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Abstract

A few authors have reasonably proposed that liquid-liquid phase-separated
(LLPS) glasses could show improved fracture strength, Sy, and toughness, Kj,
as the second phase could provide a barrier to crack propagation via deflection,
bowing, trapping, or bridging. Due to the associated tensile or compressive resid-
ual stresses, the second phase could also act as a toughening or a weakening
mechanism. In this work, we investigated five glasses of the PbO-B,05;-Al,0;
system spanning across the miscibility gap: Four of them undergo LLPS—three
are binodal (two B,0Os-rich and one PbO-rich) and one is spinodal—and one
does not show LLPS (composition outside the miscibility gap). Their compo-
sitions were designed in such a way that the amorphous particles are under
compressive residual stresses in some and under tensile residual stresses in
others. The following mechanical properties were determined: the Vickers hard-
ness, ball on three balls (B3B) strength, and toughness, Kj..ggynp (Single-edge
V-notch beam [SEVNB]). The microstructures and compositions were analyzed
using scanning electron microscopy with energy-dispersive X-ray spectrom-
etry. The spinodal glass showed, by far, the best mechanical properties. Its
Kie.sevag = 1.6 &+ 0.1 MPa m'/2, which embodies an increase of almost 50% over
the B,0O3-rich binodal composition, and 90% considering the PbO-rich binodal
composition. Moreover, its fracture strength, Sy =166 + 7 MPa, is one of the
highest ones ever reported for an LLPS glass. Fracture analyses evidenced that
the spinodal composition exhibited the lowest net stress at the fracture point.
Moreover, calculations indicate that the internal residual stress level is the lowest
in the spinodal glass. The overall results indicate that the microstructural effect
of the spinodal glass is the most significant factor for its superior mechanical
properties. This work corroborates the idea that LLPS provides a feasible and
stimulating solution to improve the mechanical properties of glasses.
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1 | INTRODUCTION

Immiscibility in glass-forming liquids is a phenomenon
that can be understood through the thermodynamics of
rnixing.1 For some compositions, the system is more sta-
ble if the supercooled liquid (SCL) components segregate
into two or more liquid phases. The region in a phase dia-
gram where this phenomenon occurs is called miscibility
gap or immiscibility dome. Inside the miscibility gap, there
is a binodal region where the typical morphology of the
minor phase is droplet-like, whereas compositions in the
central region of the dome, referring to spinodal decom-
position, usually exhibit a snakelike interconnected nano-
or microstructure. Explanations and in-depth discussions
about liquid immiscibility in glass-formers can be found in
several books and review papers.'™

Glasses showing liquid-liquid phase separation (LLPS)
at nanoscale could be transparent to visible light; however,
when the second phase has micron-sized particles and, in
this case, a widely different refractive index compared with
that of the matrix (lead-rich vs. lead-poor phases), they are
normally opaque or translucent because of light scattering.
These glasses have found some commercial applications,
such as the famous Vycor glass, porous substrates (after
leaching out one phase),” perfume flasks, and cooking
ware.’ Interestingly, some LLPS glasses show improved
mechanical properties, which is of enormous interest in
the glass field, and in some cases, they might even be
transparent.

This discussion is not new, and the literature brings
several studies on the mechanical properties of oxide
glasses showing LLPS, such as the Li,0-B,0;-Si0,,°
Na,0-B,0,;-Si0,,°® Na,0-Ca0-Si0,,” B,0;-Si0,,”"
PbO-B,0;,'"* K,0-Li,0-Si0,,"* and B,05-Si0,-Al,05-
P,0;5" glasses. Recently, these studies have resurfaced
in the field of computer simulations to predict the
mechanical properties of phase-separated glasses.'®!
Some selected previous studies addressing the mechanical
properties of LLPS systems are briefly summarized as
follows.

Seal et al.” studied the effect of phase separation on the
fracture toughness of an SiO,-B,03-Na, 0O glass using four
compositions inside the miscibility gap (10-wt% Na,O-70-
wt% B,05-20-wt% SiO,, 10-wt% Na,0-60-wt% B,05;-30-
wt% SiO,, 10-wt% Na,0-40-wt% B,0;-50-wt% SiO,, and
10-wt% Na,0-30-wt% B,0;-60-wt% SiO,), with the last
one being inside the spinodal region. They found Kj, val-
ues ranging from 1.4 to 1.5 MPa m'>—the highest ones
for the spinodal composition—after thermal treatments
at 650°C/16 h and 600°C/64 h, respectively. Considering
that the fracture toughness of a common single-phase
sodium borosilicate glass is 0.7-0.8 MPa mY2, this is a

very significant increase. Those authors attributed the best
performance of the spinodal glass to the high interconnec-
tivity of the liquid phases, which provides a barrier to crack
propagation.

Mecholsky'® reported a 30% increase in the fracture
toughness of a homogeneous glass in a phase-separated
alkali-borosilicate system, reaching 1.1 MPa mY2; however,
the author did not discuss the relationship between frac-
ture toughness and the binodal or spinodal microstructure.
According to Mecholsky, the best correlation parameter
for the toughness increase was the surface area to volume
ratio of the inclusions. The study showed that K. reached
a maximum when this ratio was ~8-10 um?/um?.

HifBler and Riissel® studied the mechanical properties
of Si0,-B,03-Na,0 ternary LLPS glasses containing 60-
mol% SiO,-37-mol% B,03-3-mol% Na,O treated at tem-
peratures ranging from 500 to 680°C for 1-80 h to develop a
phase-separated microstructure consisting of droplets rich
in Na,O and B,0; (CTE = 6.5-8.5 x 10°® K™!) and an
SiO,-rich matrix phase (CTE = 3.0-4.0 X 10~ K~!). Inter-
estingly, these LLPS glasses were transparent as a result of
their small particle size, which ranged from 20 to 50 nm
in samples treated at 540°C for 5 h and from 80 to 400 nm
in those treated at 680°C for 80 h. The Vickers hardness
and elastic modulus did not change within the measure-
ment errors, but the bending strength showed a maximum
for particle sizes around 70 nm (115 MPa) and 99-115 MPa
for thermal treatments at 600, 620, and 640°C for 20 h.
Very large (120-160 nm) or very small (30-50 nm) droplet
diameters lead to significantly lower bending strength val-
ues. Additionally, the conditions that generated samples
with the highest bending strength exhibited an interme-
diate value of ACTE (3.8-4.1 x 107® K™1). Those authors
attributed this increase in bending strength to residual
stresses formed during cooling, as the matrix formed
mostly by SiO, has a lower CTE and a higher T, than the
droplet phase, which is rich in Na,O and B,0;. Thus, the
generated stress cannot relax at temperatures below the
lowest T.

