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Abstract

Glass, in particular borate glass, is not only a very robust and hard material, but also offers good solu-
bility for lanthanide ions. The lanthanide ions serve as luminescence centres in the glass system and
emit a characteristic luminescence when excited by light in the ultraviolet/blue spectral range. The
triply ionized lanthanide europium (Eu®*) enables a very intense red luminescence that is clearly visible
even under strong contaminated conditions. Such luminescent glasses can be integrated into metallic
tools for non-destructive, optical wear measurements. For this, the glass is incorporated into tool areas
that are subject to abrasive wear. A key challenge of this approach is to match the hardness of the
glass to that of the tool steel so that both have the same wear rate. In borate glass, this can be achieved
by changing the ratio of network modifier to network former. Deep, converging holes are drilled into
the tool and filled with an Eu®**-activated phosphor. As abrasion increases, the distance between the
holes decreases. Measuring the distance between the red luminescent holes provides information
about the degree of wear. The approach enables predictive maintenance, prevents tool failures and
reduces production downtime, thereby increasing process reliability.
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Introduction

Non-destructive wear measurement enables continuous component monitoring during operation,
eliminating the need for machine shutdowns or component disassembly (Ogunnowo 2020). These
testing methods deliver real-time condition data, forming the foundation of contemporary condition-
based maintenance approaches that demonstrably reduce unplanned downtime and enhance asset
reliability (Daily 2017). The integration of such methods into Industry 4.0 ecosystems has gained sub-
stantial momentum, with advanced frameworks now incorporating sensorised tooling, edge analytics,
and digital twin architectures for real-time health monitoring (Aminzadeh 2023, Moreira 2020).
Emerging technologies including Al-driven anomaly detection systems, autonomous measurement
platforms, and innovative sensing modalities such as millimetre-wave radar and smartphone-based
optical metrology are rapidly expanding the application spectrum of non-destructive testing
(Swain 2022).

Contemporary non-destructive testing encompasses well-established techniques including ultrasonic
inspection, demonstrated for autonomous condition monitoring of rotating components in wind tur-
bines and other critical machinery (Galarza-Urigoitia 2019), alongside x-ray and computed tomography
methods recognized for volumetric defect detection in safety-critical applications (Aminzadeh 2023).
These approaches facilitate early identification of progressive wear phenomena through near-real-
time monitoring capabilities, thereby substantially improving equipment availability and operational
safety (Diamanti 2021). Industry implementations have documented considerable cost reductions and
enhanced availability through the elimination of inspection-related downtime and disassembly re-
quirements (Daily 2017). Across safety-critical sectors, which include energy infrastructure, aerospace
manufacturing, petrochemical operations, and mechanical engineering, continuous wear monitoring
supported by edge-deployed Al models and digital twin frameworks has become integral to modern
production and maintenance paradigms (Chehrehzad 2024).

A promising approach to expanding the range of non-destructive wear detection methods is to incor-
porate lanthanide-doped glass fibres into a tool or component. The fibres can then be excited in the
ultraviolet and blue spectral range to show an intense luminescence in the visible spectral range. The
intensity of the luminescence can be measured by a detector and provides direct information about
the current state of wear.

The advantage of borate glass investigated here is that its composition allows the mechanical proper-
ties to be adjusted. In this way, the hardness of the glass can always be adapted to that of the material,
ensuring that it experiences the same wear. In this work, two different borate glass systems, namely
lithium aluminoborate and barium borate glass with different compositions are investigated for their
luminescence properties as well as their mass density and Vickers hardness.

Experimental details

Samples

The series of borate glasses investigated is based on the network former boron oxide (B,Os from Alfa
Aesar, 99 % purity). The network modifier for the LiAIB and the BaB glass series are lithium oxide (Li>O
from Alfa Aesar, 99.5 % purity) and barium oxide (BaO from Sigma-Aldrich, 97 % purity), respectively.
As pure lithium borate glass suffers from hygroscopicity, the property modifier aluminium oxide (Al,Os
from Alfa Aesar, 99 % purity) is added at the expense of boron oxide to improve the chemical stability
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Fig. 1: Eu3+-doped LiAIB and BaB glasses under ambient light (left) and under ultraviolet excitation (right).

of the glass (Fan 2020). For optical activation, europium oxide (Eu,Os from Alfa Aesar, 99.99 % purity)
is added at the expense of all other components. The ratio between network modifier and network
former is varied, while the Eu,03; concentration is kept constant. The nominal chemical compositions
of the investigated glasses are listed in Table 1.

