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B. Glassmaking

Abstract—Glass has the potential to be a cost-effective and
chemically durable immobilizer of nuclear waste, but its structure, uniformity, and efficacy vary greatly depending on its
chemical composition. This is potentially problematic, because
by directly incorporating nuclear waste into a glass, molybdenum(VI) oxide, a large component of nuclear waste, may have
detrimental impacts on the structure and properties of the glass
containing it. Over the course of this research, five 50g glasses of
differing chemical compositions were designed, synthesized, and
tested. These glasses represent simplified versions of compositions
used for nuclear waste immobilization with added concentrations
of molybdenum. Results from tests for density, extent and
distribution of stress, phase change temperature, crystallinity,
and the prevalence of different bond types were analyzed and
compared to classify the structure and resultant properties of
each composition. The compositions containing molybdenum
were closely analyzed to determine the effect of this compound
on the glass structure. It was concluded that molybdenum(VI)
oxide likely causes a glass composition’s constituent compounds
to arrange themselves heterogeneously, weakening the structure.

Like crystal, glass has very high viscosity. However, glass
lacks the long-range organization that crystal tends to have.
Glass is made by cooling a liquid very quickly and preventing
the particles from forming a crystalline structure. As the glass
cools, it approaches the temperature at which the material
stops displaying viscous properties and becomes brittle. This
temperature is known as the glass transition temperature.
The opposite transition - from a brittle solid to a highly
viscous substance - can be observed when heating a glass to a
temperature above its glass transition temperature. Glass can
be made from many different elements and compounds, but
most glasses are made with silica (SiO2 ) due to its hardness,
rigidity, and low reactivity [1].
There are an assortment of techniques that scientists use
to make glass. The most common of these is the melt-quench
method, in which solid or liquid glass precursors are combined
and heated in a furnace until they exhibit a viscosity low
enough for the liquid to be quenched. Quenching is the
process of pouring the composition onto a cool surface, rapidly
cooling the liquid and forming glass. This forms a relatively
homogeneous and strong glass. After the glass is quenched,
it is placed in another furnace at a temperature slightly lower
than the glass transition temperature to anneal it. Annealing
is a process in which the glass is cooled at a slower rate to
reduce the thermal stress caused by quenching, leaving the
glass stronger [2].
For nuclear waste to be sustainably immobilized in glass,
the glass must exhibit physical and chemical durability. Preventing phase separation is imperative to glass durability.
Phase separation is a process in which a glass’ constituent
compounds separate and create a heterogeneous glass. If this

I. I NTRODUCTION
A. Glass as a Nuclear Waste Container
From cell phone screens and fiber optics to telescope
lenses and windows, glass has a near-ubiquitous presence
in the modern age. It has countless practical and industrial
applications, including nuclear waste containment. Due to its
high-enthalpy bond energies and lack of large-scale particle
organization, glass can have high chemical durability and
mechanical strength. However, these properties vary drastically
between glasses of different compositions and methods of
synthesis [1]. In order to determine the effects of molybdenum
on the structure of glass, five different glass compositions were
designed, synthesized, and tested.
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happens within a glass, the glass’ ability to effectively immobilize nuclear waste is greatly diminished. For example, if a
borosilicate composition were to experience phase separation,
certain components, the boron-rich regions, of the glass would
degrade faster than the rest of the glass, leaving it chemically
unstable.
Uneven crystallization is another process that negatively
affects a glass’ durability and efficacy to immobilize nuclear
waste. If one component crystallizes while another component
does not, the glass will become less chemically durable. For
example, if the alumina (Al2 O3 ) in a glass were to crystallize
while the boron oxide (B2 O3 ) remained uncrystallized, the
glass would contain chemically unstable boron-rich regions.
Glass regions with reactive phases (e.g. chemically unstable
boron-rich areas) would degrade faster than the rest of the
glass and leak from the nuclear waste repository, contaminating the surrounding area.
Molybdenum(VI) oxide, a large component of high level
radioactive waste, often induces the formation of crystallized
phases. Hence, when immobilizing this radioactive waste,
preventing phase separations and crystallization proves to be
difficult as Molybdenum(VI) makes up large concentrations.
To prevent molybdenum from crystallizing and to ensure that
a durable glass is produced, the percentage of molybdenum
in the composition must not reach the solubility limit of
molybdenum during glass melting. Upon exceeding this limit,
concentrations of crystalline structures tend to develop [3].

