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A B S T R A C T

Glasses are generally isotropic. However, structural anisotropy can be induced through processing. Here,
molecular dynamics simulations were used to study the deformation behavior of metaphosphate glasses
and the atomistic origins of the deformation-induced structural anisotropy. The anisotropy observed in the
metaphosphate glasses originates from a preferred orientation of the tetrahedral units at both short- and
medium-range, depending on the loading mode. The mechanical behavior of the glasses showed that the
Young’s modulus of the anisotropic glasses is lower than that of pristine glasses. Pre-deformed glass shows a
clear directional dependence with respect to the axis of the pre-deformation. In general, the Young’s moduli of
the pre-deformed glasses are lower than those of pristine glasses. These findings provide insights into the origin
of deformation-induced anisotropy in metaphosphate glasses and its influence on their mechanical properties,
thus providing important insight for the rational design of oxide glasses with tailored material properties.
1. Introduction

Oxide glasses play a vital role in modern society, thanks to their
unique properties suitable for many applications such as ultrathin
substrates [1], ion-conducting glasses [2], and bioactivity [3]. Phos-
phate glasses have many unusual properties compared to silicate or
borate glasses, such as low glass transition temperature, high thermal
expansion coefficients, and high ultraviolet light transparency [4].
Currently, phosphate glasses are used in several applications such as
bioactive materials, solid-state lasers, solid-state ion conductors, and
glass-to-metal seals [5–9].

The structure of pure phosphate glass consists of phosphorous as
glass forming cation surrounded by oxygen to form tetrahedra. Each
tetrahedron shares three corners with neighboring tetrahedra [10]. The
fourth oxygen atom in each tetrahedron is doubly bonded to the central
phosphorous atom, and it is named terminal oxygen [10]. When a
modifier is added to the glass network, it breaks the P–O–P bonds to
create non-bridging oxygens (NBO) at the expense of bridging oxygens
(BO) [10].

Depending on the ratio between O and P atoms (O/P), Thilo [11]
classified phosphate glasses. This classification is nicely discussed in
Refs. [10,11]. The composition where the ratio O/P is three is named
metaphosphate and has a chain-like structure made of Q2 structural
units that are ended by Q1 units (Q𝑛 is the distribution of BO in
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each phosphorous tetrahedra, and n is the number of BO per tetrahe-
dron) [10,11].

The melt-quenched glasses are generally regarded as isotropic mate-
rials [12,13]. However, it was reported that glasses showed anisotropic
properties when processed accordingly, e.g., by fiber drawing [14] or
mechanical deformation at room temperature [15] where the structure
of the glass is stretched in one preferred direction [12]. The structural
anisotropy present in the material only under load is called transient
anisotropy, e.g., stress-induced reversible birefringence [16]. In con-
trast, structural anisotropy that persists even in the stress-free glass is
referred to as persistent anisotropy. This latter one is reversible only
upon thermal annealing and can, e.g., be caused by frozen-in strain in
a glass flowing under load as in wire drawing [14,17] or by plastic
deformation [15,18].

Understanding how the transient and persistent anisotropy is re-
lated to the glass properties is of great importance in designing high
birefringence optical fibers and getting insights on the plastic flow and
structural relaxation of the glass [15,19,20]. Transient anisotropy is im-
portant in understanding the deformation of oxide glasses; it represents
the initial structural change of the glass network under load, thereby
defining all subsequent reactions [21]. Takamori and Tomozawa sys-
tematically reviewed the anomalous birefringence occurring in many
oxide glasses, including sodium metaphosphate glass fibers [22]. They
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highlighted that the structure of anisotropic metaphosphate glasses
differs from that of organic polymers, where the chains are aligned
in one direction. This alignment persists even when the samples are
annealed at the glass transition temperature (T𝑔) [22].

Recently, Inaba et al. synthesized a mixed alkali metaphosphate
lass wires (12.5Li2O–12.5Na2O–12.5K2O–12.5Cs2O-50P2O5, mol%)

with a highly anisotropic structure that showed entropic shrinkage
when annealed above T𝑔 [14]. This shrinkage was attributed to a
constant volume endothermic relaxation of oriented –P–O–P- chains to
a disordered state [14,20]. The same group investigated the mechanical
properties of these highly anisotropic metaphosphate glass wires [17].
The Young’s modulus was calculated using density and sound wave
speed, while the fracture strength was measured using indentation
fracture [17]. They showed that Young’s modulus and fracture strength
along the wire axis increased by 140% and 160%, respectively, com-
pared to the isotropic glass [17]. From a fundamental point of view,
this anisotropy was attributed to the orientation of the –P–O–P- chains
along the wire axis [14,17,23].