For the preparation of the samples (Figure 1), the chemicals are mixed and heated in a platinum gold
crucible (Pt/Au 95/5) to a temperature of 1100 °C and kept there for 2.5 hours. Subsequently, the melt
is poured onto a 450 °C (LiAIB) and 550 °C (BaB) pre-heated brass block, which is below the correspond-
ing glass transition temperature (Rimbach 2018). To eliminate residual internal stress, the glass is held
at this temperature for 3 hours before being cooled down to room temperature at a rate of 2 K/min.
The samples are produced in a circular shape with a diameter of 20 mm. They are ground to a thickness
of approximately 4 mm and subsequently polished to optical quality.

Setup

The mass density of each glass is determined by the Archimedes’ principle with a density determina-
tion kit for an analytical balance (Mettler Toledo, XS105DU). For each value, ten measurements are
performed. The resulting arithmetic mean is listed in Table 1. The experimental error amounts to
+0.005 g/cm?3. The investigation of the Vickers hardness, HV, is done with a fully-automated hardness
testing machine (ZwickRoell EMCO-TEST, DuraScan 70 G5) having a load range between 0.000 25 kp
and 62.5 kp. A square-based pyramidal diamond indenter with an angle of 136° between the opposing
side faces is used for indentation. The indentations are performed in accordance with DIN EN ISO 6507.

Table 1: Nominal composition, mass density, and Vickers hardness of the LiAIB and BaB glasses investigated. The experi-
mental error of the density values amounts to £0.005 g/cm?3, that of the hardness values to +2 %.

ratio composition in mol% Eu3* density HV
Li,O BaO B,03 Al,O3 Eu,03 inat.% ing/cm3 in MPa
1:2 33.00 59.40 6.60 1.00 0.46 2.361 537
1:4 19.80 71.28 7.92 1.00 0.43 2.234 417
1:6 14.14 76.37 8.49 1.00 0.42 2.189 376
1:2 33.00 66.00 1.00 0.50 3.555 577
1:4 19.80 79.20 1.00 0.45 2.900 479
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Fig. 2: Mass density of Eu3+-doped LiAIB and BaB glass with varying network modifier content.

Transmittance measurements are performed with a UV-Vis-NIR spectrophotometer (Agilent Technol-
ogies, Cary 5000). Photoluminescence (PL) emission spectra as well as external quantum efficiency
(EQE) are measured with an absolute PL quantum yield measurement system (Hamamatsu, C9920-
02G). This system comprises a xenon lamp (150 W) for excitation, which is connected via a mono-
chromator to a 3.3-inch integrating sphere, and a photonic multi-channel analyser (Hamamatsu, PMA-
12) for detection.

3. Experimental results

3.1. Mass density

The measured mass density shows a significant increase upon changing the modifier-to-former ratio
in favour of the network modifier (Figure 2). This change is in particular noticeable for the network
modifier BaO as the molar mass of BaO (153.33 g/mol) is significantly higher than that of Li,O
(29.88 g/mol). In case of LiAIB glass, the density also increases even though the molar mass of B,0s is
larger than that of Li»O. This shows how the amount of the network modifier influences the formation
of boron units in the network which then impacts the arrangement and structure of the network
(Shelby 2005). The mass density values range between 2.189 g/cm? (LIAIB—1 : 6) and 3.555 g/cm? (BaB
—1:2). For both systems, the mass density increases linearly with increasing amount of network mod-
ifier. The mass density of BaB glass is always higher than that of LiAIB glass. All mass density values are
collected in Table 1.

3.2. Vickers hardness

The hardness of the glasses is tested at a load of 2 kp (19.6133 N) to indent the optical polished glass
surface. Each indentation leaves a square imprint in the glass. The hardness testing is done on each
sample with 15 indentations. The two diagonals, d: and d,, of the indentation are measured to calcu-
late the hardness via
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Fig. 3: Vickers hardness of Eu3*-doped LiAIB and BaB glass with varying network modifier content at a load of 2 kp.
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Fig. 4: Transmittance and PL spectra of the Eu3+-doped BaB glass sample with a modifier-to-former ratio of 1 : 4. The emis-
sion spectrum (red curve) is recorded under 396-nm excitation.

with the indentation load, F, in N and the mean of the two diameters, d; and d,, in mm (Anstis 1981,
Barlet2015). The resulting values are plotted versus the network modifier content, as shown in Figure 3.
The hardness tests result in values between 376 HV 2 (LIAIB—1: 6) and 577 HV 2 (BaB —1: 2). For the
same modifier-to-former ratio, BaB is always harder than LiAIB. For both glass systems, the glass with
a modifier-to-former ratio of 1 : 2 achieves the highest hardness values of 537 HV 2 and 577 HV 2 for
LiAIB and BaB, respectively. A linear dependence of the hardness versus the modifier content is found.
All values are added to Table 1.