pattern to be detected, the reflections must be in phase,
meaning the crests of each wave must be aligned. If the crests
are not aligned, the waves are out of phase and negate each
other. Some x-rays also reflect off the first layer, second layer,
and deeper layers. The waves that reflect off of deeper layers
must travel a greater distance, as shown in Figure 1.

Fig. 1. A visual of how x-rays travel through a crystal [4].

This extra distance can be represented by 2d sin(θ). In order
for the waves to be in phase, this extra distance must equal
a multiple of the x-rays wavelength. Moreover, Bragg’s Law
(1) can be used to calculate the distance between the planes
of atoms in a crystal, given the wavelength and diffraction
angle. The ring-like interference pattern that XRD produces
is visualized by integrating the rings and translating that area
into a line graph. Highly disordered substances display diffuse
scattering, or jagged, unpredictable peaks and valleys, while
the XRD graphs of organized substances display significant
peaks, as seen in Figure 2 [5].

C. Properties of Glass and Methods to Measure Them
The properties of glass can vary drastically with its chemical
composition. The addition or removal of a single substance to
or from the composition can affect the glass’ color, toughness,
structure, and many other characteristics. All glass components
can be categorized as formers, fluxes, or property modifiers.
A former is the main component of glass and affects many of
its properties. Common formers include silica (SiO2 ), boron
oxide (B2 O3 ), and alumina (Al2 O3 ), but any substance that
can form a network with itself can act as a former. Fluxes
(typically alkali metal oxides) lower the melting temperature
of a glass. Although lowering the melting temperature of a
glass can reduce production cost, the introduction of a flux also
weakens the chemical structure of the glass. To counteract this,
property modifiers are added. These components can change
the strength, durability, reactivity, and color of a glass [2].
To determine a composition's chemical structure, scientists
use the X-ray diffraction (XRD) imaging technique, in which
x-ray beams are fired into a powderized glass sample. Bragg’s
law uses the angle at which the x-rays hit the sample (θ), the
wavelength (λ), and the number of wavelengths by which the
wave has been shifted back to determine the distance between
the layers of atoms (d), and therefore the structure.
nλ = 2d sin(θ)

Fig. 2. An example of x-ray diffraction data [6]. This graph shows organization in the structure of the sample

To analyze the internal stress distribution of a glass, scientists use polariscopes. Polariscopes consist of a source of
plane-polarized light and a polarized lens directly above. The
glass rests on the plane-polarized light, and glass is observed
through the polarized lens [7]. When stressed, glass exhibits
birefringence, a phenomenon in which light passing through
the material experiences two different refractive indices. These

(1)

When x-rays are fired at a sample, they are diffracted by
the particles in the sample. In order for the x-ray interference
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stressed regions refract light in different ways, causing a phase
shift between the two components of the light. When viewed
through a polarized lens, a colorful pattern reveals the stressed
areas of glass [8].
Fourier Transform Infrared Spectroscopy (FTIR) gives insight on the chemical structure of the glass. When infrared
radiation passes through a sample, some of the radiation is
absorbed, causing the molecules in the material to vibrate more
rapidly. The pattern of IR ray absorption depends on what
structures are present in the material. The transmitted radiation
is measured by a detector to determine different chemical
structures in the glass, since each chemical structure has a
unique wavenumber, the number of waves in one centimeter,
and thus different resultant data. The percent transmitted is
plotted against the wavenumber (wavelength-1 ) of each structure in each material. The lower the intensity or the percent
transmitted, the higher/more concentrated the assignment. This
analysis can be especially useful in comparing the chemical
makeups of similar materials [9].
Differential Scanning Calorimetry (DSC) is a test used to
determine the temperature range at which a substance undergoes thermal transitions. A differential scanning calorimeter
monitors a sample's temperature and increases it at a constant
rate while recording the rate at which heat enters the sample.
Plotting heat flow, or the rate of heat supply, on the y-axis and
temperature of the sample on the x-axis, reveals important
information about the sample, such as melting point and
glass transition temperature. Glass transition temperature is
represented by the first dip in the graph. Glasses have a higher
heat capacity above the glass transition temperature than they
do below it, so the sample must be heated more to maintain
the constant rate of temperature increase. This higher rate of
heat leaving the machine is represented by a higher magnitude
on the y-axis, or a dip in the graph.