Tang et al.'° used peridynamic simulations to investi-
gate the effect of nanoscale liquid phase separation on the
crack propagation mechanism of a calcium aluminosili-
cate glass. The simulation was based on a previous study
by Martel et al.'” The diameter of the nano-inclusions was
fixed at 200 nm, and their volume fraction was fixed at 30%;
the spinodal composition was excluded. Those authors car-
ried out some simulations varying the ratio between the
elastic modulus of the particle and the matrix (E;/E,, = 0.5,
1.0, and 2.0) and investigated the effect of strain rate, stiff-
ness, and fracture surface energy of the nano-inclusions
on the nature of the toughening mechanisms. The
study led to very interesting observations, but the most
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curious one refers to stiffness. Those authors noticed that
the overall stiffness (the slope of the stress—strain curve)
of the phase-separated glasses increases with increasing
the elastic modulus of the nano-inclusions, as expected
(E;/E,, =2.0 > E;/E,, =1.0 > E;/E,,, = 0.5), but softer inclu-
sions result in an increase in the ultimate strain before
fracture. This is because soft particles locally reduce the
stress experienced by the glass and, therefore, delay yield-
ing. They concluded that, in most cases, LLPS can lead to
increased glass fracture energy, and that the toughening
mechanism is due to a balance among propensity to crack
deflection, cohesion of the phases, plastic energy dissipa-
tion and, to a lower extent, to crack surface roughness. The
best results regarding toughening were found when soft,
yet tough, nano-inclusions were the second phase.

The phase diagram and phase separation limits of the
PbO-B,0; system have been extensively studied over
time.?°~?* For binodal compositions, the LLPS microstruc-
ture consists of spherical particles of one phase embedded
in a continuous matrix of the second phase.’*? The
literature brings some works addressing the mechani-
cal properties of glasses of this system.""'*?> According
to these studies, the fracture toughness of compositions
with a B-rich matrix is around 0.8-0.9 MPa m'"2. The
fracture toughness peaks at ~1.6 MPa m'/? and the frac-
ture energy maximize (37.6 J/m?)"? for glasses with ~32-
wt% PbO.'>!3 The elastic modulus increases as the PbO
amount increases, being 44.5 GPa for a glass containing
40-wt% Pb0O,” whereas the flexural strength is highest
for glasses with 13-wt% PbO (106 MPa) and 35-wt% PbO
(102 MPa)."? Residual stresses are said to potentially affect
the mechanical properties of these glasses,'? but they were
not measured.

As previously shown, to the best of our knowledge, there
are few results on the mechanical properties of glasses
with spinodal type microstructures. Moreover, the effect of
internal residual stress (due to the thermal and elastic mis-
match between the two phases) has been scarcely explored,
and its relevance to the improvement of mechanical
properties is still elusive.

In this work, we analyzed glasses of the PbO-B,0;-
Al,O; system using the Vickers hardness, H,, flexu-
ral strength, Sy (ball on three balls tests), and criti-
cal stress intensity factor, K;., measured following the
ISO 23146 standard (Test methods for fracture tough-
ness of monolithic ceramics—single-edge V-notch beam
[SEVNB] method)®° for binodal and spinodal glass compo-
sitions. In addition to the expected microstructural effects
(e.g., binodal vs. spinodal microstructures), the inter-
nal residual stresses might also play an important role.
Here, we measure, compare, and discuss the mechanical
properties of phase-separated glasses in light of current
knowledge about the effect of residual stresses.

TABLE 1 Nominal glass compositions prepared and studied in

this work (in wt%)
Compositions PbO B,0; Al 04
Binodal-1’ (B1’) 2.0 91.0 7.0
Binodal-1 (B1) 7.7 85.3 7.0
Spinodal 14.6 78.4 7.0
Binodal-2 (B2) 26.1 66.9 7.0
Outside the gap (OTG) 34.6 58.4 7.0

2 | EXPERIMENTAL PROCEDURES

At first, we needed to choose compositions under the
immiscibility dome of an adequate system showing LLPS,
for which we chose the PbO-B,05 because of the possibil-
ity of controlling the LLPS microstructure. However, the
exact miscibility limits for this system are uncertain®’-*1%7;
thus, parts of our initial composition choices were made
based on previous works, whereas other compositions
were empirically chosen based on our own preliminary
results. The strategy was to produce five glasses: one in
the central spinodal region of the miscibility gap, two
in the binodal region rich in B,0; (binodal-1 = Bl and
binodal-1’ = Bl’), one in the binodal region rich in PbO
(binodal-2 = B2), and one even richer in PbO outside the
miscibility gap (OTG). These compositions were designed
in such a way that the amorphous particles are under com-
pressive residual stresses in Bl and BI’ and under tensile
stresses in B2. At first, the idea behind the B1’ composi-
tion was to obtain a B,O5-rich glass outside the miscibility
gap, mirroring the OTG composition, but on the other side
of the gap; however, the B1’ glass also exhibited LLPS on
cooling.

The spinodal composition is similar to the one previ-
ously studied by Craievich in a small angle X-ray scattering
work.”® The addition of 7-wt% Al,O; was intended to
decrease the critical temperature’® and the hygroscopic-
ity of these glasses, so that especially the glasses with
high B,0; content became less prone to chemical attack
than trial glasses containing less alumina. Previous stud-
ies adding 5-wt% Al,O5 showed that the lead—-borate LLPS
behavior does not change in the spinodal composition.*’
The final nominal compositions are shown in Table 1 and
Figure 1, which illustrate their approximate location in the
phase diagram. The binodal-2’ composition, B2’ (7-wt%
Al,05-30-wt% PbO-63-wt% B,05) in Figure 1, was only a
test composition; it served to show the LLPS limits, but no
further work was conducted with it.