Photoluminescence

Figure 4 (blue curve) shows exemplarily the transmittance of the Eu,0s-doped BaB glass with a modi-
fier-to-former ratio of 1:4. The spectrum shows absorption bands in the ultraviolet/blue spectral
range which are typical for Eu®* (Dieke 1963). The bands at 531 nm, 464 nm, 414 nm, and 363 nm cor-
respond to transitions from the ground state ’Fo to the excited states °D, (J = 1, 2, 3, 4), respectively.
Additional bands are ascribed to transitions from the ground state to the excited states °Ls, °G;, and
°H, at 396 nm, 383 nm, and 319 nm, respectively. The strongest absorption is obtained for the ’Fq to
>Lg transition at 396 nm.
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Fig. 5: Three holes are drilled at an angle of 45° into a round steel test specimen with a diameter of 38 mm. For proof of

principle, the holes are subsequently filled with an Eu3+-doped luminescent powder. The photos show the test specimen
under ultraviolet excitation before and after wear. The circumcircle of the luminescent dots is indicated by a dashed line.

The emission spectrum (red curve) is recorded under 396-nm excitation, which brings the system into
the excited state °Ls. From there, the system relaxes non-radiatively to the excited state °Do and then
radiatively to the ground states “Fo, ’F1, ’F2, ’F3, and “F4, resulting in emission bands at 580 nm, 592 nm,
613 nm, 652 nm, and 700 nm respectively. The PL emission of the other four glasses under study looks
very similar (not shown). The electric dipole transition °Do to ’F; is hypersensitive to variations in crystal
symmetry. The high intensity of this transition indicates the amorphous nature of the matrix material
with low inversion symmetry for the Eu®* ion. Emissions in the blue spectral range (from higher energy
levels) are quenched due to the high maximum phonon frequency in borate glass (Blasse 1994). For
the LiAIB and BaB glasses investigated, the emission intensity differs only slightly, i.e., all systems are
promising candidates as luminescent wear indicator.

Test specimen

The idea to use luminescent glass as wear indicator involves the integration of luminescent glass fibres
into forging tools for direct, spatially resolved wear monitoring. The glass fibres are inserted in such a
way that they are gradually exposed as abrasive wear progresses. When optically excited, the exposed
fibre sections emit a characteristic light signal that can be detected with spatial resolution using an
optoelectronic unit.

For proof of principle, three holes are drilled at an angle of 45° into a round steel test specimen and
filled with a luminescent powder (Figure 5). The drill holes lie at the edges of an equilateral triangle;
the circumcircle of this triangle is indicated by a dashed line. The more the test specimen experiences
wear, the smaller the diameter of the circumcircle becomes. As the holes are drilled at an angle of 45°,
the difference between the radius of the circumcircle before and after wear gives a direct measure for
the wear (tan(45°) =1), i.e.,

_ rbefore — raﬂer _ _ (2)

AXwear - tan(45°) - rbefore rafter'

In case of Figure 5, the wear amounts to 2.20 mm.

The fibre is produced in such a way that its hardness is specifically adapted to the tool steel. This means
that the fibre wears synchronously with the tool matrix and provides valid measurements. Compared
to existing force, temperature, or imaging methods, the system offers a direct, quantifiable, and robust
wear indicator inside the tool and thus a non-destructive method, preventing any downtime.
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Conclusion

The optical activation of LiAIB and BaB glass with Eu** ions results in a very promising luminescent wear
indicator for use in tools and components. The mechanical hardness of the glass can be adapted to
that of toolsteel by changing the modifier-to-former ratio accordingly. The measured Vickers hardness
depends linearly on the network modifier content. The higher the modifier content the harder the
glass. Maximum hardness values of 537 HV 2 (LiAIB) and 577 HV 2 (BaB) are achieved.

The photoluminescence properties are investigated under 396-nm excitation. The glasses show a very
intense red luminescence which is typical for Eu3*. The emission is clearly visible even under very soiled
conditions. The luminescent material is filled into three drill holes of a test specimen resulting in a
position shift of the luminescent holes under wear due to the 45° geometry of the holes. The shift gives
a direct, non-destructive measure of wear.
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