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Abstract: The applications of depleted uranium in mechanical engineering are limited by its high
susceptibility to corrosion. Among various methods of corrosion protection, painting is usually
considered a fast and cost-efficient method; however, organic polymer paints are sensitive to ionizing
radiation, which is a limiting factor, e.g., for the fabrication of shielding containers or structural
parts. The solution presented in this work is the creation of a glassy inorganic layer on top of the
depleted uranium surface. Zinc lead phosphate low-melting glass was investigated for this purpose.
Glass frit was obtained as an amorphous solid, as confirmed by differential scanning calorimetry and
X-ray diffraction. The frit was easily ground in liquid media down to sizes suitable for spraying onto
the surface of depleted uranium. When the glass powder is sprayed onto the surface of a substrate
and fired at 440 °C, a partially crystallized continuous film with a complex morphology is formed,
which significantly inhibits corrosion. The coating material shows resistance against high doses of
y-irradiation.

Keywords: depleted uranium; corrosion protection; zinc lead phosphate glass; inorganic coating

1. Introduction

Uranium is an actinide element, which comprises three isotopes: the most abundant
nonfissile 238U (99.28%); fissile 23°U; and traces of fissile 23*U. It possesses an extremely
high density of 19.1 g/cm3. The depleted uranium (DU) is obtained after the partial separa-
tion of the 23°U isotope during the production of enriched uranium. DU possesses lower
radioactivity than natural uranium (14.8 Bq/mg vs. 25.4 Bq/mg), and, due to its density
and high atomic number of 92, finds applications as a construction and shielding material.
Except for military applications, the major uses of DU are counterbalancing weights in
aircraft, shielding in radiotherapy sources and containers for the transportation of radioac-
tive materials. However, the industrial applications of DU are limited by its susceptibility
to corrosion. When exposed to the ambient atmosphere and water vapor, uranium easily
oxidizes to insoluble U(IV) and U(IV) oxides and to highly soluble uranyl species, such
as (UO,)3(OH)s* or UO,(CO3)3%~ [1,2]. The latter were found to be nephrotoxic [3,4] and
prone to accumulate in bones due to the high affinity of uranyl cations to bone proteins
and phosphates [5,6]. Therefore, corrosion products of DU represent a hazard to both the
environment and human health.

There are several strategies for the corrosion protection of DU: shielding from the
environment by embedding into other materials, such as concrete [7,8], curable polymers
or stainless steel sleeves [9]; vapor coating with silver, copper or lead [10]; the creation of
sacrificial coatings from nickel, zinc [11] or the combination of Al-Zn and Al-Mg [12]; sur-
face passivation by oxidation [13]; the formation of nitride [14] or carbide [15]; and alloying
with titanium [12], molybdenum [16] or zirconium [17]. The protective coatings developed
to date possess both advantages and drawbacks, such as waste solutions contaminated

Coatings 2022, 12, 1540. https:/ /doi.org/10.3390/ coatings12101540

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings12101540
https://doi.org/10.3390/coatings12101540
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0003-0479-2837
https://orcid.org/0000-0001-7704-1546
https://orcid.org/0000-0003-1528-802X
https://orcid.org/0000-0002-5075-261X
https://doi.org/10.3390/coatings12101540
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings12101540?type=check_update&version=2

Coatings 2022, 12, 1540

20f13

with uranium from electroplating, high costs of metal vapor deposition, low durability
of polymer coatings, especially under ionizing radiation, and inhibited but not entirely
eliminated corrosion of alloys and passivated surfaces.

Surface glassy layers are widely used for the creation of protective and decorative
coatings due to their hardness and chemical durability. When the coating is realized on the
surface of a metal, it is known as enamel. The enameling process comprises the application
of glass frit powder, either dry or as slurry, followed by firing at temperatures above
800 °C [18] for the fusion of powder particles into a continuous film. The glass usually
comprises the network former—the inorganic polymer anion, bridged through the oxygen
atoms (SiOy, AlO4, or BO3 and their combinations), and the network modifier—the metal
cation, rupturing the chain of the polymer anion by binding to the terminal oxygen atom
(mainly alkali and alkali earth metals) [19,20]. The cations of multivalent metals can act,
depending on the concentration, both as a network modifier or network intermediate, by
incorporation into the chains of the network former [20]. The amount of modifier and
intermediate determines the average chain length of the network former, and, in turn, the
glass transition (Tg) and softening (Ts) temperatures of the glass. The common silicate,
borate and alumina glass systems usually possess high processing temperatures, with
ranging Tg from 450 to 800 °C [21].