The starting chemicals were H3;BO; (Sigma-Aldrich,
>99.8%), Pb;0O, (Alfa Aesar, 97%), and Al,O; (APC-G,
Alcoa). They readily react and melt on heating. Previ-
ous experiments in our laboratory showed that Pb;O,
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FIGURE 1 Approximate immiscibility dome of the PbO-B,0;

system without Al,O; (redline) and with 5-wt% Al,O; (black line).
The redline was proposed by Podlesny et al.,”” whereas the blue and
black lines were traced following Zarzycki and Naudin.*° The black
gap is likely similar to the actual gap of this study. The glass
compositions of the current work are indicated by vertical dashed
lines.

decomposes and releases oxygen, creating an oxidative
atmosphere that precludes Pb reduction to the metallic
state, thus avoiding chemical reaction with the platinum
crucible. Approximately 100 g of each composition was
carefully weighted, well mixed, and homogenized in a jar
mill (Solab) for 20 h.

The melting operation was conducted in a Deltech fur-
nace at 1000-1100°C. All compositions were remelted at
least twice to yield homogeneous glasses. The samples
were poured into different brass molds depending on the
future tests: 12 X 2.5-mm? small discs for ball on three balls
(B3B) strength tests and 3.5 X 4.5 X 45 mm? bars for K},
tests.

Small (~20 mg) pieces of the glasses were evaluated by
differential scanning calorimetry (DSC) (NETZSCH, DSC
404) to obtain the glass transition and crystallization tem-
peratures. The DSC experiments were performed using a
standard platinum pan, with a heating rate of 10°C/min
up to 800-900°C. The glass samples were then submitted
to annealing heat treatments (EDG, 3P-S) at 50°C below
the DSC T, for 2 h followed by a cooling rate of 3°C/min.

Disc samples of the BI, spinodal, B2, and OTG composi-
tions were ground using 150-mesh sandpaper in a polishing
machine with isopropyl alcohol (to avoid chemical attack)
to flatten both faces, and polishing was carried out sequen-
tially using 220, 320, 400, 500, 600, and 1200-mesh sand-
papers. Their structures and compositions were analyzed
by scanning electron microscopy (SEM, Hitachi High-Tech
SU8230) with energy-dispersive X-ray spectroscopy (EDS,
Bruker XFlash 5060FQ) using a low voltage (4 kV). The

- American Ceramic Society

FIGURE 2
parameters in Equation (1). In our measurements, R, = 5 mm,
R; ~7mm, and ¢ = 1.5-2 mm. Source: After Ref. [31]

Sample holder arrangement for calculations of the

fresh surfaces were obtained by fracturing the samples
in a nitrogen-substituted glove box. The surfaces were
coated with ~3-nm Pt film to avoid charge buildup. The
resulting micrographs were analyzed using the Fiji ImageJ
processing software with the trainable segmentation fea-
ture to estimate the average particle sizes and volume
fraction.

For the B3B tests, 8-12 disc-shaped samples were pre-
pared for each composition and heat-treatment condition:
Not heat treated (only annealed at 50°C below T,) and heat
treated at T, for 1 h in a homemade horizontal furnace,
monitored with calibrated chromel-alumel thermocou-
ples to evaluate the effect of heat treatments (which, in
principle, caused further development of the LLPS pro-
cess) on flexural strength. The next step included grinding
and polishing: The glass discs were ground using 150-mesh
sandpaper in an automatic polishing machine (Struers,
LaboPol-30) at 200 rpm to flatten their surfaces. The fin-
ishing process was performed using a sequence of 220, 320,
400, and 500-mesh grit sandpapers on both sides.

Flexural strength was calculated as proposed by Borger
et al.,’! using the arrangement shown in Figure 2 and the
following equation:

o=5f 0
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where F is the load (N), ¢ is the plate thickness, f
is a dimensionless factor that is affected by the fol-
lowing parameters: load used, contact radius, R,, disc
radius, R;, disc thickness, ¢, and the elastic constants
of the disc and the balls, E and v. Borger et al.>! pro-
vided an extensive discussion about the calculation of
f

The fractured samples were analyzed by optical
microscopy (OM) to estimate the mirror radius, R,,, or the
fracture region close to the origin where the surface is still
smooth. The residual stress at the point of fracture, o,, was
calculated through the following equation (2) **:

O = —F— —0q (2)

VR

where A is a constant that depends on the material com-
position, with the same units as K;, (MPa m"/?), which can
be obtained by measuring as many mirror regions as pos-
sible and relating them to the applied stress, o,. The slope
of the o, versus 1/y/R,, line gives the constant 4,32 R,,, is
the mirror radius (m), and o, is the applied fracture stress
(MPa).

For the Vickers hardness tests, one disc-shaped sample
of each composition was ground flat on both faces using
150-mesh sandpaper. After that, the samples were polished
according to the process described previously but using
additional sandpapers (600 and 1200 mesh). The samples
were tested on a square-based diamond pyramid inden-
ter using a 30-N load for 15 s. The number of indents
was between 10 and 12, and the local humidity was 49%-
51%. The diagonals of each indentation impression were
measured, and the hardness was calculated through Equa-
tion (3). The schematic representation is shown in Figure 3.

P

H = 1.854ﬁ 3)
where P is the load used, and d is the average diago-
nal length of the impression. The indentation toughness
obtained from the Vickers tests, K. ;,q, Was calculated
according to the l/a factor, that is, the crack length, I,
divided by half of the diagonal of the Vickers indent, a. This
value can be used to identify the type of crack generated by
a Vickers indentation.** The indentation-induced cracks in
the present samples (0.25 < I/a < 2.5) can be classified as
of the Palmqvist type, although these values varied widely,
from 0.9 (B1’ composition) to 2.4 (OTG composition). In
this case, the following equation (4) ** was used:

-2/5
! H Hal/?

