 
−1 is used to

ompute the long-range Columbic interaction [54–58] . The Rings 

59] package is used to conduct basic glass structure analysis, such 

s neutron total scattering structure factor calculation and ring size 

istribution analysis. We set the cutoff distance for Si-O bond as 
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Fig. 1. (a) Experimental neutron total scattering structure factor for the series of MgO sodium aluminosilicate glasses. The spectrum is truncated at Q = 4 Å −1 to clearly 

show the characteristics of first sharp diffraction peak revealing the medium-range order structure information. The full spectrums up to Q = 10 Å −1 are available in Fig. S1 

in the Supplementary Material. (b) Corresponding neutron total scattering structure factor from MD simulations for the series of glasses. 
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.9 Å, Al-O bond as 2.1 Å, and Mg-O bond as 2.5 Å, for the glass

tructure analysis. The Ovito [60] software is used to visualize the 

tomic glass structure. 

. Results 

Fig. 1 (a) shows the reduced structure factor F ( Q ) (calculated as 

 (Q ) = Q(S(Q ) − 1 )) measured by neutron total scattering for the 

eries of MgO sodium aluminosilicate glasses. The spectrums are 

runcated at Q = 4 Å 
−1 to highlight the characteristics of the FSDP, 

hich embeds the medium-range structure information of glasses 

s demonstrated by our latest developed and validated RingFSDP 

ethod [ 45 , 47 ]. Interestingly, we can see that the peak position

nd left shoulder of the FSDP systematically shifts toward high Q 

irection for the series of glasses with increasing Al O content 
2 3 

3 
hile the right shoulder does not shift accordingly. Based on the 

ingFSDP analysis, it suggests that the population of large-sized 

ings continuously gets reduced with increasing Al 2 O 3 content (see 

elow for more discussion on this point). 

In order to reliably leverage MD simulations to find out the 

tructural role of MgO in this series of glasses, it is crucial to first 

heck whether the simulated glasses also exhibit some FSDP fea- 

ures that are comparable to those observed in experiments. In- 

eed, it is well known that MD simulations often produce glass 

tructures presenting much higher fictive temperatures than their 

xperimental counterparts due to limited simulations’ accessible 

imescale and, hence, high cooling rates. To this end, Fig. 1 (b) 

hows the corresponding reduced neutron total scattering struc- 

ure factor F ( Q ) of four selected MgO sodium aluminosilicate glass 

amples obtained from MD simulations. Importantly, we observe 
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hat the primary characteristics of the FSDP obtained from ex- 

eriments are well reproduced in the simulated glass structures, 

oth in terms of peak position and left shoulder shifting—although 

here remain noticeable differences, which likely arise from the 

igh cooling rate used in MD simulations. For instances, the peak 

ntensity and area of the FSDP (and other peaks) are consis- 

ently lower for the simulated glass structures than experimental 

easurements. Nevertheless, the qualitative agreement of the pri- 

ary characteristics of FSDP between experiment and simulation 

emonstrated herein is judged satisfactory enough to lay a solid 

oundation to further explore the underlying structure role of MgO 

n this series of glasses. 

To assess the network modifier or former nature of Mg 2 + , we 

rst focus on their coordination number (CN). Indeed, historically, 

he CN of a cation A has been considered as a key structural fea-

ure to discriminate network-forming from -modifying species. For 

nstance, as per Zachariasen rules for glass formation [28] , a binary 

 m O n oxide cannot form a glass on its own unless the CN of A is

qual to 3 or 4 (note that this condition is necessary, but not suf- 

cient). This empirical rule can be understood from the fact that 

i) a CN that is too low does not permit to form an extended 3D

etwork (which is key to kinetically prevent the system from crys- 

alizing), while (ii) a coordination number that is too high does not 

nable the structural flexibility that is needed to form a disordered 

non-crystalline) network. 