Glasses with phosphate network forming anions usually possess a Tg below 400 °C,
which is desirable for solder applications [19]. Depending on the ratio of metal oxide to
phosphorus oxide (MeO)x-(P20s)1_x, the glasses are defined as ultraphosphate (x < 50%)
and polyphosphate (x > 50%). The degree of the polymerization of phosphate groups is
determined by the O/P molar ratio (O/P > 3.5 for isolated orthophosphate groups) [20].
The moisture resistance and overall chemical durability of phosphate glasses strongly
depend on the metal cations used [22] but also increase at higher x values and lower
O/P ratios [23]. Compared to the binary (MeO)x-(P20s)1_x glasses, the ternary glasses
themselves enable fine tuning of the desired glass properties [24]. Lead zinc phosphate
glass is a material with a Ty ranging from 245 to 343 °C depending on the composition [23],
high refractive index [25] and a thermal expansion coefficient ranging from 10.1 X 10~6/°C
t0 20.8 x 107%/°C [23]. At a P,Os fraction above 50%, the Zn?* and Pb?* cations act as
glass modifiers, lowering T but increasing the glass solubility. At lower P,Os contents,
both ZnO and PbO become intermediates with PbOg, PbO,4 or ZnO4 units included in the
glass forming network, resulting in more chemically durable glasses with a higher Tg [26].

Lower processing temperature is desired for the coating due to high chemical reac-
tivity of DU. To the best of our knowledge, to date, there has been no reports of ceramic
or glass protective coatings on the surface of depleted uranium. There are few reports on
formation of the phosphate based protective coating, fired below 500 °C on the surface of
Mg alloys [27,28], which possess similar to DU chemical reactivity. The thermal expansion
coefficient of uranium (12.0 to 13.6 10-%/°C [29]) matches that for the phosphate glasses
Within the current study, we describe new low-cost corrosion protection coatings on DU,
based on PbO-ZnO-P,0s5 (1:1:3) glass, with Ty = 262 °C, as reported by Liu et al. [23].
The glass powder was sprayed from ethanol onto the DU surface and fired in a vacuum
oven. The formation of amorphous glass was confirmed by Fourier-transform infrared
spectroscopy (FTIR), Fourier-transform Raman spectroscopy (FI-Raman), differential scan-
ning calorimetry (DSC) and X-ray diffraction. The transformations of the glass powders
during wet grinding down to sizes below 20 pum, suitable for spraying, were monitored
with scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX)
and laser diffraction. The changes in the glass layers under y-irradiation were studied with
electron spin resonance (ESR) spectroscopy. Finally, corrosion tests for the DU discs coated
with phosphate glass and coating of the DU construction part were performed.
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2. Materials and Methods
2.1. Materials

Zinc oxide (99.99%) was purchased from Sigma-Aldrich (St. Louis, MO, SUA); lead (II)
oxide (99.9%) and ammonium dihydrogen phosphate (99.0%) were purchased from Merck
(Darmstadt, Germany); fine crystalline graphite powder PMM 11 was purchased from
Koh-i-noor Grafit, Ltd., Ceské Budéjovice, Czech Republic; Cloisite 30B was purchased
from Southern Clay Products Inc., Austin, TX, USA; substrates for coating: tungsten and
depleted uranium discs were provided by UJP PRAHA a.s (Prague, Czech Republic);
ethanol (99.8%) was purchased from Lach-ner (Neratovice, Czech Republic).

2.2. Smelting

The glass frit was prepared according to [30]. Briefly, fine powders of zinc oxide
and lead oxide were mixed with ammonium dihydrogen phosphate powder to achieve a
PbO:ZnO:P,05 molar ratio of 1:1:3. The mixture was placed in an alumina crucible and
slowly heated first to 475 °C over 2 h. Next, it was aged for 30 min and further heated to
800 °C over 2 h and then spontaneously cooled overnight in the furnace.