its melting point, it is undergoing an endothermic process in
which the particles require more kinetic energy to reach a
liquid phase with less organization. Therefore, the machine
must heat the sample more to maintain the rate of temperature
increase, which is represented by a higher magnitude of heat
flow, or a dip in the heat flow vs. temperature graph [10].
These temperature points are shown in Figure 3.
II. E XPERIMENTAL P ROCEDURE
The glass compositions used were based on a previous study
on nuclear waste glasses [3]. The mole compositions of each
glass are displayed in Table I. For the five compositions,
the requisite mass of each substance was calculated using
each molar mass. This requisite mass was converted into a
percentage by weight, which was then used to calculate the
mass of each substance necessary for a fifty gram sample
of the glass. The precursor masses necessary to produce the
desired quantity of each component in every composition was
determined using stoichiometry.
TABLE I
T HE MOLE PERCENTS USED FOR EACH GLASS COMPOSITION
Glass
Glass
Glass
Glass
Glass

1
2
3
4
5

Na2 O
15.32%
14.50%
13.61%
13.48%
13.34%

CaO
18.27%
17.29%
16.23%
16.06%
15.90%

MoO3
0%
0%
0%
1.00%
2.00%

Al2 O3
6.91%
0%
6.13%
6.07%
6.01%

B2 O3
0%
11.90%
11.17%
11.06%
10.95%

SiO2
59.50%
56.31%
52.86%
52.33%
51.80%

The powdered form of each precursor was massed and
added to a beaker and thoroughly mixed. To melt the compositions, the mixed powders were placed in a platinum crucible,
which was placed in a Carbolite furnace. The furnace was
heated from room temperature to 1000 ◦ C in 30 minutes, and
then heated to 1650 ◦ C at a rate of 12.5 ◦ C per minute. The furnace was then held at 1650 ◦ C for one hour before each melted
composition was removed from the furnace and poured onto
a copper plate for cooling. After each composition reached
a high viscosity, the glass was placed in another furnace for
annealing. Each glass was annealed at a temperature 50 ◦ C
lower than its estimated glass transition temperature before
being cooled to room temperature. After density calculations
and polariscope observations, Glass 2 was annealed again
at 545 ◦ C. The approximate glass transition temperature of
each glass, found using SciGlass software, are shown in the
following table.
TABLE II
E STIMATED GLASS TRANSITION TEMPERATURES OF THE FIVE GLASS
COMPOSITIONS FOUND USING S CI G LASS SOFTWARE

Fig. 3. Results from DSC testing for Glass 1 with significant points of interest
highlighted.

Crystallization is an exothermic process in which particles
become more organized due to a loss of kinetic energy. Thus,
when a sample is at its crystallization temperature, the machine
can decrease heat flow to maintain the same temperature,
resulting in a lower magnitude in heat flow vs. temperature
graph, represented by a peak. Similarly, as a sample passes

Glass
1
2
3
4
5

3

Estimated Glass Transition
Temperature (◦ C)
600
590
610
610
610

After annealing, each glass was placed beneath a polariscope, observed, and photographed.
Next, four pieces were broken off each glass for density
calculations. The density was calculated using the Archimedes
Method, which involves weighing the glass in air and a
liquid of known density, and plugging these weights into the
following formula:
ρglass = (

weightglass(in air)
) ∗ ρliquid (2)
weightglass(in air) − weightglass(in liquid)

D-limonene, with a density of 0.8411 g/cm3 , was used as
the liquid of known density. A beaker filled with D-limonene
was placed on a stand above the balance, as shown in Figure
4. A hanger for the glass pieces rested on a holder clipped
to the balance. The hanger had a section that lay within the
liquid and one which remained in the air. Each density was
calculated using equation (2). The average density value for
each of the four pieces and the standard deviation among them
were calculated, and the procedure was repeated for all five
samples.