-1/2

H/—/\ﬁ/_)

| a

FIGURE 3 Vickers indentation schematic representation

where [ is the average length of the cracks, a is the half
average length of the diagonals of the indenter impression,
E is the elastic modulus, and @ is a constant (~3).

Finally, approximately 10 bar samples for each compo-
sition were polished down to 3 X 4 x 45 mm? for fracture
toughness tests according to the ISO 23146 standard.?® The
samples were ground flat on 4 X 45- and 3 X 45-mm?
faces using a 150-mesh sandpaper, and the finishing was
performed similarly as described in the previous section
with B3B disc samples, but using additional sandpapers
(600 and 1200 mesh) on the 4 x 45-mm? faces. All sam-
ple corners were polished off. The specimens were then
glued side by side on a metallic plate using resin. They had
their length carefully measured and a straight line drawn
in their centers using a pencil. With a thin diamond saw,
we inserted a “starter notch” along the pencil line until it
was ~0.5 mm in depth.

After this step, we used a 3-um diamond paste (Arotec)
and a standard razor blade in the starter notch to increase
its depth to 0.8-1.2 mm by performing back-and-forth
movements. The samples were carefully cleaned with
acetone in an ultrasonic bath (Elma, Elmasonic P) for
~2 min.

The Kj. tests were conducted in a universal testing
machine (MTS, criterion model 43) with the samples care-
fully positioned on the loading spans (40 and 20 mm);
notches facing down. The tests were carried out at a speed
of 0.5 mm/min in a humidity range of 40%-44%.

After each test, the samples were immediately observed
by OM (Nikon, Eclipse LVIOON POL) to measure the
notch size and find out whether a subcritical crack growth
zone was present or not, that is, a region where a crack
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propagates even when the critical stress factor is smaller
than the intrinsic fracture toughness, and it is usually
intensified by environmental factors such as humidity.?
The fracture toughness was calculated through the follow-
ing equation:

Fy S1=5 3\/& Y+

Kie, sevng = )
¢ BVw W 2a-—a)'®
where Y*is calculated through the following equation:
3.49 — 0.68a + 1.35a2 1-
Y* = 1.9887 — 1.3260 — ( “ @) a), (6)

1+ a)

where K spvnp is the fracture toughness (MPa m'/?), Fy
is the fracture load (MN), B is the test piece width (m),
W is the test piece depth (m), S; is the support span (m),
S, is the loading span (m), « is the relative V-notch depth
(c/W, where c is the average V-notch depth [m]), and Y*is
the stress intensity shape factor. Equations (5) and (6) are
provided in Ref. [26].

3 | RESULTS AND DISCUSSION

3.1 | Glasses

After casting and annealing at 50°C below T, the glasses
on the left side of the immiscibility dome (Figure 1) were
bluish with some white, translucent areas (Figure 4A);
therefore, the phase separation process occurred during
the casting operation. The spinodal samples had a similar
aspect, but with larger white opaque areas.

As the exact limits of the PbO-rich portion of the LLPS
region are not certain, we tested three glass compositions
until we visually found clear signs of the phase separa-
tion process (Figure 4B). The cylinder on the left side is
the binodal-2 composition, B2, the one in middle is the
binodal-2’ composition, B2’, and the one on the right side
is the glass OTG.

It is important to note that cylindrical molds were ini-
tially used to obtain the glasses; however, because of the
very prominent shrinking (appearing as “cones” inside the
cylinders, as it can be seen in Figure 4B) and the exces-
sive cracking of glasses on the PbO-rich side, we decided
to obtain glass samples directly from shallow disc molds
(Figure 4C). A spinodal sample obtained using this mold
is shown in Figure 4D.

Table 2 shows the glass transition temperatures, Ty,
obtained by DSC. Figure 5 shows the DSC curves. Although
the LLPS glasses have two phases, only one glass transi-
tion temperature could be observed. This probably occurs
because the matrix phase predominates as a result of its

erican Ceramic Society

TABLE 2 Glass transition temperatures obtained by
differential scanning calorimetry (DSC) at 10°C/min
Composition T, (°C)
Bl’ (boron-rich matrix) 285
B1 (boron-rich matrix) 300
Spinodal 272
B2 (Pb-rich matrix) 425
OTG (Pb-rich glass) 440

Abbreviation: OTG, outside the gap.

significantly higher volume fraction, except for the spin-
odal glass, for which there is a similar content of both
phases. However, also in this case, only one T, g was
observed at a relatively low temperature (compared with
the Pb-rich glass), indicating that the B-rich phase, which
has the lowest Ty, was detected. Hence, the annealing heat
treatments were conducted at 50°C below the T, of the
glassy matrix.

3.2 | Microstructures (SEM-EDS)

Figure 6 shows the microstructures obtained using the
backscattered electron mode and the EDS spectra of sam-
ples of the BI, spinodal, B2, and OTG compositions,
respectively. The EDS spectra are related to two regions: A
(bright part) and B (dark part). As the OTG glass is homo-
geneous, only the spectrum of region A is shown. It is
important to note that all these samples underwent an ini-
tial heat treatment for 2 h at 50°C below T, to minimize the
macro stress level to allow sample handling. Note that we
are referring to the normal macro stresses that all glasses
undergo as a result of thermal gradients during cooling.
The residual stress due to the thermal and elastic mis-
matches of the two phases cannot be relieved by thermal
annealing. Most of the LLPS appeared during the cooling
path of the SCL, and perhaps some during this annealing
treatment.

The samples did not show any visual sign of degradation;
however, considering the high boron content of the B1’ and
B1 compositions, it is reasonable to assume that they could
have some surface defects due to atmospheric attack.