Fig. 2 (a) shows the Mg CN distribution for the series of MgO 

odium aluminosilicate glasses. We observe that Mg atoms are pre- 

ominately four-fold coordinated (Mg IV ) for all the samples, which, 

s per Zachariasen’s rules, suggests a network-forming role [28] —in 

ine with previous results from Pedone et al [61] . Interestingly, the 

opulation of five-fold coordinated Mg atoms (Mg V ) increases with 

ncreasing content of Al 2 O 3 , suggesting that some Mg atoms even- 

ually start to act as network modifier/charge compensator in Al- 

ich glasses. It is also worth mentioning that the Mg coordination 

ill also be largely influenced by the Al 2 O 3 content, particularly in 

lkali-free compositions as clearly demonstrated by Neuville and 

oworkers [20] . For glasses studied in this work, nearly all the Al 

toms are four-fold coordinated due to the significant presence of 

a 2 O. Additionally, the relatively large population of Mg III for these 

lasses might be caused by high cooling rate of MD simulations as 

videnced in Table S2 in the Supplementary Material. 

Network-forming species are also expected to exhibit strong di- 

ectional bonds, thereby resulting in a well-defined angular en- 

ironment. To explore the angular environment of Mg atoms, 

ig. 2 (b) shows the evolution of the O-Mg-O bond angle distri- 

ution (BAD) upon increasing Al 2 O 3 concentration. As expected, 

he dominant population of Mg IV atoms lead to the presence of 

 primary peak angle around 109 °. In Al-poor glasses, this peak is 
nitially sharp and well-defined, which further supports the glass 

ormer nature of Mg. The increasing population of Mg V upon in- 

reasing Al 2 O 3 content then results in the emergence of a sec- 

ndary peak (or shoulder) around 80 °. Similarly, the slightly in- 

reasing population of Mg III also get manifested as the emergence 

f a right-shoulder hump at the angle of ∼130 °, which illustrates 

hat Mg gradually loses its network-forming role upon increasing 

l 2 O 3 concentration. 

Another distinctive feature of network-forming species is their 

bility to form rings within the atomic networks of glasses—

herein rings are defined as a shortest closed path within the net- 

ork. In contrast, network-modifying species tend to be connected 

o terminating non-bridging oxygen (that do not form rings), while 

harger-compensating species do not explicitly form strong cova- 

ent bonds with the rest of the network. To assess whether Mg 

toms participate in the formation of rings (together with Si and 

l) in the network, we conduct a ring size distribution analysis on 

he series of glasses considered herein. Out of various ring defini- 
4 
ions that are available, we herein adopt the Guttman definition of 

ings [62] because it produces a realistic total number of rings per 

etwork-forming atom (i.e., ∼ 6 for fully polymerized glasses) and 

as proven to be successful in matching results obtained from the 

xperimental RingFSDP method [45] . Fig. 3 shows the ring size dis- 

ribution for the series of MgO sodium aluminosilicate glasses. The 

istribution in terms of fraction of each sized ring is available in 

ig. S2 in the Supplementary Material. Prior to conducting all the 

ing statistic calculations, all the Na atoms are dumped from these 

lasses because they serve as glass network modifiers or charge 

ompensators with Al atoms. To specifically isolate whether or not 

g participates in the formation of rings, we conduct two distinct 

ing size distribution analyses wherein Mg atoms are (i) initially 

umped from the glass structure (solid line) or (ii) kept in the 

tructure (dashed line). The difference between these two distri- 

utions specifically captures the population of rings that involve 

g atoms. Clearly, we observe that the computed ring size dis- 

ribution exhibits a pronounced difference depending on whether 

r not Mg atoms are initially dumped from the structure. Notably, 

he total number of rings getting considerably increased when Mg 

toms are kept in the glass structure. This highlights the fact that, 

ike Si and Al, Mg atoms do participate in the formation of rings in 

he glass network. Altogether, these results (i.e., CN, BAD, and ring 

nalysis) show that Mg atoms are part of the backbone of the net- 

ork structure of aluminosilicate glasses—albeit to a lower extent 

n Al-rich glasses. 

