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Abstract

The SiO,-B,05-Al,05-Na,O glass system was selected as the main body. The effects of MgO additions and the ratios
of SiO,/B,0; on the performance of the glasses were investigated. The corrosion mechanism model of glass in the
battery was discussed. The findings were that adding MgO can increase the characteristic temperature of the glass, it
also can strengthen the glass network structure and improve the corrosion resistance of the glass in the electrolyte.
Reducing the ratio of SiO,/B,0; can improve the performance of the glass. When the ratio of the SiO,/B,0; reached
3.7, the performance of the glass was best overall. Therefore, when the amount of MgO reached 2 mol% and the ratio
of the SiO,/B,0; reached 3.7, the glass-to-metal seals for lithium primary battery lids exhibited excellent corrosion
resistance, with the corroded area of the glass being close to zero, so the glass seal can meet customer and market

requirements.
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I. Introduction

With the rapid development of the Internet of Things
(IoT) and artificial intelligence, the market application of
lithium primary batteries has been greatly improved ! 2.
For example, shared bicycles, ETC, bracelet watches, do-
mestic gas meters and other Internet of Things industries
and equipment need lithium primary batteries to supply
power 34, In the Internet of Things sensing system, the
battery needs to have high output power, high capacity,
high load pulse performance, no voltage hysteresis, high
safety performance, a longer service life, and a wider tem-
perature application range (-40 °C ~ +80 °C) as well as
other characteristics 3. The performance of lithium pri-
mary batteries is better than that of lithium-ion batteries
with regard to key factors such as energy density, self-dis-
charge rate, product maintenance, and applicable temper-
ature range. These factors are urgently needed for IoT ap-
plications. In other scenarios, the battery needs to be used
for more than several years. Obviously, ordinary lithium-
ion batteries cannot meet those demands. Therefore, in
some applications that require long life, zero maintenance
and high reliability, lithium primary batteries will be the
best choice.

The lithium primary battery is composed of metal lithi-
um sheet as the negative electrode, carbon as the positive
electrode and non-aqueous electrolyte 5. The structure of
the lithium primary battery is shown in Fig. 1. The nega-
tive lithium sheet leans against the inner wall of the stain-
less-steel shell, and the positive electrode is formed by us-
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ing a glass-metal sealing lid and laser welding with the steel
shell 7. One of the biggest shortcomings of current lithi-
um primary batteries is leakage. The leakage caused by
glass-metal sealing lids has two main aspects. On the one
hand, the glass is not strong enough to prevent breaking,
and on the other hand, the glass is not corrosion resistant
enough to prevent leaking 8.
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Fig. 1: The structure of the primary lithium battery.

The glass-to-metal sealing technology consists of a glass
with a suitable thermal expansion coefficient, softening
temperature and other properties to connect two metals
of the same type or different types of metals, which is sin-
tered at a certain temperature to form the glass-to-metal
assembly with excellent airtightness, electrical insulation
and other special performance, which generally consists of
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pins, glass bead and the metal shell. According to the dif-
ference in thermal expansion coefficient, a differentiation
is made between matching sealing and pressure sealing.
Matching sealing refers to the coefficient of thermal ex-
pansion (), where a(pins) = a(glass bead) = a(shell). The
pressure sealing refers to the coefficient of thermal expan-
sion (o), where the a(pins) < a(glass bead) < a(shell). Based
on the difference in the sealing temperature, a differentia-
tion is made between low-temperature sealing and high-
temperature sealing, which is determined by the softening
temperature of the glass and the melting point of the met-
al. Generally speaking, the current glass-to-metal sealing
industry is tending to develop towards low-temperature
sealing. This cannot only reduce energy consumption and
improve efficiency, it also reduces the quality and appear-
ance related problems of the sealed product caused by the
complex chemical reaction on the metal surface because of
the high temperature 9.

In this paper, we detail research into the effects of dif-
ferent silicon-boron ratios on the phy51cal propertles, me-
chanical properties and electrolyte corrosion resistance of
borosilicate glass, and the effect of different amounts of
added MgO on the properties of borosilicate glass was fur-
ther studied. At the same time, on this basis, the mixed al-
kali-alkaline earth effect was proposed.