The sample B1 (Figure 6A) shows particles with an aver-
age diameter of ~60 nm. This estimate was made using
the Fiji image processing software, which also shows that
these particles represent ~23% of the glass volume. Com-
paring the compositions of the particles and the matrix, the
bright contrast particle area has more Al than the dark con-
trast matrix area. There are no clear differences in B and Pb.
It is important to note that the sensitivity to light elements,
especially Boron, is poor in EDS analysis. The Pb concen-
tration in the B1 composition may be too low to detect the
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FIGURE 4

(A) Binodal-1 glass obtained by splat cooling; (B) compositions on the PbO-rich side of the PbO-B,05-Al,0; immiscibility

curve—side by side for comparison (right); (C) mold (left) used to obtain disc samples; (D) spinodal samples (this picture was taken before

any heat treatment)

difference between the particles and the matrix. However,
from the contrast point of view, it is obvious that the bright
contrast particle area has a higher average atomic number
than the dark contrast matrix area. Therefore, the particles
are PbO-rich embedded in a matrix consisting mainly of
B,0;.

Figure 6B shows a typical spinodal micrograph con-
sisting of intertwined structures. The Fiji image analysis
shows a ratio of 48/52 between the two phases, as expected
for typical spinodal microstructures. The bright contrast
area has more Al and Pb than the dark contrast area.
Although there are no clear differences in B, the areas
richer in Pb and Al should be poorer in B. Thus, it can
be concluded that the spinodal composition has a typi-
cal spinodal structure composed of a PbO-rich area and a
B,0;-rich area.

Figure 6C shows the B2 composition, which is located
on the other side of the miscibility gap (Figure 1). It shows
particles with dark contrast, contrary to the Bl composi-
tion. Comparing the composition of the particles and the
matrix, the bright contrast matrix area has more Al and Pb
than the dark contrast particle area. Therefore, for glass B2,
the matrix has more PbO and Al, 03, whereas the particles
have more B,0; than the other compositions. Further-
more, the particles in the B2 composition are smaller than
those in the Bl composition (40 nm average diameter),

which agrees with their visual aspect: The Bl glass has
a whitish appearance, whereas the B2 glass has a subtle
bluish one (Figure 4). The image analysis showed that the
particles correspond to ~27% of the volume.

Finally, Figure 6D shows the micrograph of the OTG
composition. No microstructure could be observed, indi-
cating that the LLPS phenomenon does not occur in this
composition.

Here we address the Pt-peak that it is visible in all
graphs of Figure 6. Although all samples were coated
with Pt for our measurements, we note that these glasses
were obtained using Pt crucibles, and thus contamination
cannot be completely discarded. However, the choice of
our starting chemicals (H;BO; and Pb;0,4) was such to
avoid contaminations, because an oxidative atmosphere
was created, and the situation where Pb;O, is reduced
to Pb that could attack the Pt-crucible was small. How-
ever, even in case of contamination with Pt, the amount
would not be large enough to affect the mechanical
properties.

3.3 | Flexural strength (B3B tests)

The flexural strength values using B3B tests for each com-
position and conditions used are shown in Table 3 and
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Figure 7. The elastic modulus and Poisson’s ratio values
used in our calculations are shown in Table 4. They were
estimated using the SciGlass software.

Flexural strength, as measured by the B3B tests,
increases toward the center of the immiscibility dome, with
the Spinodal composition showing the highest strength
by far. The additional treatment at T, for 1 h (to further
develop the phase separation that started in the cooling
path) presented only a minor effect, except for the B2
composition, where the Sf value decreased.

A pertinent observation concerns the number of pieces
into which the glass discs shattered after the B3B tests.
Borger et al.’! reasonably linked the number of fractured
pieces as a measure of the stored elastic energy imme-
diately before the fracture event. In other words, the
number of fractured pieces should increase with material
strength.>! The B2 and OTG discs always fractured into
only two pieces (Figure 8, left), approximately in the disk
center, whereas the other discs fractured into, at least, four
pieces. We also noticed many microcracks in all pieces of
the B2 composition cross-sectional samples under an OM
after the B3B tests (Figure 8, right).

 American Ceramic Society

TABLE 3 Compositions, conditions used, flexural strength
results by B3B tests, and standard error
Flexural
strength
Compositions Conditions (B3B) (MPa)
Bl No heat treatment 97+ 4
Treated at T,/1h 9 +6
Bl No heat treatment 104 + 7
Treated at T,/1 h 112 + 6
Spinodal No heat treatment 157 +5
Treated at T,/1h 166 + 7
B2 No heat treatment 95+ 3
Treated at T,/1 h 82+2
OTG No heat treatment 80+3
Treated at T,/1h 85+3

Abbreviation: OTG, outside the gap.

TABLE 4 Elastic moduli (GPa) and Poisson’s ratios of all
glasses (assuming they are free of liquid-liquid phase separation
[LLPS]) estimated from the chemical composition using SciGlass

Composition E (GPa) v

BI' 39 0.28
Bl 42 0.28
Spinodal 47 0.28
B2 54 0.28
OTG 58 0.28

Abbreviation: OTG, outside the gap.

Although they may seem like crystals, it is important to
note that no crystalline peak was found in the X-ray diffrac-
tion (XRD) measurements of the B2 glasses. Additionally,
although the B2 and OTG compositions exhibited similar
Sy results, the OTG samples did not show microcracking
after the B3B tests. We believe that the type of residual
stress in the matrix and the liquid droplets are some of the
reasons why the B2 glass likely microcracked (Figure 9).
The phase distributions for compositions at both ends of
the gap are naturally quite different: In the BI’ and BI
compositions, the B-rich phase forms the matrix, and the
droplets are the Pb-rich phase. The B-rich phase exhibits a
higher thermal expansion coefficient (~1 X 107> K7, esti-
mated by the SciGlass software) than that of the Pb-rich
phase (~6 x 107% K~!, estimated by SciGlass software);
therefore, in this case, the inclusions should be under
an isotropic compressive stress state, whereas the matrix
should be subjected to radial compressive stress, og, and
tensile tangential stress, o (Figure 9A), bearing in mind
that the magnitudes of the tangential stresses are half those
of the radial stresses. The opposite should occur in the
specimens of the B2 composition: The matrix, or the Pb-rich
phase, should be subjected to tensile radial stresses and
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outside the miscibility gap.