Here, we address the atomic scale origin of the deformation-induced
transient and persistent structural anisotropy in metaphosphate glasses
and its implication on their mechanical properties by using molecular
dynamics simulations. The effect of the loading mode and modifier type
on the structure of anisotropic metaphosphate glasses was revealed.
The origin of the structural anisotropy in these glasses was identified
at different structural levels. Finally, the mechanical behavior of the
anisotropic metaphosphate glasses was studied.

2. Methods

2.1. Interatomic potential model

The potential by Pedone et al. [24] was used to model the in-
teractions between atoms. In this potential, the particles are treated
as charged points interacting via Coulomb forces, a Morse function
describing the short-range interactions between pairs of atoms, and
an additional r−12 repulsive contribution necessary to treat the in-
eractions at high pressure and temperature correctly. This potential
as designed to reproduce the structural and mechanical properties
f a wide range of oxide glasses and gives a realistic agreement with
vailable experimental data [25–30].

Potential parameters and partial charges are given in Ref. [24]. A
hort-range interaction cutoff of 5.5 Å was used. In contrast, Coulomb
nteractions are calculated by adopting the damped shifted force (DSF)
odel [31] with a damping parameter of 0.25 Å−1 and a long-range

utoff of 8.0 Å.

.2. Glass preparation

All simulations were performed with LAMMPS [32]. Three
etaphosphate glasses, namely Na2O–P2O5, MgO–P2O5, and CaO–P2O5
ere created by randomly placing 108 000 atoms in a cubic box with
eriodic boundary conditions applied in all directions. The volume
f the cubic box was adjusted to match the experimental densities,
(Na2P2O6) = 2.51 g/cm3, 𝜌(MgP2O6) = 2.44 g/cm3, and 𝜌(CaP2O6)

2.64 g/cm3 [33,34] resulting in a cube edge length of 11.3 nm,
1.45 nm, and 11.4 nm for Na2O–P2O5, MgO–P2O5, and CaO–P2O5,
espectively. Unrealistic overlaps between atoms were removed by
unning a short simulation in the NVE ensemble for 1 ps with 1 fs as a
imestep and limiting the movement of atoms to 0.5 Å/step.

The glass preparation was performed in the following steps. First,
he systems were equilibrated in NVT at high temperatures (T = 5000
) for 500 ps. The second step is a linear quench from the liquid temper-
ture (T = 5000 K) to room temperature (T = 300 K) with a cooling rate
f 1 K/ps in NVT. Then, the systems were equilibrated at room temper-
ture and zero pressure in NPT for 1 ns to make the systems stress-free
nd another 100 ps in the NVT ensemble. The obtained glasses have
2

densities of 𝜌(Na2P2O6) = 2.57 g/cm3, 𝜌(MgP2O6) = 2.51 g/cm3, and
𝜌(CaP2O6) = 2.68 g/cm3. The obtained glasses have densities higher
than the experimental ones by 2.39%, 2.86%, and 1.51% for Na2P2O6,
MgP2O6, and CaP2O6, respectively (See Tab. S1 in the supplementary
material). Nosé–Hoover thermostat and barostat [35] were used for
temperature and pressure controls. The structure of the obtained as-
quenched glasses, in the following called pristine, is in good agreement
with the data found in the literature and is shown and discussed in the
supplementary material (See Fig. S1, Fig. S2, and Tabs. S2-S4).

2.3. Simulations of deformation

The fully equilibrated glasses were subjected to a tensile or compres-
sive deformation along the 𝑥-direction at 300 K using a strain rate of 5×
108 s−1. The simulations were performed by homogeneously rescaling
the simulation box and keeping the pressure along the y- and 𝑧-axis to
0 MPa by applying a Nosé–Hoover thermostat and barostat [35].

2.4. Calculation of anisotropy index 𝛼

The structural anisotropy in the metaphosphate glasses was quan-
titatively measured by the anisotropy index introduced by Rountree
et al. [15]. The anisotropy index 𝛼 is a scalar calculated based on a
fabric tensor 𝐹 as in Eq. (1), which is a second-ordered symmetric
tensor that characterizes anisotropic orientation and arrangement of
microstructural components of a material. The fabric tensor is charac-
terized by its three eigenvalues, whose corresponding eigenvectors are
mutually perpendicular. Based on these eigenvalues 𝜆𝑖, the anisotropy
index is defined as in Eq. (2).

𝐹 = ⟨𝑛 ⊗ 𝑛⟩, (1)

where 𝑛 being contact normal vectior defined between P–P atoms,

𝛼 =

√

√

√

√
3
2

3
∑

𝑖=1

(

𝜆𝑖 −
1
3

)2
(2)

The eigenvalues in all three axes are equal for isotropic materials,
and thus 𝛼 = 0. In anisotropic materials, the eigenvalues degenerate,
and 𝛼 > 0. The anisotropy index is normalized to vary between 0 and
1, where 0 indicates an isotropic structure, and 1 is for a completely
anisotropic structure [15].