2.3. Preparation of Glass Powders

The coarse glass powder was prepared by dry grinding of the initial glass frit and
sieving with a 71 um sieve (Preciselekt, Dolni Loucky, Czech Republic, ISO 3310-1). To
obtain fine glass powder with sizes suitable for spraying, the coarse powder was further
wet ground with a Pulverisette-5 planetary ball mill (Fritsch GmbH, Weimar, Germany) in
agate vessels. Twenty grams of coarse powder was mixed with 4 mL of ethanol and ground
at 380 rpm for 90 min. The dispersion of the fine glass powder in ethanol was diluted to
10 wt.% and used for spraying on metal substrates without further processing.

The selected sample of coarse powder was wet ground in an aqueous medium with
an in-house-built stirred media mill (see the scheme shown in Figure S1 in Supplementary
Materials) to follow the kinetics of grinding and morphology of the ground powder. Twenty
grams of a coarse powder was mixed with 180 mL (655 g) of zirconia milling beads type
ZY-E 0.4-0.6 mm (Sigmund Lindner GmbH, Warmensteinach, Germany) and 60 mL of
water and stirred at 700 rpm for 7, 12 or 24 h in an open vessel. Then, the dispersion of
glass powder in water was separated from the milling beads with a 71 um sieve and dried.

2.4. Coating the Substrates
2.4.1. Casting of a Coarse Glass Powder

Casting was performed from aqueous dispersions of a coarse powder for quick testing
of the sintering process. One gram of powder, pure or with 2 or 10 wt.% (0.02 or 0.1 g) of
Cloisite 30B or graphite PMM 11 fillers was dispersed in 3 mL of water and cast onto the
top of the substrate to achieve a coverage of 20 mg-cm 2. The two substrates were used
for the casting of powder: tungsten discs can be used as a nontoxic and nonradioactive
replacement for DU for the study of film formation, which is not strongly influenced by the
substrate and DU discs.

2.4.2. Spraying of a Fine Glass Powder

The dispersion, obtained from wet grinding in ethanol, was diluted with ethanol to
achieve a concentration of 10 wt.%. Then, it was sprayed onto DU substrates of various
shapes (discs or shielding prototypes) with the use of a 200 pm nozzle and compressed air at
a pressure of 3.2 bars to achieve a coverage of 6.5 mg-cm~2 in a single layer or 13 mg-cm 2
in a double layer. Additionally, for the electron microscopy of the film fractures, the glass
powder was sprayed on top of the Si wafer.

2.4.3. Firing

The coated substrate was dried under ambient conditions and fired in a CLASIC
1013L vacuum furnace (CLASIC CZ Ltd., Revnice, Czech Republic) equipped with a
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BALZERS DUO 1.1 rotary pump (Pfeiffer Vacuum GmbH, Asslar, Germany; achiev-
able pressure > 1 Pa) at 440 °C according to the heating profile shown in Figure S2 in
Supplementary Materials in the ambient atmosphere (tungsten discs and Si wafer) or un-
der vacuum (DU discs and structural parts).

2.5. Analysis
2.5.1. Fourier-Transform Infrared Spectroscopy

Attenuated total reflectance (ATR) FTIR spectra were acquired by accumulating
256 scans with a resolution of 4 cm ! using a Thermo Nicolet Nexus 870 FTIR spectrometer
(Thermo Fischer Scientific, Waltham, MA, USA). The obtained spectra were subjected
to baseline and ATR corrections with OMNIC™ software ver. 8.3.103 (Thermo Fischer
Scientific, Waltham, MA, USA).

2.5.2. Fourier-Transform Raman Spectroscopy

FT-Raman spectra were acquired by accumulating 256 scans with a spectral resolution
of 8 cm~! using an NXR FT-Raman module using a 1064 nm NIR excitation laser attached to
a Thermo Nicolet 6700 FTIR spectrometer (Thermo Fischer Scientific, Waltham, MA, USA).
The spectra were subjected to a baseline correction in OMNIC™ software ver. 8.3.103
(Thermo Fischer Scientific, Waltham, MA, USA).

2.5.3. X-ray Diffraction

XRD patterns were obtained using a high-resolution diffractometer Explorer (GNR
Analytical Instruments, Agrate Conturbia, Italy) equipped with a one-dimensional silicon
strip detector Mythen 1K (Dectris, Baden-Daettwil, Switzerland). CuK« radiation (wave-
length A = 1.54 A) was monochromatized with Ni foil (B filter). The measurements were
performed in a Bragg-Brentano geometry in the 260 range of 3-65° with a step size of 0.1°.
The exposure time at each step was 15 s.