TABLE 5
liquid-liquid phase separation

Estimated residual stresses for the glasses showing

Estimated residual stress in the

Glass inclusions (MPa)

BI' —25 (compressive)

Bl —22 (compressive)

Spinodal —/+14*

B2 +77 (tensile)

OTG 0 = outside the miscibility gap

Abbreviation: OTG, outside the gap.
*The sign —/4+ indicates that it depends on which phase is considered as
matrix/inclusion.

compressive tangential stresses, whereas the inclusions
(B-rich phase) should be under an isotropic tensile stress
state (Figure 9B). Estimates using Equation (7), derived by
Hsueh and Becher,** which is based on Selsing’s model for
internal stresses,> confirm this residual stress distribution
(Table 5).

Acrp - AT
Or—est = 1 1 I , (7)
<3_Ki * oo 3(1—fi>1<m>

where A7 = CTE(inclusion)—CTE(matrix) (CTE = coef-
ficient of thermal expansion), o, is the estimated radial
stress in the inclusion, AT is the difference between the
upper temperature stresses (the lowest T, between the
matrix and the inclusion) and the final temperature (usu-
ally room temperature), K; is the bulk modulus of the
inclusion, G,, is the sheer modulus of the matrix, K,,
is the bulk modulus of the matrix, and fi is the volume
fraction of the inclusions. K and G are obtained from
SciGlass.

- American Ceramic Society

Table 5 shows the estimated residual stresses in the
glassy particles for all compositions studied according to
Equation (7). These residual stresses in the inclusions, o,
have relatively small magnitudes.

In a previous work conducted with glass-ceramics
(GCs) of the CaO-Li,0-SiO, system,”” we noticed that,
depending on the crystallized fraction of lithium metasil-
icate crystals embedded in a matrix consisting of wollas-
tonite and residual glass, spontaneous microcracks were
visible inside the lithium metasilicate crystals and, as a
result, the strength and Kj, decreased. Those results are
an example of a system in which the inclusions (lithium
metasilicate crystals) have a higher thermal expansion
coefficient (a, = 15 X 107® K™) than the matrix (wol-
lastonite, o, = 6 X 107% K~!, and the residual glass,
g =11 x107° K1), In this case, the cracks can propagate
around or through the inclusions, depending on whether
the matrix surface energy is lower or higher than that of
the inclusions.*®

The B2 samples showed spontaneous microcracking and
evidence of low values of stored elastic energy (small num-
ber of fractured pieces after the B3B tests). These results
suggest that there was excess stored energy, such that
the glass spontaneously cracked to alleviate it. It is pos-
sible that this particular microstructural configuration,
where the inclusions present a higher thermal expansion
coefficient than that of the matrix and are under tensile
stress, is prone to generate spontaneous cracking to release
the residual stress, which can happen when the particles
exceed a certain critical size.

Regarding this topic of residual stresses and strength of
LLPS glasses, an anonymous reviewer of this manuscript
observed that: “Héfler and Riissel® claimed that resid-
ual stresses are responsible for the increase in bending
strength; however, there is no clear relationship between
the Acrp and bending strength in their data. In fact,
plotting of their bending strength versus Acrp seems to
present a weak negative correlation”. On this matter, we
have demonstrated in recent articles addressing GCs***
that the internal residual stresses, which result from the
CTE mismatch between the crystals and the residual
glass, do not explain the improved strength and tough-
ness of the GCs. Residual stresses only explain decreased
strength when they induce spontaneous cracking in GCs
of relatively large grain size.**°

Additionally, the cracks in the B2 composition, which
appeared spontaneously, could have nucleated and propa-
gated as a result of residual stress and the hygroscopicity
of these borate glasses.*’ In any composition in the PbO-
B,0;-Al,05 system, the B,O5-rich phase (inclusions or
matrix) is less resistant to moisture attack. Miyata et al.!
stated that glasses consisting of B,0O3-rich inclusions in
a PbO-rich matrix, as the B2 glass of this study, show
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showing a large number of microcracks

particles with lower resistance to moisture attack than
the matrix. Considering the thermal expansion mismatch
between the particles and the matrix («; > «,,), the par-
ticles are submitted to tensile stress and, in this case, the
growing crack can penetrate them, although according to
those authors the crack tip can become locally blunted in
the inclusion-matrix interface.

This scenario is similar to that of the B2 composition sit-
uated at the right-hand portion of the PbO-B,05-Al,0;
miscibility gap (B,O;-rich particles and PbO-rich matrix,
Figure 9B). Therefore, one might initially think that this
stress state could explain the lower flexural strength value
of the PbO-rich B2 glass compared with the other compo-
sitions. However, as the OTG glass has no residual stresses
caused by the thermal and elastic mismatches, the lower
strength of these glasses most likely results from their high
PbO content. For instance, Soga et al.* concluded that
the increase in PbO in lead-borate glasses can decrease

o<,
-Or PbO — rich
o

B,0; —rich
am

m

FIGURE 9 Scheme of the residual stress state expected for the
(A) binodal-1 and (B) binodal-2 glasses Source: After Ref. [36]

B3B fractured piece from the B2 sample treated at T, for 1 h. Top (left) and cross-sectional (right) views of the sample

another mechanical property, the K;.. We will discuss this
matter in more detail later on in this article.

With heat treatment at Ty, an increase in droplet size
and volume fraction would be expected in these phase-
separated glasses. However, the flexural strengths of the
Bl and B1’ glasses, with or without further heat treatment,
are the same within the error margin (Figure 7). Yet, the B2
glass shows a different trend: The sample submitted to heat
treatment at T, for 1 h exhibits a value lower than that of
the sample not heat treated. One explanation for the differ-
ent behaviors of the B2 glass is that the (supposed) increase
in inclusion size potentialized spontaneous microcracking
in a composition that, as a result of the thermal expansion
mismatch between the inclusions and the matrix, already
presented a tendency for such, as explained earlier. These
microcracks and/or the residual tensile stress at the inter-
face between droplets and matrix might contribute to the
decreased flexural strength. It is also important to note that
heat treatments potentially change not only the particle
size, but also their number, the matrix composition, and
the phase concentration.