2.5. Projected radial distribution function

To capture the short-range order’s directionality, the radial distri-
bution function was projected onto spherical harmonic Y𝑙𝑚 given by:

𝑔(𝑟) =
∞
∑

𝑙=0

𝑙
∑

𝑚=−𝑙
𝑔𝑙𝑚𝑌𝑙𝑚(𝜃, 𝜙) (3)

here g𝑙𝑚 are the expansion coefficients, 𝜃 is the polar angle, and 𝜙 is
he 𝑎𝑧𝑖𝑚𝑢𝑡ℎ𝑎𝑙 angle,

𝑙𝑚 = ∫ 𝑔(𝑟)𝑌 ∗
𝑙𝑚(𝜃, 𝜙)𝑑𝛺 (4)

nd 𝛺 is the solid angle [36,37]. The RDF projection onto spherical
armonics was used to identify the anisotropic structure of amorphous
ystems and glasses under shear deformations [36–40]. During an
niaxial deformation, the deformation axis will be the symmetry axis.
hecking the spherical harmonic functions, 𝑌20 was found to be the best
o capture this behavior. The expansion coefficients of the RDF into the
20 spherical harmonic are given as,

𝛼𝛽
20 =

√

15𝑉
√

16𝜋𝑁𝛼𝑁𝛽
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Fig. 1. Distribution of tortuosity parameter for pristine, loaded, and unloaded sodium metaphosphate glass containing 108 000 atoms. (a) Tension and (b) compression.
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⟩

,

(5)

here 𝛼 and 𝛽 are the atom types, 𝑁𝛼 and 𝑁𝛽 are their corresponding
umber of atoms, 𝑉 is the volume of the simulation box, 𝑥, 𝑦, and 𝑧

are the atomic position in Cartesian coordinates.

2.6. Identification of chains and their orientation

The phosphate chains were calculated as follows. First, all atoms
were deleted except P atoms; then, the minimum of the P–P radial
distribution function (3.5 Å for all samples) was used as a cutoff to
define the P–P separation distance and a link between those atoms.
Using this constraint, atoms are considered within the same chain if
their separation distance is less or equal to the P–P RDF first minimum.
This procedure was performed using the RINGS code [41]. When the
chains are identified, the end-to-end vector of each chain is computed.
From the length of the chain and the end-to-end vector, the tortuosity
parameter was obtained using Eq. (6):

𝜏 = 𝐶
𝐿
, (6)

with C is the length of the end-to-end vector and L is the actual length of
the chain. The distribution of the tortuosity parameter 𝜏 for the sodium
metaphosphate glass is given as a showcase in Fig. 1. All chains with
a tortuosity parameter lower than 1.5 are selected for further analysis.
The angle between each end-to-end vector of the selected chains and
the loading axis was calculated. Finally, the mean angle is calculated
from the angles of the end-to-end and the loading axis.

3. Results

3.1. Stress–strain curves

Fig. 2(a and b) shows the stress–strain curves for uniaxial tension
and compression of the pristine metaphosphate glasses. During the
loading, all the samples deform elastically at small strains, yield, and
then flow plastically at larger strains. The sodium metaphosphate glass
shows the lowest Young’s modulus (37 ± 0.1 GPa) followed by that of
calcium metaphosphate (60 ± 0.1 GPa) and magnesium metaphosphate
(63 ± 0.1 GPa) glasses. The values of Young’s modulus are consis-
tent with experimental measurements (35.7 GPa, 53.9 GPa, 55.5 GPa
for Na2O–P2O5, MgO–P2O5, and CaO–P2O5, respectively) [33,34]. The
maximum stress in tension and compression scales as follows: NaPO <
CaPO < MgPO. For all pristine glasses, the compressive stress is higher
than the tensile stress, showing a tension–compression asymmetry.
3

After yielding, the glasses show a softening behavior, as indicated by p
the decreased stress with further strain. The decrease of stress with
strain is dependent on the modifier type. The unloading to zero stress
has been performed starting from different values of the maximum
strain: 2.5%, 5%, 10%, 20%, 30%, and 40%. In all samples, there was
a remaining plastic strain, 𝜖𝑝𝑙, except for unloading from 2.5% and 5%.
As shown in Fig. 2(a and b), the glass shows permanent macroscopic
plastic deformation for strain higher than 8%. The tensile yield stresses
(strains) are as follows: 950 MPa (2.7%), 1808 MPa (3.1%), and 1580
MPa (2.8%) for Na2O–P2O5, MgO–P2O5, and CaO–P2O5, respectively.
n compression, the yield stress (strain) was 1011 MPa (2.9%), 1950
Pa (3.4%), and 1760 MPa (3%) for MgO–P2O5, CaO–P2O5, and
a2O–P2O5, respectively. This shows an apparent tension–compression
symmetry of the yield stress, independent of the composition.