2.5.4. Differential Scanning Calorimetry

DSC for glass powders was carried out using a Q2000 (TA Instruments, New Castle,
DE, USA) in aluminum pans under a nitrogen flow of 50 mL/min. Measurements were
carried out in a heating—cooling-heating regime from 30 °C to 400 °C. A heating rate of
20 °C/min was used for the first heating, with a temperature change rate of 10 °C/min
used for the cooling and second heating. The transition temperature was evaluated from
the second heating curves with TA Instruments Universal Analysis 2000 software version
4.7a (TA Instruments, New Castle, DE, USA).

2.5.5. Electron Microscopy

Scanning electron microscopy and microanalysis were carried out with a high-resolution
field emission gun scanning electron microscope MAIA3 (TESCAN, Brno, Czech Republic).
The samples were covered with a thin carbon layer (Vacuum evaporation device JEE-4C,
JEOL, Akishima, Japan) and visualized using secondary electron imaging (SEM/SE) at an
accelerating voltage of 3 kV. Elemental microanalysis (SEM/EDX) was performed with an
EDX detector X-MaxN 20 (Oxford Instruments, Abingdon, UK) at an accelerating voltage of
30 kV. SEM micrographs for the coarse glass powder were recorded after 7, 14 and 24 h of
wet grinding. The volume-weighted particle size distributions (PSDs) were determined by
measuring the linear dimension of at least 200 nanoparticles from SEM micrographs using
Image] software version 1.52p (National Institutes of Health, Bethesda, MD, USA). The
particle size range was divided into 15 equal intervals, and the relative volume (=d;®/=d.%)
of particles within the i-th interval was calculated. The cumulative particle size distributions
were plotted with Origin 9 (OriginLab Corporation, Northampton, MA, USA) and used for
the determination of dysg, dygg, dygs and dygg diameters (um).
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2.5.6. Light Microscopy (LM)

LM was carried out with a DM 6000 M light microscope (Leica Microsystems, Wetzlar,
Germany). The samples were observed “as received” using bright field imaging in reflected
light. Selected samples were also visualized using z-stacks where the final micrograph is
composed of a series of individual images taken at different vertical positions (z-positions)
for the microscopic stage; this method enhances the depth of focus in 2D images and allows
for calculation of approximate 3D images together with z-profiles, which show the surface
roughness. The surface roughness parameters were defined as R,—arithmetical mean
deviation of the profile height from zero-baseline, R,—maximum height of the profile,
defined as the sum of the largest profile peak height and the largest profile valley depth.

2.5.7. Laser Diffraction

The cumulative volume-weighted particle size distribution for the coarse and ground
in ethanol fine glass powders was measured by laser diffraction using a Helos/KF instru-
ment (Sympatec GmbH, Clausthal-Zellerfeld, Germany), and the dys0, dygo, dvos and dyg9
(um) diameters were calculated.

2.5.8. Electron Spin Resonance (ESR)

The glass powder, pure or containing fillers (see Section 2.4.1), was sealed in Pasteur
pipettes and fired at 440 °C according to Section 2.4.3. The ESR spectra were recorded
using an ELEXSYS E500 X-band spectrometer (Bruker, Billerica, MA, USA) with 100 kHz
magnetic field modulation at a microwave output of 6 mW before and after y-irradiation of
the glass in sealed Pasteur pipettes (0.9 MGy, %°Co).

2.5.9. Vickers Hardness Measurement

The Vickers hardness of the glass layers obtained from pure glass or containing fillers
(see Section 2.4.1), prepared on tungsten discs, was measured before and after y-irradiation
(0.9 MGy, ®Co). The measurement was performed with a load of 20 or 50 g (HVM20g
or HVM50g) on the cone, depending on the roughness of the glass layer surface. The
penetration depth was measured using a Reichert MeF2 (Depew, NY, USA) metallographic
microscope. Each measurement value for HVM20g or HVM50g was obtained from the
average of five measurements.

2.5.10. Accelerated Corrosion Tests

The DU disc with a known surface area, coated with a glass layer, was placed in a
ceramic crucible and aged in an ambient atmosphere at 115 °C for 23 days. The weight of
the ingot was monitored over time. The corrosion rate was defined as the increase in ingot
weight per unit of ingot area with time (mg/cm?-h) obtained from a linear fit to the weight
gain per cm? vs. time plot.