3.4 | The Vickers hardness and
indentation toughness

Table 6 and Figure 10 show the hardness and indenta-
tion toughness (K, ;4 obtained by the Vickers tests) results
for all compositions. It is important to note that all glass
samples were measured under the same conditions for a
reliable comparison: 30 N for 15 s loading time. Such a
high load had to be used because the B2 glass does not
show any crack in the impression corners indented with
lower loads. We observed the presence of lateral cracks and
spalling in some compositions. In addition, the crack type
(Palmgvist, HalfPenny, etc.) may have varied, not only due
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TABLE 6 Vickers test results for all compositions studied in
this work
Composition Hardness (GPa) K, ;,q (MPa m'/2)
BI’ 21+0.1 0.95+ 0.05
Bl 21+0.1 0.84 + 0.06
Spinodal 0.8+0.1 1.37 £ 0.06
B2 24+01 0.89 + 0.02
OTG 32+01 0.85+0.01
Abbreviation: OTG, outside the gap.
T T T T 35
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FIGURE 10 Average hardness (red squares) and K_.;,4 (black
squares) obtained by the Vickers tests for all compositions studied
using a load of 30 N for 15 s

to the relative crack length (I/a), but also for different glass
compositions. Thus, some of these occurrences can affect
the mechanical properties, such that we should consider
the results presented in Table 6 with caution.

The spinodal composition exhibited by far the largest
K..in4>» Which seems to be accompanied by a significant
decrease in hardness. The cracks generated by indentation
on the spinodal sample surface are smaller and thinner
than those observed in the other compositions and often
do not follow a straight line.

Quite different indentation patterns were found for each
composition (Figure 11). However, the most distinguished
indentation impressions were obtained for the spinodal
glasses (Figure 11C), which precluded the measurement of
the impression diagonals and crack lengths. We solved this
problem by eliminating a certain surface layer of the spec-
imens, as explained later. Fabris et al.*’ reported similar
impression morphology, obtained by the Vickers indenta-
tion, in a GC with a surface crystallized layer under high
compressive residual stress. We conducted XRD tests and
did not observe any crystal phase in the spinodal samples.
Thus we decided to use the same sample in further tests
after removing its external layer (~1 mm) to verify whether
the bulk and surface of this sample presented a microstruc-

i American Ceramic Society

TABLE 7 K. sgynp results for four different compositions

Composition K;. (MPa m'/?)-SEVNB
B1 (binodal) 1.04 + 0.09
Spinodal 1.60 + 0.10
B2 (binodal) 0.86 + 0.05
OTG (no LLPS) 0.82 + 0.08

Abbreviations: LLPS, liquid-liquid phase separation; OTG, outside the gap;
SEVNB, single-edge V-notch beam.

tural gradient, as gradients have been observed in LLPS
sodium borosilicate glasses.®

For lower loads, such as 1, 5, and 10 N, we observed a
more common impression shape after indentation. How-
ever, for loads >15 N, the samples started to present
spalling, where certain amounts of material are removed
from the surface around the indentation impression.
Spalling is very common in tempered glasses because of
their deep compressive field, and it is more frequent when
high loads are used. The compressive stress changes the
crack path, causing it to propagate toward the surface
instead of downward and in the material.**

We also used another sample from the same batch to
investigate if its impression behavior was the same. The
new sample was submitted to the same polishing process
used previously. Spalling was once again observed when
loads >15 N were used. When we removed the external
layer of this second sample (~1 mm), indentations with
better reproducibility were generated (Figure 11D), and we
managed to measure the cracks to finally estimate K, ;4
for the spinodal glass (Table 6).

3.5 | K tests (SEVNB)

K. tests were conducted in three compositions exhibit-
ing LLPS (B1 is richer in B,03, spinodal; and B2 is richer
in PbO) and in one composition outside the immiscibility
dome, OTG.

In the B2 and OTG glasses, an area that can be inter-
preted as a subcritical crack growth zone could be found
in almost all samples. According to the ISO 23146 stan-
dard, this subcritical crack growth zone should be added
to the V-notched surface size to compose the c value. The
ISO standard also suggests the use of a dry nitrogen atmo-
sphere if subcritical growth zone is observed, but we could
not assemble the needed equipment; thus, only the results
obtained in air at room temperature are reported. The ¢
size was measured in three different points equally dis-
tant from each other, and an average value was considered.
For a four-point test, Kj. spyng Was calculated through
Equations (5) and (6). The results are shown in Table 7.
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FIGURE 11 Vickers indenter impressions with a 30-N load for 15 s in the (A) Bl and (B) B2 glasses, (C) spinodal glass, and (D) spinodal
glass after removal of an external layer of ~1 mm. The black arrows show cracks.
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FIGURE 12 (A)Comparison between the K, ;,; values (black squares), obtained by the Vickers tests, and the more rigorous K;._sgyng
values (red circles); (B) dependence of K;. gzyng 00 PbO content. Except for the spinodal composition (~14-wt% PbO), there is a slight decrease

in K, with increasing PbO. The dashed line is only a guide to the eyes.

These values exhibit a similar trend to that of the K ;,,4
values (Figure 10), with the spinodal composition value
being ~50% higher than that of the Bl glass, and 90% higher
than those of the B2 and OTG glasses (Figure 12).

As the K. gpynp values for the B2 (binodal) and OTG
(no phase separation) glasses are similar despite the large
microstructural differences, it seems that the presence of

binodal LLPS is not relevant for the mechanical properties
in this case. Additionally, except for the spinodal composi-
tion (Figure 12B), it is also possible to observe a decrease
in Kj..sgyng With increasing PbO. Soga*! discussed the
effect of PbO added to B,O; glasses. The introduction
of Pb changes the boron ion coordination from 3 to 4,
which decreases Kj,.. Konijnendijk and Verweij** studied
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FIGURE 13
the mirror, mist, and hackle limits

Fractured Bl glass piece after B3B test showing

PbO-B,0; glasses by Raman spectroscopy, and found
“boroxol” groups (~805 cm ™!, B-O rings in three coordina-
tion) in vitreous PbO-3B,03, but not in PbO-2B,0; glass,
which could explain the difference in Kj, as the PbO con-
tent increases. Shinkai and Ishikawa® measured the K.
of glasses outside the miscibility gap (PbO-rich) and con-
firmed that Kj. decreased with increasing the PbO content,
probably reflecting this type of structural change. Thus,
Figure 12 provides additional evidence that the increase
in Kj..sgyng for the spinodal composition is due to its
microstructural effect rather than to a compositional effect.