.2. Structural anisotropy

The evolution of the structural anisotropy is tracked quantitatively
hrough an analysis based on the anisotropy index (see Section 2) as
function of strain during the loading and unloading (see Fig. 2c and
). The anisotropy index increases during the loading in both tension
nd compression, which seems proportional to the stress. On the other
and, during the unloading process, the anisotropy index decreases and
eaches its minimum 𝛼𝑝 (𝛼𝑝 stands for persistent anisotropy index) when
he stress is near 0 MPa. Moreover, when unloading from 2.5% or 5% of
he maximum strain, no difference between the pristine glass and the
nloaded one in terms of anisotropy index is observed. Additionally,
nloading from higher maximum strains (𝜖 > 8%), an increase of 𝛼𝑝 is
bserved.

The results summarizing the evolution of 𝛼𝑝 as a function of the
emaining plastic strain are shown in Fig. 3(a and b) for tension and
ompression, respectively. Fig. 3 shows that a significant anisotropy
ersists after unloading when the glass is plastically deformed. More-
ver, these anisotropy values strongly depend on the composition of
he glass and the plastic strain. Glasses that contain modifiers with low
ield strength (e.g., Na) show, in general, lower persistent structural
nisotropy, with the field strength (FS) defined by Dietzel [42,43] as
S = Z𝑀/(r𝑀+r𝑂)2, where Z𝑀 , r𝑀 , and r𝑂 stand for the charge, ionic
adius of the modifiers, and the ionic radius of oxygen. This FS indi-
ectly indicates the cation–oxygen bond ionicity (higher FS indicates
ower bond ionicity). Also, pre-deformed glasses in compression show
ore persistent structural anisotropy in the stress-free unloaded states

han the glasses pre-deformed in tension.

.3. Directional short-range structure

The projection of the P–O radial distribution functions of the sim-
lated sodium metaphosphate glasses are shown in Fig. 4. Only the

ristine, loaded up to 30% strain (red lines), and stress-free unloaded
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Fig. 2. Stress–strain curves for Na2O–P2O5, MgO–P2O5, and CaO–P2O5 in (a) tension and (b) compression during the loading from 0% to 50% (solid lines) and unloading from
2.5%, 5%, 10%, 20%, 30%, and 40%. (c and d) show the anisotropy index as a function of the strain during loading and unloading for Na2O–P2O5, MgO–P2O5, and CaO–P2O5
glasses for both tension and compression, respectively. The strain rate is 5.0 × 108 s−1 at a constant temperature of 300 K.
Fig. 3. Anisotropy index as a function of the plastic strain for Na2O–P2O5, MgO–P2O5, and CaO–P2O5 glasses at 300 K and using a strain rate of 5.0 × 108 s−1. (a) tension and
(b) compression.
samples from 30% tensile (Fig. 4(a)) or compressive (Fig. 4(b)) strain
(blue line) are shown. The other glasses and the samples loaded up to
and unloaded from different strains are shown in the supplementary
material Fig. S3, Fig. S4, and Fig. S5. At strain 0 (pristine sample), the
projected radial distribution function is almost flat, corresponding to
the isotropic glass with no preferred orientation of the P–O bonds, and
4

no preferential orientation is present in the arrangement of P–O atom
pairs.

For the loaded samples in the tension, the projected RDF shows a
negative peak at around 1.48 Å and a positive peak centered around
1.56 Å. The position of the peaks shows only a minor change with
respect to the change of modifier. Moreover, the intensity of these
peaks increases as a function of the strain. After unloading, no change
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Fig. 4. Projection of P–O (a and b) and P–P (c and d) pair distribution functions on Y20 spherical harmonic in NaO–P2O5 glasses. The projected pair distribution functions on Y20
spherical harmonic of the pristine glass sample are given by the black line. The glasses were loaded (red lines) up to 30% strain in tension and compression, and subsequently
unloaded from 30% to zero stress (blue lines). The vertical dashed lines indicate the position of the P–O mean bond length.
in the positions of the peaks was observed in the P–O projected RDF;
however, their intensity decreased compared to the loaded systems. In
the sample loaded in compression, the projected P–O RDF shows the
same behavior as those loaded in tension. The difference is that the
first peak centered around 1.48 Å is positive, while the one centered
on 1.56 Å is negative. In the unloaded samples, these peaks persist and
show a reduced intensity compared to the loaded samples.

The P–P projected RDF, given in Fig. 4(c and d), shows a flat line
in the pristine glass and only one peak centered around 3.1 Å. This
peak is positive in tension and negative in the compressed samples.
Like the projected RDF of the P–O pair, the projected P–P RDF peaks
persist in the unloaded glasses and show a reduced intensity. The plots
for different samples and unloading strains are given in supplementary
material (Fig. S6-S8) and show similar behavior.