3. Results and Discussion

The glass frit was prepared according to [30]: the mechanical mixture of zinc and lead
oxides with ammonium dihydrogen phosphate was first heated to 475 °C and aged for
30 min for the decomposition of NH4H, PO, to HPO3 and gaseous NH3 with H,O. Further
heating to 800 °C resulted in the dehydration of HPO3 and the formation of nonstoichio-
metric mixed Zn/Pb polypyrophosphates, obtained as a homogeneous transparent solid
after cooling. Instead of quenching the hot melt above the crystallization temperature [31],
the glass frit was allowed to cool overnight together with the furnace.

3.1. Molecular Structure of PbO-ZnO-P,O5 Glass Studied by FTIR and FT-Raman Spectroscopy

The FTIR spectrum of the initial mixture before smelting (Figure 1a) contains the
characteristic bands of the H,PO,~ anion in the crystalline salt: the band at 887 cm !
is attributed to P-O-H vibrations; the band at 1030 cm~! to P-O~ stretching; the band
at 1272 cm ™! to a combination of the asymmetric stretching vibration of the PO, group
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with the crystal lattice; the band at 1432 cm ™! to bending vibrations of NH4* cation; and
the bands at 3200, 3048, 2860 and 2705 cm™~! to the stretching vibrations of -O-H and
N-H bonds in hydroxyl group and ammonium cation [32]. Note that bulk ZnO and
PbO are both transparent above 600 cm ! [25,26]. From the FTIR spectrum obtained for
PbO-ZnO-P,05 glass powder, the bands assigned to -O-H and N-H bonds entirely vanish,
and the low-wavenumber region of the spectrum exhibits changes. New bands appear at
772 cm~! and 920 cm~!. These two bands are attributed to the symmetric and asymmetric
stretching vibrations of the P-O-P linkage in the polypyrophosphate chains [23]. The
polypyrophosphate chains are glass network formers. The acquired FTIR spectra does
provide direct evidence for covalent bonding of P-O-Zn and P-O-Pb, although the shifts in
the P-O~ (1042 cm~!) and P=0 (1261 cm~!) bands are often explained by their coordination
with metal cations [33]. In the corresponding FI-Raman spectrum for PbO-ZnO-P,0Os5 glass
powder (Figure 1b), the characteristic band at 1260 cm ! is attributed to P=O vibrations;
the bands at 1170 and 677 cm ™! are attributed to the symmetric stretching vibration of
the two nonbridging oxygen ions bonded to phosphorus (PO,)?>~ and to the symmetric
P-O-P mode in condensed phosphates, respectively [34]. All the characteristic bands
emphasized in the FTIR and FT-Raman spectra for the powder samples are assigned to
different vibration modes of the polymer phosphate anion in the formed glass. The absence
of any signatures attributed to P-O-Zn or P-O-Pb bonds indicate that ZnO and PbO at the
overall molar fraction x = 0.4 in the (MeO)y-(P,05); _y structure exist as a network modifier,
and the glass belongs to the group of ultraphosphate glasses (x < 0.5) [20].

PbO'Zn0OP,0; glass PbOZnOP,0, glass
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Figure 1. FTIR (a) and FT-Raman (b) spectra for PbO-ZnO-P;0s5 glass. Reprinted with permission
from [35]. 2020, Czech Chemical Society.

3.2. The Material Properties of PbO-ZnO-P,05 Glass Were Studied with XRD and DSC

The coarse and fine glass powders demonstrated typical glass behavior during DSC
measurements. The glass composition of PbO-ZnO-P,0s5 (1:1:3) is found to show a Tg
of 258 °C, which is in agreement with that published elsewhere [23] (Figure 2a). The
X-ray diffraction patterns for both coarse and fine powders confirm the amorphous glass
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Figure 2. DSC for coarse powder (a) and XRD for coarse and fine powders and fired layers (b).
Reprinted with permission from [35]. 2020, Czech Chemical Society.