Finally, our results of Sy and Kj, are similar to those
reported by Miyata and Jinno for PbO-B,0; glasses'? (no
Al,03). Hence, the addition of Al,O; narrows the miscibil-
ity gap down but does not seem to have a significant effect
on the mechanical properties of these lead-borate glasses
(and they all have the same alumina content, 7 wt%).
The elastic moduli estimated by SciGlass software for our
glasses are somewhat higher than those found by Shaw
and Uhlmann,” but as we did not directly measure this
property, we cannot make further speculations about this
discrepancy.

3.6 | Fracture analysis and stress
estimates

Fracture surface analysis can be used to identify the causes
of material failure by locating the origin of fracture and
determining characteristic fracture patterns, such as mir-
ror radius, mist, and hackle.?? Figure 13 shows one of
our samples (Bl glass), which exemplifies the limits of
the different characteristic regions within a fractured glass
piece.

£ American Ceramic Society

TABLE 8 Values of the A constant estimated from Shinkai and

Ishikawa’s data® for the compositions used in this work

Composition A (MPa m'?)
Bl 2.36
Bl 2.30
Spinodal 2.22
B2 2.07
OTG 1.94

Abbreviation: OTG, outside the gap.

TABLE 9 Estimated stress at the point of fracture for the B1’, B,
and spinodal glasses with no heat treatment and treated at T, for 1 h
Composition/ Estimated
Composition condition o, (MPa)
Bl As cast 75+ 14
Treated at T,/1 h 66 +9
Bl As cast 58 £12
Treated at T,/1 h 47 +8
Spinodal As cast 30+5
Treated at T,/1h 9+9

Classical works by Mecholsky et al.*>*’ have validated
the use of Equation (2). Shinkai and Ishikawa* measured
the A constant for PbO-B, 05 glasses outside the miscibility
gap and found A = 1.70 for a glass of composition 30-mol%
(58-wt%) PbO-70-mol% (42-wt%) B,O5 and A = 0.65 for one
of compositions 70-mol% (88-wt%) PbO-30-mol% (12-wt%)
B,05. We were able to extrapolate from these data for our
compositions (Table 8) and, although our glasses are some-
what different (they have 7-wt% Al,03), calculations with
our experimental data showed that the use of their data to
achieve the A constant is a reasonable approximation.

As previously explained, we performed B3B tests
on an average number of 8-12 samples for each
composition/heat-treatment condition, and the same
samples were used for this fracture analysis. Their average
flexural strength value was considered o,. Of all these
samples, usually three or more could not be analyzed
because of at least one of the following factors: surface
degradation due to humidity attack and difficulty in
finding the fracture origin in samples that shattered into
too many pieces.

Table 9 shows the estimates for the stress at the fracture
point according to Equation (2) for three compositions—
B1’, Bl, and spinodal—using two different conditions: as
cast and heat treated at T, for 1 h. It is important to note
that the stress values in Table 9 are not the same as the
residual stresses calculated by Equation (7) (Table 5).

The spinodal glass shows the lowest stress at the frac-
ture point. The mirror radius of the B2 and OTG glasses
could not be measured because of the difficulties in
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FIGURE 14 Estimates of stress at the point of fracture;
average values for the B1’, B1, and spinodal compositions

identifying the characteristic fracture patterns: mirror,
mist, and hackle.

Figure 14 shows the average values of the stress at the
point of fracture.

Although these are only estimates, it is possible to
observe a clear trend that the stress at the fracture point
decreases as the composition approaches the spinodal
dome.

As previously mentioned, the B3B tested B2 and OTG
samples always fractured in only two pieces, and their
fracture regions were usually clear of defects and other
typical patterns. The greater the stress in the origin of
the fracture, the higher the stored energy just before frac-
ture, and the richer the fracture markings.*” It is possible
that some type of microcracking occurred in these sam-
ples prior to our tests (one example is shown in Figure 8),
releasing the residual stress and decreasing the stored
energy. This also could explain the relatively low flexural
strength and fracture toughness of these samples. Over-
all, it is likely that the intricate microstructure exhibited
by the spinodal glass is dominant to its improved mechan-
ical properties. Their typical snakelike structure, with
~50/50% of each phase, is much highly interconnected,
much more than the droplet microstructure of most LLPS
compositions.

4 | CONCLUSIONS AND PERSPECTIVES

We studied four compositions of the PbO-B,03;-Al,0;
system inside the miscibility gap (Bl’, Bl, spinodal, and
B2). These compositions were designed in such a way
that the amorphous particles are under compressive
residual stresses in some and under tensile residual
stresses in others. We also made one glass OTG. Consid-
ering only the binodal compositions, which have droplet

microstructures, the B,03-rich B1’ and Bl glasses exhib-
ited Syand K. somewhat superior to those of the PbO-rich
B2 glass and the OTG.

The spinodal glass showed the lowest level of resid-
ual stress and, by far, the best mechanical properties. Its
Kie.sevng and Sy values are almost twice those of the other
glasses. This is the clearest result of this research work,
which bears no speculations. These improved mechanical
properties are likely caused by the high volume fractions
and extensive interconnectivity of the two phases. Overall,
the relatively low level of internal residual stresses in these
lead-borate glasses had a negligible effect on toughening;
microstructural effects being most relevant. This research
work validates the concept that LLPS provides a feasible
strategy to improve the mechanical properties of glasses.

One could also evaluate the effects of atomistic struc-
ture, size, and morphology of the second phase, and
other features on the mechanical properties. To this end,
computer modeling could help unveil the microscopic
mechanisms of toughening in LLPS glasses. We hope the
experimental results of this article will promote further
research to understand and improve the strength and
toughness of glassy materials.
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