Next, we further investigate what kind of rings (i.e., 

mall or large) are formed by Mg atoms. To this end, Fig. 4 

hows the average fraction of Mg atoms per network for- 

er (Si, Al, Mg) as a function of ring size for the se- 

ies of MgO sodium aluminosilicate glasses with increas- 

ng Al 2 O 3 content considered herein. The fraction of Mg 

tom per network former in n -membered rings is given by 

 total number of Mg in the n −membered ring / ( n × N number of n −−membered rin

or all the four samples, we find that Mg atoms predominately 

eside in the smallest rings, particularly in the three-membered 

ings. Note that it is technically not appropriate to define a two- 

embered ring because it simply represents a structure of two 

dge-sharing tetrahedrons (i.e., that share an edge of two common 

 atoms), however, it is still interesting to see that Mg atoms are 

isproportionally represented in this configuration—even through 

he total population of it is, overall, fairly low (see Fig. 3 ). Some

epresentative ring configurations are shown in Fig. S3 in the 

upplementary Material. Another noticeable observation is that, at 

xed ring size, the fraction of Mg atoms systematically decreases 

pon increasing content of Al 2 O 3 (see Fig. 4 ), which echoes the 

act that Mg atoms gradually lose the network-forming role as the 

l 2 O 3 concentration increases. This can be understood from the 

act that, when [Al 2 O 3 ] > 16%, the glass starts to experience a 

eficit of Na + cations—that is, there is not enough Na + to charge 
ompensate all the AlO 4 tetrahedral units in the network. As such, 

rom this point, there exists a strong incentive for Mg 2 + cations 
o lose their network-forming role so as to turn into charge com- 

ensators to stabilize the tetrahedral AlO 4 units. This illustrates 

he fact that Al and Mg species effectively compete against each 

ther in forming rings—since the need to charge compensate AlO 4 

nits eventually discourages Mg atoms from participating in the 

ormation of rings in the network. 

These results suggest that MgO plays a dual role of glass net- 

ork modifier/compensator and former, wherein the balance be- 

ween these two roles depends on composition of the glass. Even 

hough Al competes with Mg to weaken its network-forming role, 

ajority of Mg atoms still participate in the glass network forma- 

ion (see Figs. 3 and 4 ). Here, the number of Mg atoms that need

o be transformed from network former to charge compensator de- 

ends on the balance between the number of Al and Na atoms in 
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Fig. 2. (a) Distribution of Mg coordination number (CN) in the series of MgO sodium aluminosilicate glasses. (b) The corresponding average O-Mg-O bond angle distribution 

(BAD) for these glasses. 
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he glass. When [Al 2 O 3 ] < [Na 2 O], all the AlO 4 tetrahedral units

an be charge-compensated by available Na + cations—so that Mg 

toms can act as network formers. In contrast, when [Al 2 O 3 ] > 

Na 2 O], the number of available Na + cations is not large enough to 
harge compensate all the AlO 4 tetrahedral units—so that a frac- 

ion of the Mg need to be “consumed” to charge compensate the 

xcess of AlO 4 tetrahedral units that are not already charge com- 

ensated by Na + cations. As such, the propensity for Mg atom 

o act as network former or charge compensator is governed by 

he balance between (i) the number of Al atoms that need to be 

harge compensated and (ii) the number of other network modi- 

ers (e.g., Na in the present case) that are available for charge com- 

ensation. This mechanism is based on the idea that, whenever 

ossible, AlO 4 units are preferentially charge compensated by Na + 

ather than Mg 2 + cations. This echoes previous results from Sreeni- 

asan et al . [63] demonstrating that, in a series of (1 - x )Na 2 O–

 MgO–0.5Al 2 O 3 –1.25SiO 2 (0 ≤ x ≤ 1) glasses, Na + are preferen- 
ially used as charge compensator due to the high field strength of 

g 2 + . 
5 
To further investigate the nature of the competition between 

a + rather than Mg 2 + in charge compensating AlO 4 units, we fur- 

her conduct a series of additional simulations on samples fea- 

uring varying levels of Na 2 O substitution by MgO (while keeping 

iO 2 and Al 2 O 3 unchanged). The simulated glass compositions are 

76 - x )SiO 2 –x Al 2 O 3 –(24 - y )Na 2 O–y MgO with x = 0, 8, 16, 24, and

 = 8, 16, 24. Fig. 5 shows the population of highly-coordinated 

g atoms (CN ≥ 5) as a function of MgO content in the series of 

gO sodium aluminosilicate glasses. We observe that this popu- 

ation increases with increasing MgO (i.e., decreasing Na 2 O) con- 

ent for each series of glasses with fixed Al 2 O 3 content. In addi- 

ion, for glasses with fixed MgO content, the population of highly- 

oordinated Mg atoms also increases with increasing Al 2 O 3 con- 

ent, which is consistent with the observation in Fig. 2 . These re- 

ults confirm that Mg gradually loses its network forming abil- 

ty (as manifested by the increased fraction of ≥ 5-fold coordi- 

ated Mg atoms) upon decreasing Na 2 O content—since the increas- 

ng deficit in Na + cations requires Mg 2 + cations to start acting as 
harge compensator. 
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Fig. 3. Gutman ring size distribution for the series of MgO sodium aluminosilicate glasses. All Na atoms are dumped from the glasses before conducting all the ring 

statistics calculations. Mg atoms are either dumped from (solid line) or kept in (dash line) the residual glasses for ring statistic calculations to see whether they participate 

in the formation of rings, e.g. legend ‘Al_8’ means both Na and Mg atoms are dumped from the glasses, while ‘Al_8_Mg’ means only Na atoms are dumped from the 