This amorphous structure for the glass frit was preserved without a melt quenching
step, as usually applied for the vitrification of materials by fast cooling. The low glassing
temperature is important for the creation of the vitreous layer on the surface of DU under
mild firing conditions. However, during firing at 440 °C, both fine and coarse powders
partially crystallize. According to Chowdury et al. [33], the crystallization temperature
for PbO-ZnO-P,0s5 glasses is 430 °C. The XRD patterns for crystalline structures in the
fired glass films (Figure 2b) imply that coarse powder mainly crystallizes as a mixed
zinc/lead phosphate ZnPbP,0O7 (monoclinic, COD 1535782) with an admixture of Zn(PO3),
(monoclinic, COD 2013738) and some minor quantities of unidentified phases formed
when the fine powder crystallizes as a mixture of two separate Zn(POj3), and Pb(POs3);
crystalline phases (monoclinic, COD 2310615). The layers, cast from coarse powder mixed
with 2 and 10 wt.% graphite PMM 11 and Cloisite 30B and fired under the same conditions,
were crystallized in a complex mixture of phases, with ZnPbP,O; dominating in the
presence of graphite, while a mixture of Zn(PO3), and Pb(PO3), phases appears in the
presence of Cloisite 30B. The crystalline structures of both graphite (hexagonal, COD
9012230) and Coisite 30B (monoclinic, R110052) are preserved during firing (Figure S3 in
Supplementary Materials).

3.3. Composition and Particle Size Distribution of the PbO-ZnO-P,O5 Glass Powders

The presence of Zn, Pb and P in the synthesized glass powders was confirmed using
SEM/EDX spectroscopy (the representative EDX spectrum is shown in Figure 3f). Their
molar ratio corresponds to the glass composition of PbO-ZnO-P,05 (1:1:2.2), which is
slightly depleted in P compared to the theoretical composition (1:1:3).

The grinding of coarse powder in ethanol using the Pulverisette-5 planetary ball
mill enables the determination of the final PSD only. The latter was measured with laser
diffraction together with the PSDs for the coarse dry-ground powder before and after
sieving (Figure 3e, scatter plots, Table 1). The initial coarse powder comprised particles
with a volume mean diameter of dy59p = 14 pm and broad size distribution. The sieving
mainly led to a narrowing of the PSD due to the separation of the powder fractions with
dygg > 120 um (Table 1). After 2 h of wet grinding in ethanol, the d,5y decreased to 6 um,
and the overall PSD narrowed to dyg9 = 120 um.
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Figure 3. SEM micrographs of initial PbO-ZnO-P,0Os5 coarse powder (a), after milling in water for
7h (b) 12 h (c) and 24 h (d); volume weighted cumulative size distributions for glass powders (e)
(lines—obtained from SEM micrographs, scatter—obtained from laser diffraction) and typical EDX
for coarse powder (f).

Table 1. Parameters for the volume-weighted cumulative PSDs of PbO-ZnO-P,0O5 glass powders
prepared after different stages of grinding.

Sample dyso (pm) dy9o (Hm) dyos (um) dygo (um)
dry ground powder ! 14 117 200 250
after the 71 um sieve ! 15 64 85 120
after 7 h of wet grinding, H,O 2 35 45 51 76
after 12 h of wet grinding, H,O 2 9 11 15 19
after 24 h of wet grinding, H,O 2 0.48 0.54 0.71 0.83

after 2 h of wet grinding in

ethanol 1 6 21 40 76

I measured by laser diffraction; 2 calculated from SEM micrographs.

The grinding of the coarse powder in water using an in-house stirred media mill
with zirconia beads in an open vessel allowed for the study of the grinding kinetics. The
evolution of the PSD was monitored with SEM microscopy of the probes taken after 7, 12
and 24 h of grinding (Figure 3a—d). The fraction of small particles becomes observable after
7 h of grinding, and after 12 h, a result that is comparable with grinding in ethanol with
a planetary ball mill is achieved (Figure 3e, solid lines; Table 1). Submicron-sized glass
powder particles were prepared by extending the grinding time to 24 h.

The powders with PSDs of dysgp = 9 um and dyg9 = 19 pm vs. dys0 = 6 um and
dyg9 =76 um, obtained by wet grinding in water and ethanol, respectively, were both
found to be suitable for spraying through a 200 um nozzle. Despite the wider PSD, the
planetary ball mill had the advantage of shorter milling times, and the milling medium
could also be used for spraying without additional isolation and purification steps.