Fig. 5. Sample holders with powdered glass for XRD testing.

An FTIR machine was used to identify the bonds within
each glass. Initially, the window was scanned without a sample
to avoid background dust or particle interference in the final
output of graphs. The powdered glass samples were each
leveled into the window and scanned to produce corresponding
graphs for each glass. Results from the scan with wavenumbers
in the range of 2000cm−1 - 400cm−1 were recorded. This was
subsequently repeated for all glass samples.
To determine the temperature at which each composition
underwent glass transition, a Differential Scanning Calorimeter was used. A test without the sample was completed as a
control, thereby providing a way to judge any potential error.
Approximately 20 mg of powdered glass sample was placed
inside the platinum pan and covered with a lid. An empty pan
was also heated alongside the glass sample to reduce the error
in data from outside sources. The machine was heated at a rate
of 20 ◦ C per minute until it reached 1400 ◦ C. This process
was repeated for all five glasses.

Fig. 4. The setup to measure the weight of the glass samples in order to
calculate density.

III. R ESULTS

To prepare each glass for the Fourier-Transform Infrared
Spectroscopy, X-Ray Diffraction, and Differential Scanning
Calorimetry procedures, each glass was powderized using a
mortar, pestle, and sieve until its constituent particles were less
than 45 µm in diameter. For the XRD tests, a small amount
of each powdered glass was transferred into a sample holder
as shown in Figure 5.
Before scanning the samples in the XRD machine, an empty
sample holder was scanned as a control. Then each powdered
glass sample was scanned with 10◦ ≤ 2θ ≤ 90◦ and each
subsequent angle measured at 0.013◦ more than the previous
angle. This procedure was repeated for all five glasses.

A. General Observations
Glasses 1-3 were transparent, indicating a lack of phase
separation [1]. This is likely a result of the low MoO3
concentration in their compositions. Glass 4 had a light yellow
tint and Glass 5 included a slight yellowish-brown color when
viewed from certain angles due to the higher molybdenum
content. Despite the added molybdenum, both glasses remained transparent and appeared to lack phase separation.
Additionally, the first glass sample had a higher viscosity than
the other samples, indicating its higher melting temperature.
B. Density
The average density of each glass and the standard deviation
between the four samples from each glass are shown in the
following table. The standard deviation of density between the
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four pieces on each glass was very small, indicating that each
glass was homogeneous. Table V contains all the density from
each trial and can be found in the appendix.
TABLE III
AVERAGE D ENSITY OF G LASS S AMPLES AND S TANDARD D EVIATIONS
B ETWEEN T RIALS
Glass
1
2
3
4
5

Average Density (g/cm3 )
2.62
2.61
2.60
2.56
2.61

Standard Deviation
0.03201
0.02217
0.02217
0.04717
0.01258

C. Polariscope

Fig. 7. Polariscope images for Glass 2 after second annealing. Note the
absence of color bands.

As shown in Figure 6, the polariscope images showed that
Glasses 1, 3, 4, and 5 lacked significant stress, while Glass
2 had some stress. Thus, the annealing process, which used
estimated glass transition temperatures, removed thermal stress
from all the glasses except Glass 2. However, Figure 7 shows
that after the second annealing, the stress was removed from
Glass 2 as well.