3.4. Directional medium-range structure

Fig. 5(a) illustrates the chain length distribution of the simulated
metaphosphate glasses. The chain length is given as the number of
PO4 tetrahedra in each chain. As shown in the figure, the structure of
the metaphosphate glasses is mainly built by short phosphate chains
with a length of 3 to 5 tetrahedral units. The average chain length
depicted in Fig. 5(b) increases with increasing modifier FS. The chain
length distributions for the loaded and unloaded samples are shown in
5

supplementary material Fig. S9.
Fig. 6 shows the mean angle between the chain’s end-to-end vectors
and the loading axis in sodium metaphosphate glass for the loaded
samples at different maximum strains and unloaded samples from
different maximum strains (for other glass samples, see Fig. S10 and
Fig. S11 in the supplementary material), the values of the mean angles
are shown as the difference between the one found in the pristine
glass and the mean angle at a strain 𝜖. In Fig. 6(a), when the glasses
are deformed in tension, the chains tend to orient themselves to be
aligned with the loading axis, as indicated by the decrease of the mean
angle between the chain’s end-to-end vectors and the loading axis.
This, however, is not the case for compression, as the chains tend
to be perpendicular to the loading axis. When unloading from strains
within the elastic regime, the chains show no difference in the angles
with the loading axis compared to the pristine glass. Moreover, in the
unloading from higher strains in both deformation modes, the chains
tend to keep their new orientation with the loading axis, as shown in
Fig. 6(b). Similar behavior is observed for magnesium metaphosphate
and calcium metaphosphate glasses (see Fig. S10 and Fig. S11 in the
supplementary material). This behavior is highlighted visually in Fig. 7
by tracking the alignment of one selected chain from the sodium
metaphosphate glass during the loading in tension up to 40% of tensile
strain. As can be seen, this selected chain is gradually aligned parallel

to the loading axis with increasing strain.



Journal of Non-Crystalline Solids 627 (2024) 122822A. Atila and E. Bitzek

a
p

3

s

C

T

Fig. 5. (a) Chain length distribution given as the number of tetrahedra in each chain
nd (b) average chain length as a function of the modifiers field strength (FS) in the
ristine metaphosphate glasses.

.5. Mechanical properties of pre-deformed glasses

Fig. 8 shows Young’s modulus as calculated from the tensile stress–
train curves along the 𝑥-, 𝑦-, and 𝑧-direction. The values of Young’s

modulus are normalized to the one of the pristine glass deformed in ten-
sion along the 𝑥-direction. When the reloading is performed along the
same direction as the pre-deformation (𝑥-axis), both pre-deformation
modes result in a decrease of Young’s modulus as compared with
the pristine glass. However, as shown in Fig. 8, pre-deforming in
tension resulted in higher Young’s modulus values compared to the
pre-compression. Also, the rate of the decrease is different in both
pre-deformation modes. The Young’s modulus along the orthogonal
directions to the pre-deformation axis shows a strong decrease when
the glass was pre-deformed in tension. In contrast, Young’s modulus
of the glasses pre-deformed in compression and reloaded in tension
along the orthogonal directions to the pre-deformation axis show a
decrease compared to the pristine glass for the case of Na2O–P2O5 and

aO–P2O5, while those of MgO–P2O5 glasses stayed almost constant.
For the yield and flow stresses they follow the same trend as Young’s
modulus as shown for sodium metaphosphate in Fig. 9(a and b) (results
for MgO–P2O5 and CaO–P2O5 glasses are shown in supplementary
material Fig. S12 and Fig. S13).

Fig. 10(a and b) depict the direction-dependent stress–strain curves
during the tensile test of the samples pre-deformed up to 30% strain in
tension and compression and unloaded to zero stress state, respectively.
The stress–strain curve of the pristine glass subjected to tension along
6

Fig. 6. The difference between the mean chains end-to-end vectors angle in the loaded
(a) or unloaded (b) glasses in tension or compression and the pristine Na2O–P2O5 glass.

he 𝛥Angle = Angle𝐿∕𝑈 - Angle𝑃 , where Angle𝐿∕𝑈 is the mean angle between the chain
end-to-end vectors and the loading axis in the loaded/unloaded sample and angles𝑃
is the mean angle between the chain end-to-end vectors and the loading axis in the
pristine glass. For the loaded sample (a), the mean angle difference is plotted as a
function of the maximum strain before unloading. The mean angle difference is plotted
for the unloaded samples as a function of the remaining plastic strain after unloading
to zero stress. The orange color is for tensile deformation, and the violet color is for
compression. Closed dots denote loaded samples, and open dots stand for unloaded
samples. The lines in both figures are guides for the eyes.