MgO-containing glasses. 
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. Discussions 

Having established the structural role of Mg and its ability to 

orm rings in the glass network, we now explore whether this 

nformation can be used to decipher the nature of composition- 

roperty relationships in MgO sodium aluminosilicate glasses. To 

his end, we consider the isokom annealing temperature T anneal 
i.e., the temperature at which the viscosity is equal to 10 12.2 Pa • s)
eported by Smedskjaer et al. [32] since this property exhibits a 

on-linear, non-additive behavior upon increasing Al 2 O 3 . Specifi- 

ally, for the series of glasses considered herein, T anneal initially in- 

reases fairly linearly with increasing Al 2 O 3 content in the [Al 2 O3] 

[Na 2 O] ≤ 0 regime, but, notably, exhibits a deviation from linear- 

ty (by gradually leveling off) in the [Al 2 O3] – [Na 2 O] > 0 regime.

n the following, we explore whether the structural role of Mg 

toms (both in the short- and medium-range order) can explain 

his deviation from linearity. To this end, three additional samples 

ith Al 2 O 3 (mol%) = 4, 12, 20 are simulated to enhance composi- 

ional resolution. 

We first focus on the short-range order structure. Fig. 6 (b) 

hows the fraction of bridging oxygen (BO) as a function of Al 2 O 3 
6 
ontent for the series of glasses. This quantity captures the over- 

ll connectivity of the glass, which has been suggested to have a 

rst-order influence on the annealing temperature (as well as on 

he glass transition temperature) [64] . Note that, here, BOs are de- 

ned as oxygen atoms that are connected to two network formers 

Si, Al, or Mg)—so that this structural quantity captures the influ- 

nce of Mg on the glass connectivity. Interestingly, we find that the 

raction of BO exhibits a non-linear trend that is similar to that of 

 anneal with respect to Al 2 O 3 content. Specifically, both quantities 

xhibit the same negative deviation from linearity in the peralumi- 

ous regime. This partially arises from the fact Mg atoms lose their 

etwork-forming role in the peraluminous regime, which, in turn, 

educes the number of BO atoms. This suggests that the glass con- 

ectivity indeed plays an influential role in determining the T anneal . 

Next, we focus on the medium-range order structure. Fig. 6 (c) 

hows the fraction of small rings ( ≤ 4) as a function of Al 2 O 3 con-

ent for the series of simulated glasses considered herein. It should 

e noted that, here, the computed ring size distribution accounts 

or the rings created by Mg atoms. Again, we identify a correla- 

ion between this trend and that of T anneal . In detail, we observe 

he existence of a noticeable surge in the population of small-sized 
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Fig. 4. Average fraction of Mg atoms per network former (Si, Al, Mg) as function of ring size for four MgO sodium aluminosilicate glasses with various Al 2 O 3 content. 

Fig. 5. Population of highly-coordinated Mg atoms (CN ≥ 5) as a function of MgO content in the series of MgO sodium aluminosilicate glasses (76 - x )SiO 2 –x Al 2 O 3 –(24 - 

y )Na 2 O–y MgO with x = 0, 8, 16, 24, and y = 8, 16, 24. Note that the population of Mg atoms with CN > 5 is negligible. The ring size distributions for this series of glasses 

are available in Fig. S4 in the Supplementary Material. 
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Fig. 6. (a) Composition dependence of the isokom annealing temperature T anneal of the series of MgO sodium aluminosilicate glasses. Data are sourced from a previous study 

by Smedskjaer et al. [32] . T anneal increases fairly linearly with increasing Al 2 O 3 content when [Al 2 O3] – [Na 2 O] ≤ 0, while it starts to gradually level off when [Al 2 O 3 ] –