D. X-Ray Diffraction
The data from the XRD tests showed that the glasses were
completely amorphous. The graphs showed no clear peaks,
and random, jagged peaks and valleys. Therefore, there were
no planes of order in the glass samples, which meant the
glasses were amorphous. This also showed that there was
no crystallization or phase separation despite the addition of
molybdenum. The full graphs can be found in Figure 10 in
the appendix.
E. Fourier-Transform Infrared Spectroscopy
As seen in Figure 8, the graphs of all five glasses FTIR data
are similar. This indicates that they are fundamentally similar
in structure with a few exceptions at specific wavenumbers. At
a wavenumber of 1400 cm− 1, Glass 1 has a higher percent
transmitted than the other samples. Thus Glasses 2, 3, 4, and
5 exhibited greater concentrations of the carbonate group than
Glass 1. Additionally, at a wavenumber of 900 cm− 1, Glass
2 exhibited a much lower percent transmitted than the other
samples, indicating that it had greater concentrations of nonbridging oxygens than the other samples. At wavenumbers
800 cm− 1 and 775 cm− 1, Glasses 3, 4, and 5 had a much
lower percent transmitted valley than Glass 1 and Glass 2
which had no valleys in this range. This indicates that there
are greater concentrations of O-Si-O in Glass 1 in relation to
Glasses 3, 4, and 5. The sharpness of the peaks also indicate
characteristics of the structure as seen in the table, however,
the graphs did not differ enough in peak sharpness to draw
significant conclusions. Overall, Glass 1 and Glass 2 vary the
most in terms of structure, as their percent transmission differ
greatly throughout different wavenumbers.

(a) Polariscope image for Glass 1. (b) Polariscope image for Glass 2.
Note the color bands on the edges
that indicate high stress levels.

(c) Polariscope image for Glass 3. (d) Polariscope image for Glass 4.

(e) Polariscope image for Glass 5.
Fig. 6. Polariscope images depicting the location of stresses in each glass
sample. Lack of color bands for (a), (c), (d), and (e) indicates lack of thermal
stress in those glasses.
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data and graphs for all 5 glasses can be found in Table VI and
Figure 11 in the appendix.

Fig. 8. Percent transmittance versus wavenumber for all five glass samples.
Fig. 9. DSC data for Glass 5 depicting glass transition temperature, crystallization temperature, and melting temperature. The two crystallization peaks
between 700 ◦ C and 1000 ◦ C imply phase separation.