the 𝑥-axis is also given as a reference. The stress–strain curves for
the other glasses are given in the supplementary material, Fig. S14.
The response of the glasses pre-deformed in tension and reloaded in
tension is similar to the pristine glass, with a reduction of Young’s
modulus and yield and flow stresses. The tensile stress–strain response
along the orthogonal directions (y- and z-axis) to the tensile pre-loading
axis (x-axis) shows a considerable reduction of Young’s modulus and
the elastic regime in general with decreased yield stress. The sample
pre-deformed in compression shows a reversed behavior compared to
those pre-deformed in tension. The Young’s modulus and yield stress
exhibit a substantial decrease in the glass reloaded in the same direction
as the pre-compression. In contrast, the orthogonal directions slightly
decreased Young’s modulus and yield stress.
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Fig. 7. Top row snapshots at different strains during tensile deformation test (red: O atoms, orange: P atoms, and blue: Na) of Na2O–P2O5 glass and a single chain is highlighted
in green in the red box. The bottom row shows a zoomed-in snapshot of the chain highlighted in the top row, and it orients to be aligned with the deformation axis.

Fig. 8. Calculated normalized tensile Young’s modulus of the metaphosphate glasses pre-deformed along the 𝑥-direction, unloaded to zero stress state from different maximum
strains, and subsequently reloaded in tension along 𝑥- (filled squares), 𝑦- (filled circles), or 𝑧-axis (triangles). The normalized Young’s modulus values are plotted as a function of
the plastic strain (remaining strain after unloading to zero stress). (a) Samples were pre-deformed in tension, and (b) samples were pre-deformed in compression. The dashed lines
are plotted at the value 1 to guide the eye.

Fig. 9. Tensile stress–strain curves of Na2O–P2O5 glass in the pristine sample compared with the glasses pre-deformed up to different maximum strains and unloaded to zero
stress. (a) The samples were pre-deformed in tension and unloaded from different maximum strains, and (b) pre-deformed in compression and unloaded from different maximum
compressive strains to zero stress. The reloading in tension is along the 𝑥-axis (same as the pre-deformation axis).



Journal of Non-Crystalline Solids 627 (2024) 122822A. Atila and E. Bitzek
Fig. 10. Tensile stress–strain curves of Na2O–P2O5 pristine glass compared with the glasses pre-deformed up to 30% strain and unloaded to zero stress. (a) Stress-free samples
pre-deformed in tension, and (b) Stress-free samples pre-deformed in compression. The reloading in tension is along the x-, y, or 𝑧-axis.
Fig. 11. Sketch showing two selected chains during a tensile (left) and compressive
(right) test of Na2O–P2O5 (red: O atoms, orange: P atoms, and blue: Na). The snapshot
shows that the chains are linked by weak Na–NBO bonds perpendicular to the loading
axis in tension and along the loading axis in compression. In contrast, the strong P–BO
bonds are aligned along the deformation axis during tension and perpendicular to it
in compression.

4. Discussion

4.1. The origin of the structural anisotropy

As shown in previous sections, anisotropic metaphosphate glasses
were produced by pre-deformation at room temperature. Two types of
anisotropy are of interest, which are the ‘‘transient’’ and ‘‘persistent’’
anisotropy. Both are detected during tension and compression. The
origins of this anisotropy can be explained by the changes in the
structure in response to mechanical loading.

As indicated by the anisotropy index, 𝛼 (Figs. 2 and 3), the glasses
under load or unloaded and stress-free have higher values of 𝛼 than the
pristine glasses. However, 𝛼 is a scalar value and provides no insights
into the directional structure.

The stress–strain curves of the metaphosphate glasses in tension
and compression during loading and unloading can be divided into
four main regions. (I) the elastic region, (II) the region between the
8

end of the elastic limit and the maximum stress, (III) the region of
flow, and (IV) the unloading regime, including the unloaded stress-
free state. Within the first region, if the samples are unloaded, the
initial glass structure is recovered on average; the deformation in this
region is mainly dominated by P–O bond stretching or contraction (See
Fig. S15(a and b)) and P–O–P bond angle bending (See Fig. S15(e and
f)). The changes in the P–O bond length, O–P–O, and P–O–P bond
angle during tension and compression are summarized in Fig. S15 for
all glasses. During tension, the P–O bond (See Fig. S15(a)) elongates
slightly and increases for all glasses. After yielding, the P–O bond length
fluctuates around the same value. In loading during compression (See
Fig. S15(b)), the P–O bond length behaves differently as it initially
decreases in the elastic regime and then increases after yielding and
reaches a steady state. Figure. S15(c) and Fig. S15(d) show the change
of the O–P–O means angle, and it is evident that it is almost unaffected
by the applied strain. Figure. S15(e) and Fig. S15(f) show the change
of the mean P–O–P angle during tension and compression, where in
both cases, it decreases with increasing strain, although, in tension, the
values of P–O–P angles increase first until the yield strain, then decrease
again. These results indicate that increasing or decreasing the O–P–O
bond angle is energetically less favorable than changing the P–O bond
length or P–O–P bond angles. The changes in these structural values
during compression are more visible than during tension. The sample
with the modifiers having the highest field strength shows more change
in these measured properties, which correlate well with the change
observed in 𝛼 (See Fig. 2).