3.4. The Morphology and Properties of PbO-ZnO-P,Os Films

The flake-shaped fillers Cloisite 30B and graphite PMM 11 were added to the glass
to study their impact on the barrier properties by increasing the diffusion path for water
or oxygen through the film. The fired layers cast from pure coarse glass and mixtures



Coatings 2022, 12, 1540

90f13

with 2 or 10 wt.% fillers as well as the layers, sprayed from the pure fine glass on top of
tungsten discs, are observed to be uniform on the macroscopic scale (see Figure 54 in the
Supplementary Materials).

A study of the surface of layers with light microscopy demonstrated the granular
structure, with the grain size found to be consistent with the PSD reported in Table 1 (after
the 71 um sieve) for the pure glasses (Figure 4a,c,e) and composites with Cloisite 30 B
(dsp = 6 um, dgg = 13 um); for the composites with graphite PMM 11, the grain size is
accordant with the filler particle size (47 m?/g BET surface, separate grains reaching the
size of a few mm—Figure 4b,d). The surface of the glass layers was visualized with z-stacks
of images for improving the focus depth (Figure 4d,e), and then the surface roughness
was calculated from the z-profiles (Figure 4f). The latter was found to be similar for the
layers obtained from coarse and fine powders: Ry = 6.7 um, R, =28.4 pm and R, = 10.7 pm,
R, = 37.7 pm, respectively. The SEM micrograph of the glass layer formed from coarse
powder (Figure 4g) shows a continuous film with asperities, formed by sintered particles
with a size ranging from 1 to 5 um, slightly below the value for x50 = 15 um, measured by
laser diffraction for coarse powder (Table 1). The dimensions of the asperities correspond to
the values for the surface roughness. For the layer prepared by spraying from ethanol, SEM
micrographs of the top view (Figure 4h) and of the layer fracture (Figure 4i) demonstrate
less dense packing of the grains that form the films, with the size of the voids and surface
asperities being larger than the size of the particles. In the layer cast on top of the substrate,
the particles sediment faster under gravity than for water evaporation from the slurry,
which, therefore, leads to a higher packing density. The layer deposited by spraying is
formed during fast evaporation of ethanol, resulting in looser packing of the particles,
although the spraying enables the coating of DU structural parts with an arbitrary shape
simultaneously from all sides.

The pure coarse glass and mixtures with 2 or 10 wt.% graphite PMM 11 or Cloisite 30B
were fired according to the heating profile shown in Figure S2 in sealed Pasteur pipettes to fit
the ESR spectrometer cell. Then, together with the layers of the same composition, fired on
top of tungsten discs, the samples were y-irradiated with a total dose of 0.9 MGy. The ESR
spectra for the fired layers before y-irradiation (Figure 5a) show no paramagnetic species in
the pure glass, but with the addition of fillers, the paramagnetic species become detectable
with ESR. The intensity of the ESR signal increases proportionally to the amount of filler
in the glass layer. After y-irradiation, detectable amounts of paramagnetic species also
appear in the pure glass, but again in the presence of the filler, the amount of paramagnetic
species further increases (Figure 5b). The exact assignment of paramagnetic species in a
pure glass matrix is complex; ESR spectra 2 and 3 can be attributed to the unpaired spin on
the carbon in the graphite lattice, similar to that reported by Cataldo et al. [36]. Cloisite 30B
is composed of clay intercalated with quaternary alkyl ammonium, which often contains
an admixture of Fe*; therefore, ESR spectra 4 and 5 represent either the slow motion of
carbon radicals trapped in the glass matrix from alkyl chains or Fe?* cations. Although the
fraction of the paramagnetic species observed with ESR spectroscopy can be attributed to
reactive free radicals, they do not promote visible degradation of the glass, unlike organic
radicals in carbon-based polymers. The Vickers microhardness is only measurable for
the layer obtained from the pure glass and for the layer with 10 wt.% graphite due to
their sufficiently smooth surfaces, and it does not change after y-irradiation (160 % 26
vs. 157 40 HVM50g and 30 £ 8 vs. 36 + 7 HVM20g, respectively). As previously
computed by Matori et al. [37], PbO-ZnO-P,05 glasses possess shielding properties against
high-energy photons (from 0.015 to 15 MeV). Taking into account the experimental results
discussed above (®°Co emits two y-quants with 1.17 and 1.33 MeV), the PbO-ZnO-P,0s
glass is considered suitable for DU coating and its further application as shielding against
ionizing radiation. Similar phosphate-based layers were obtained on the surface of Mg
alloys by a sol-gel method [27,28] followed by firing at 400 °C and Ar atmosphere. The
obtained films were partially crystalline and, similarly to the film described in the current
study, inhibited the corrosion of the substrate.
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Figure 4. Morphology of fired PbO-ZnO-P,05 glass layers. LM micrographs for the layers from
(a) pure coarse powder, (b) with 2 wt.% graphite, (c) fine powder; the surface roughness maps for the
layer from (d) coarse powder with 2 wt.% graphite, (e) fine powder layer and their z-profiles (f); SEM
micrographs for the layer from (g) coarse powder, (h) fine powder layer top, and cross-section (i).
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Figure 5. ESR spectra for fired PbO-ZnO-P,0O5 coarse glass before (a) and after (b) 0.9 MGy vy-