F. Differential Scanning Calorimetry

IV. CONCLUSIONS
The data from the density tests showed that no glass had
Glass 1
Glass 2
Glass 3
Glass 4
Glass 5 large-scale phase separation, as the standard deviations beTg (Inflection) (◦ C)
646.8
608.1
626.9
616.3
616.6 tween the density of the pieces from each glass were small. As
seen in their respective FTIR graphs, there is minute variation
2nd Tcrystallization
N/A
N/A
N/A
N/A
922.6
between the prevalence of carbonate and non-bridging oxygen
(Peak) (◦ C)
Tmelting (Peak)
1183.6
1025.8
1105.0
1074.0
1069.6 groups in each glass. This indicates that different compositions
(◦ C)
result in a chemical structure of glass. The addition of fluxes
and property modifiers increased the amount of non-bridging
As seen in Table IV, Glass 1, whose composition had the oxygen bonds, because these materials interrupted the silica to
highest silica content, also had the highest melting point. This silica bonds. X-ray diffraction data revealed that all the glasses
shows that the addition of fluxes lowers the melting temper- were amorphous.
ature of a glass composition. The high melting temperature
Additionally, different compounds affected different propof Glass 1 was also expected, since it was the most viscous erties of the glasses. For example, the addition of boron oxide
out of the five compositions during the quenching process. caused the melting temperature of Glasses 2-5 to be lower
Additionally, the compositions of Glass 4 and Glass 5 were than that of Glass 1. Molybdenum(VI) oxide also acted as a
identical in ratio excluding the higher molybdenum content in flux, lowering the melting temperature of Glass 5 from that of
Glass 5. An increase in the mole percent of molybdenum from Glass 4.
1% in Glass 4 to 2% in Glass 5 led to a 4.4 ◦ C lower melting
Most importantly, the addition of molybdenum caused phase
point in Glass 5 than Glass 4.
separation in Glass 5 on the micro scale. Phase separation
Additionally, higher molybdenum content within Glass 5 was not evident in Glass 5 through naked eye observation,
appears to have caused microscale phase separation, or very XRD examination, nor FTIR scans. The homogeneous density
small regions with different concentrations of glass compo- and color of Glass 5 further implied that only one phase was
nents. The supercooling of Glass 5 prevented visible phase present. However, DSC tests revealed that there were two disseparation. Additionally, this separation would not be visible tinct temperature ranges at which the glass began to crystallize,
through XRD tests because the glass lacked a crystalline struc- which showed that different regions of the glass had different
ture despite differing concentrations of the glass components in structures and compositions. This meant that there was some
different regions. However, when heated, the glass crystallized phase separation within the glass, though determining the exact
at two different temperatures, as indicated by the two distinct structure and composition of the crystalline phases would
peaks between 700 ◦ C and 1000 ◦ C in Figure 9. This implies require more testing.
that there were two regions with distinct compositions in Glass
The tests showed that for simplified nuclear waste glass
5, indicating some phase separation. An XRD analysis of the compositions, Mo6+ could alter the structure of a glass even
Glass 5 sample after its DSC testing would show several planes when present in small proportions. The introduction of molybof order corresponding to different compositions. The full DSC denum at 1% by mole revealed no measurable structural
TABLE IV
T EMPERATURES O BTAINED T HROUGH DSC A NALYSIS
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change, but an increase to 2% by mole weakened the structure
and separated it into two distinct phases, albeit at a small scale.
The introduction of higher concentrations of molybdenum
could only make this separation more obvious and further
weaken the structure.
Glass intended to immobilize nuclear waste must have a
homogeneous structure, since lack of homogeneity produces
weaker regions in the glass that can dissolve and release the
nuclear waste [3]. Molybdenum, a common constituent of
nuclear waste, may cause a glass to become heterogeneous,
thus decreasing the glass’ effectiveness at containing nuclear
waste. From this study, it can be concluded that molybdenum
concentration in a glass composition must be restricted to
limit phase separation and strengthen the ability of a glass
composition to immobilize nuclear waste.

TABLE VI
F ULL DSC DATA

APPENDIX

Estimated Tg (◦ C)

Glass 1
600

Glass 2
590

Glass 3
610

Glass 4
610

Glass 5
610

Tg (Onset) (◦ C)

633.2

595.0

611.7

603.5

603.9

Tg (Inflection) (◦ C)

646.8

608.1

626.9

616.3

616.6

Tg (End) (◦ C)

651.6

615.8

633.6

621.9

622.1

Tcrystallization
(Onset) (◦ C)
Tcrystallization
(Peak) (◦ C)
2nd Tcrystallization
(Onset) (◦ C)
2nd Tcrystallization
(Peak) (◦ C)
Tmelting (Peak)
(◦ C)

873.9

815.9

832.2

816.4

778.9

981.0

863.7

883.3

870.9

804.7

N/A

N/A

N/A

N/A

877.6

N/A

N/A

N/A

N/A

922.6

1183.6

1025.8

1105.0

1074.0

1069.6

TABLE V
F ULL D ENSITY C ALCULATIONS

Glass
Glass
Glass
Glass
Glass

1
2
3
4
5

Trial 1
(g/cm3)
2.57
2.58
2.58
2.60
2.61

(a) XRD data for Glass 1.

Trial 2
(g/cm3)
2.64
2.60
2.61
2.57
2.60

Trial 3
(g/cm3)
2.63
2.62
2.59
2.57
2.63

Trial 4
(g/cm3)
2.63
2.63
2.63
2.49
2.61

(a) DSC data for Glass 1.

(b) DSC data for Glass 2.

(c) DSC data for Glass 3.

(d) DSC data for Glass 4.

(b) XRD data for Glass 2.

(e) DSC data for Glass 5.

(c) XRD data for Glass 3.

Fig. 11. The DSC data reveals the glass transition temperature, crystallization
temperature, and melting temperature. The dual peak for crystallization in
Glass 5 hints to phase separation on the micro scale.

(d) XRD data for Glass 4.
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