Monitoring the changes in the mean bond length and angles during
the deformations is of limited insight, as deformation causes sub-
stantially more complex structural modifications, thereby providing
no elucidation of the anisotropic structure. The structural signature
discerned from the projection of radial distribution functions onto the
Y20 spherical harmonic reveals a negative peak centered at ≈1.48 Å and
a positive peak centered at ≈1.56 Å, which manifests in all studied
metaphosphate glasses. It is noteworthy that the sign of the peak of
the projected radial distribution functions onto the Y20 shows a reversal
under compressive loading conditions. The positive values denote the
predominant alignment of bonds with a length 𝑙 in parallel with the
loading axis. In contrast, the negative values indicate that most bonds
with length 𝑙 are oriented orthogonally to the loading axis. Within
the elastic regime, the shorter P–O bonds, which correspond to the
P–NBO (See Fig. S1), are perpendicular to the loading axis in tension
and are along the loading axis in compression (See Fig. 4, Fig. S3, and
Fig. S4). On the other hand, the longer P–O bonds corresponding to
the P-BO bonds are oriented along the tensile and perpendicular to the
compression axis (See Fig. 4, Fig. S3, and Fig. S4). This is consistent
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with the available experimental data [10,23], which showed that the
P–NBO distance is shorter than the P–BO distance in a potassium
metaphosphate glass.

The number of the oriented P–O bonds increases with increasing
the loading strain in both tension and compression, which highlights
that further alignment is happening with strain, as shown in Fig. S3,
Fig. S4, and Fig. S5. When unloaded from a specific strain, especially
larger strains, some of the already oriented bonds tend to keep their
new orientation, leading to an anisotropic short-range bonding where
short and long P–O bonds orient themselves with respect to the loading
direction depending on the loading mode.

The near medium-range structure, characterized by the P-P pairs
or the separation between the center of two neighboring tetrahedra,
reveals significant changes. Predominantly, P-P pairs within the first co-
ordination shell tend to align along the loading axis during tension and
parallel to it under compression (See Fig. 4, Fig. S7, and Fig. S8). This
indicates the presence of structural anisotropy at the inter-tetrahedral
scale. Metaphosphate glasses are made of –P–O–P- chains, and the
alignment of P-P pairs suggests that the –P–O–P- chains are oriented
parallel to the tensile axis and perpendicular to the compression axis.
This is, in fact, the case as shown in Fig. 6, Fig. S10, and Fig. S11,
where the mean angle between the chains end-to-end vectors and the
loading axis decreases on average by around 5◦ for the samples loaded
in tension and increases around by 5◦ in the case of compression. The
behavior of a selected chain during a tensile test of Na2O–P2O5 glass at
300 K is shown in Fig. 7; similar observations are also seen for the other
glasses. Moreover, during compression, the chains tend to be aligned
along the orthogonal directions to the loading axis (See Fig. 11 for a
schematic representation). When unloaded from larger strains, some
chains keep their orientation and only get reduced by a small value.
These explanations are valid for all glasses studied. The composition
effect affects only the level of the anisotropy observed in the glass or
the level of the orientation of the chains.

Persistent and transient anisotropy in the metaphosphate glasses
have similar origins, which are the changes at the tetrahedral level,
where the alignments of P–O bonds and P-P pairs lead to an alignment
of the –P–O–P- chains. The alignment depends on the loading mode,
while its magnitude is strongly influenced by the type of modifier used
in the glass. The –P–O–P- chains are linked through O-X-O bonds, with
X being the modifier. The lower the modifier FS, the weaker the link
and the easier the orientation and relaxation of the structure, which
leads to lower persistent anisotropy. Thus glasses containing modifiers
with lower FS have weaker interchain links, allowing easy orientation
and relaxation, resulting in lower levels of structural anisotropy. These
results agree with experimental observations, where many authors
conjectured the alignment of the chains as the origin of the observed
optical and mechanical anisotropy in metaphosphate glasses [17,23].

4.2. Mechanical behavior of pristine and anisotropic glasses

The calculated Young’s moduli for the three pristine metaphosphate
glasses agree well with the experimental data reported in the liter-
ature [33,34]. Moreover, the increase of Young’s modulus with FS
is consistent with previous studies for different glasses [25,44]. This
increase of Young’s modulus with FS is linked to the degree of ionicity
of the modifier–oxygen bonds, as higher field strength indicates that the
bond has a lower ionic character, thus, a higher bond strength [42].
Therefore, the sample with high FS modifiers is supposed to show a
higher Young’s modulus than those containing modifiers with lower
FS [17,25]. Similarly, both the yield strength and flow stress increase
with increasing FS. The yield stress is higher in compression than in
tension, leading to a tension–compression asymmetry.