irradiation. 1—pure glass; 2—with 2 wt.% graphite PMM 11; 3—with 10 wt.% graphite PMM 11;
4—with 2 wt.% Cloisite 30B; 5—with 10 wt.% Cloisite 30B.



Coatings 2022, 12, 1540

110f13

Weight gain of DU disc, mg

16 +

14

(a)

= control
O single layer
< double layer

3.5. The Corrosion Tests for DU Discs Coated with PbO-ZnO-P,O5 Glass Layers

As the fillers are the source of paramagnetic species per se, and, additionally, the size
of the graphite PMM 11 powder is not suitable for spray coating, the DU discs were coated
by the spraying of pure fine glass powder to achieve a coverage of 6.5 mg/cm? (referred to
below as a single layer) and the coverage was doubled to a value of 13 mg/cm? (referred to
below as a double layer). The DU discs, both coated and noncoated, used as a reference,
were fired at 440 °C under vacuum and placed in an oven at an elevated temperature of
115 °C for an accelerated corrosion test.

The weight of the reference DU disc is observed to increase linearly over all exper-
imental times, and the corrosion rate is determined to be 304.3 + 1.2x10~* mg/ cm?-h
(R% = 0.999) (Figure 6). The DU discs coated with thin and thick layers demonstrate a five-
fold inhibition of the corrosion rate during the first 300 h down to 54.7 4- 3.2x10~* mg/cm?-h
(R? =0.979) and 62.6 & 7.4x 10~ mg/cm?-h (R? = 0.921), respectively. After 300 h, the corrosion
rate is increased to 272.6 4 7.6x10~% mg/cm?-h (R? = 0.998) and 221.1 + 3.8x10~* mg/cm?-h
(R? = 0.999) for thin and thick layers, respectively, approaching the value obtained for the
reference DU disc. Since there is no significant change in the corrosion rate for the layers of
different thicknesses, we conclude that the corrosion of coated DU discs occurs because
of the point defects formed in the layer deposited by spraying (Figure 4h k), rather than a
deterioration of the protective properties for the glass material itself.

(®)

100

260 360 460 560
time, h
Figure 6. Increase in DU disc weight with time at 115 °C and ambient atmosphere (a); prototype DU

construction part coated with lead zinc phosphate enamel (b). Reprinted with permission from [35].
2020, Czech Chemical Society.

4. Conclusions

With this work, the authors demonstrate the approach for the coatings of depleted
uranium products of arbitrary shapes. A low-melting lead zinc phosphate glass is found to
be suitable for the creation of a two-compound mixture for spraying onto the surface of
depleted uranium, using ethanol as a liquid phase without binders. The sprayed powders
are fired at a relatively low temperature of 440 °C to form a continuous film on the uranium
surface, which inhibits corrosion processes in comparison with a noncoated surface. The
exact morphology of the enamel layer is complex: initial powder grains are sintered into
the film at a temperature above Tg, with the grain cores remaining intact. The material of
the glass frit is obtained as an amorphous solid, but it undergoes partial crystallization
at the firing temperature, with the film integrity fully preserved. The coating is resistant
to high doses of y-radiation. We achieved a fivefold inhibition of the corrosion rate for
depleted uranium.
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/ /www.mdpi.com/article/10.3390/coatings12101540/s1, Figure S1: Scheme for the in-house-built
stirred media mill; Figure S2: Enamel firing temperature vs. time; Figure S3: XRD patterns for the
layers obtained from the coarse glass powder with fillers; Figure S4: Macroscopic images of the layers
obtained from the coarse glass powder with fillers on tungsten discs.
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