[Na 2 O] > 0. (b) Composition dependence of the fraction of bridging oxygen for the series of glasses from MD simulations. (c) Composition dependence of the population of 

small-sized rings ( ≤ 4) for MD-synthesized samples (black). Experimental results (blue) offered by the RingFSDP method based on the analysis on the neutron total scattering 

structure factor as shown in Fig. 1 (a) are also shown. 
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ings ( ≤ 4) in the [Al 2 O 3 ] – [Na 2 O] > 0 regime (as indicated by

he dashed circle). Note that the spike in the fraction of small-size 

ings is not simply a consequence of the evolution of the over- 

ll connectivity of the glass since, in contrast, the total number 

f rings keeps increasing linearly as a function of Al 2 O 3 content 

See Fig. S5 in the Supplementary Material). As a validation of the 

imulation results, Fig. 6 (c) also shows the population of small- 

ized rings for the 10 experimental samples characterized by our 

ecently developed RingFSDP method via deconvolving the FSDP of 

eutron total scattering structure factors shown in Fig. 1 (a). Even 

hough MD simulation underestimates the overall fraction of small 

ings, we observe an overall harmony between simulation and ex- 

erimental results—since both present a similar surge in the pop- 

lation of small-sized rings in the peraluminous regime. The de- 

cription and validation of the RingFSDP approach has been de- 
8 
ailed in our previous work [47] . Overall, the concurrent deviation 

rom linearity exhibited by the fraction of small-sized rings and 

 anneal suggests that, in addition of the short-range connectivity, 

he medium-range order also influences T anneal . The fact that the 

nnealing temperature levels off as the population of small rings 

pikes is important since these small rings are specifically those 

hat Mg atoms tend to form (see Fig. 4 ). 

The relationship between annealing temperature and popula- 

ion of small-sized rings can be understood as follows. Conceptu- 

lly, the isokom T anneal captures how easily a glass deforms under 

hear stress, wherein a lower T anneal value denotes that the glass 

hows higher propensity to deform or flow. In that regard, we ar- 

ue that small-sized rings tend to facilitate the deformation of a 

lass because they are generally unstable—as suggested by many 

tudies. For instance, Rino et al . have shown that small-sized rings 
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size = 3 & 4) are energetically unfavorable because they exhibit 

uch higher relative energies as compared to that of 6-membered 

ings in fused silica [65] , which is also suggested by Galeener in 

he investigation of planner rings in glasses [66] . Song et al. have 

lso shown that small-sized rings in sodium silicate glasses ex- 

ibit some significant internal stress on account of their overcon- 

trained topological nature, while large-sized rings ( n ≥ 6) do not 

38] . Additionally, MD simulations by Yang et al . have shown that 

mall-sized rings ( n ≤ 4) exhibit more dramatic change as com- 

ared to their larger counterparts for alkaline or alkaline-earth sil- 

cate glasses when heated above their respective glass transition 

emperature [67] . Altogether, this suggests that, in addition to the 

hort-range connectivity, unstable small-sized rings also have a no- 

able influence on annealing temperature. Overall, these results il- 

ustrate the important structural role of Mg atoms—since Mg atoms 

pecifically impact both connectivity and the fraction of small- 

ized rings in the glass. 

. Conclusion 

In summary, we carry out extensive studies to investigate the 

tructure role of MgO in sodium aluminosilicate glasses using MD 

imulations. Detailed analyses on both the short- and medium- 

ange structure strongly suggest that MgO is an intermediate 

pecies, not only serving as network modifier/charge compensator, 

ut also participating in the network formation. The competition 

etween these two roles strongly depends on glass composition—

nd, specifically, on the balance between the number of tetrahe- 

ral Al atoms that need to be charge compensated and that of the 

odifier cations (e.g., Na + ) that are available for charge compen- 

ation. Clearly, this conclusion on the modifier versus former role 

f Mg atoms need to be further confirmed by considering a larger 

ange of glass compositions, as well as other attributes discrimi- 

ating network modifiers from network formers. Nevertheless, the 

resent results show that explicitly accounting for the structural 

ole played by Mg atoms (both in terms of short-range connectiv- 

ty and formation of small rings in the medium-range order) is key 

o understand the relationship between composition and anneal- 

ng temperature in aluminosilicate glasses. We believe that, more 

enerally, these new findings offer a steppingstone to further de- 

ipher the nature of other composition-property relationships in 

gO-containing aluminosilicate glasses. 
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