The observed tension–compression asymmetry for all glasses can be
explained by the orientation of the chains. During tension, the chains
tend to orient themselves along the loading axis. On the contrary,
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they orient perpendicular to the loading axis during compression. The
–P–O–P- chains are linked through modifier–oxygen bonds, as shown
in Fig. 11. These bonds can be easily deformed and have low or no di-
rectionality. Thus, during tensile deformation, the modifiers can easily
rearrange, allowing the chains to be oriented parallel to the loading axis
and releasing stress. In contrast, during compression, the deformation
process starts by reducing the P–O bond length and the P–O–P bond an-
gles, which are more resistant to deformation than the X–O bonds and
X–O–X angles. The chains reorient to be orthogonal to the compression
axis. This leads to higher yield strength and flow stresses in compres-
sion than in tension. This is explained by the structure requiring more
force to be compressed than stretched. The orientation of the chains
was found to be the mechanism for the tension–compression asymmetry
in polymer glasses, as found in the literature [45]. Although there are
differences between the metaphosphate glasses and the polymer glasses
(e.g., nature of bonding), it was shown before that these glasses share
many similarities, such as the entropic shrinkage [14] and the structure
made mainly by chains.

The persistent structural anisotropy is due to the orientation of
–P–O–P- chains with respect to the loading axis. The focus is inves-
tigating whether such observations can be harnessed to elucidate the
deformation mechanisms of anisotropic metaphosphate glasses. The
Young’s modulus and yield stress of the pre-deformed glasses showed
an anisotropic behavior, i.e., different values for different orientations
relative to the direction of the pre-deformation. Experimental find-
ings on highly anisotropic metaphosphate glasses produced through
wire drawing showed that Young’s modulus measured along the wire
drawing axis is higher than that along the orthogonal direction to
it [17]. Our results on metaphosphate glasses pre-deformed at room
temperature showed similar behavior (See Fig. 8(a)), where the Young’s
modulus of the glasses pre-deformed in tension and reloaded in tension
showed higher values when measured in the same direction as the
pre-loading. Additionally, Young’s modulus and yield stress decreased
with increasing unloading strains. The decrease in these macroscopic
properties compared to the pristine glasses is linked to the fact that
there is a residual plastic strain after unloading the glasses. This plastic
strain is due to the oriented chains along the pre-loading axis for
the pre-deformation in tension or chains oriented perpendicularly to
the pre-loading axis in pre-compression, as shown by the snapshot in
Fig. 11 for the case of pre-deformation during tension. Therefore, the
samples pre-deformed in tension were expected to show higher Young’s
modulus and yield stress than those pre-deformed in compression. This
is also linked to the bond strength; the P–O bond has a higher strength
than the modifier–O bonds. Therefore, when the chains are aligned
along the deformation axis and when a tensile test is performed, the
P–O bond is stretched more than the modifier–O bond, while when
the chains are oriented in a perpendicular direction to the tensile
axis, the modifier–oxygen bonds are stretched, and the glass is easily
deformed. As a result, Young’s modulus and yield stress show higher
values for the glasses pre-deformed in tension than those pre-deformed
in compression.

5. Conclusion

The results of this study show the origin of transient anisotropy and
persistent anisotropy in metaphosphate glasses. During uniaxial tension
and compression, the –P–O–P- chains reorient themselves with respect
to the loading axis, which leads to transient anisotropy. During the
deformation, P–NBO bonds are along (perpendicular) to the loading
axis in compression (tension), while P–BO bonds are perpendicular
(along) to the loading axis in compression (tension). In the samples
unloaded from different maximum strains, the P–NBO/BO bonds and
chains keep their orientation, leading to persistent structural anisotropy
in the stress-free pre-deformed glass. Persistent anisotropy is more
pronounced after compression than after tension, which correlates
well with the larger flow stresses achieved in compression than in

tension. Glasses containing higher field strength modifiers showed more
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anisotropy than those with low field strength modifiers due to the lower
chain flexibility in those glasses. This shows that the anisotropic struc-
ture of metaphosphate glasses originates from the chains’ alignment,
which also depends on the loading mode. The mechanical behavior of
the anisotropic glasses was also evaluated. It showed that Young’s mod-
ulus in anisotropic glasses obtained by either tension or compression is
lower than the pristine glass due to stretching the structure, as indicated
by the remaining plastic strain after the unloading. However, the
glasses where the anisotropy was induced by tensile pre-deformation
showed a higher Young’s modulus than those where the anisotropy
was induced by compressive pre-deformation when measured in the
same direction as the pre-deformation. This resulted from the alignment
of the chains in the orthogonal directions to the compression axis.
We believe that the insights presented in this paper into the origins
of the transient and persistent anisotropy and its influence on the
mechanical properties of binary metaphosphate glasses will deepen
our understanding of the origins of the structural anisotropy in oxide
glasses, which indeed will help and provide guidance for designing new
glasses with tailored mechanical and optical properties for advanced
technological applications.
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