The Si0,-B,03-Al,03-Na,O glass system was select-
ed as the main body. A thermal dilatometer, mechanical
instruments, an ultra-depth-of-field optical microscope,
SEM and other equipment were used to study it. The cor-
rosion mechanism model of the glass in the battery was
discussed.

II. Experimental

The sealing glass with a molar composition (mol%) of
65510,-5B,03-5A1,03-20Na,O-5 others was prepared
using the analytical reagents SiO,, H3BO;, AlI(OH);,
Na,COj3 from the China National Pharmaceutical Group
Corporation. All the raw powder was sifted on 150 mesh,
so the average particle size was about 106 um. While the
Al,O3 and Na,O components are unchanged and SiO,
is gradually replaced by equal components of B,O3. We
prepared six additional batches of glass to investigate the
effect of different ratios of the SiO,/B,O3 on the thermal,
mechanical and corrosion resistance properties of seal-
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ing glass. Simultaneously, a small amount (2—4 mol%) of
MgO was introduced to observe the impact of MgO addi-
tions on the sealing glass’ properties. The specific formula
of the series glasses is shown in Table 1.

All the prepared raw materials were placed in a blender
and mixed for 30 minutes in a mechanical stirring process,
to ensure that the components can be quickly and evenly
dispersed in the glass phase during the melting process.
The mixed materials were placed in an alumina crucible
and treated in an air atmosphere resistance furnace, the
heating rate was 10 K/min, and the temperature was kept
at 1600 °C for 80 min. The glass was discharged by means
of water quenching.

The bulk glasses were machined into cylinders with the
dimensions of & 6 x 30 mm to enable measurement of
characteristic temperatures (T, and Ty) and CTE with a
horizontal dilatometer (DIL 402 Expedis Classic, Net-
zsch, Germany). The mechanical machine was used to test
the tensile strength of the glass-to-metal sealing terminal
inthe electronic universal testing machine (XWW-20KN).
The sealed lid was assembled in a battery to test the corro-
sion resistance of the glass. An ultra-depth-of-field optical
microscope (VHX-950F) and SEM (JSM-6360LV) were
used to characterize the corrosion morphology. Finally,
the glass corrosion mechanism model was derived.

As for the metal of primary lithium battery in this paper,
its shell is made of stainless steel 304L with a CET of 17 ~
18 ppm/K, and its core column is made of ferronickel 4J50
witha CET of 8 ~ 9 ppm/K.

III. Results and Discussion

(1) Thermal bebavior

The effect of different MgO additions and the ratios of
Si0,/B,03 on the glass characteristic temperatures (T
and Ty) and thermal expansion coefficient is shown in
Fig. 2. It can be seen from the figure that as the content of
MgO increases, the coefficient of thermal expansion of the
glass decreases, while the characteristic temperature of the
glass increases. This is because the characteristic temper-
ature and thermal expansion coefficient of glass are relat-
ed to the structure of the glass. The alkaline earth metals
can increase the expansion and softening temperature of
borosilicate and decrease the expansion coefficient. As the

Table 1: Nominal and analyzed molar compositions of the melted glasses.

Number Si0, B,0; AL, O34 Na,O MgO others Si0,/B,0;

1# 65 5 5 20 0 5 13
2# 65 5 5 18 2 5 13
3# 65 5 5 16 4 5 13
44 60 10 5 18 2 5 6

S5# 55 15 5 18 2 5 3.7
6# 50 20 5 18 2 5 2.5
7# 45 25 5 18 2 5 1.8
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content of MgO increases, MgO can form the mixed alka-
li-alkaline earth effect with Na,O 12. The ions of different
radius were closely packed, and the divalent alkaline earth
metal oxide has a suppressing effect on the monovalent al-
kali metal oxide 13,14, In this situation, the ions in the glass
can have a difficult migration. As everyone knows that the
expansion and softening temperature of glass is related to
the migration of ions, so the characteristic temperature of
the glass increases, while the thermal expansion coefficient
decreases. The coefficient of thermal expansion decreases
too much to meet the requirements of matching sealing, so
the amount of MgO added was only 2 mol%.
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Fig. 2: The characteristic temperatures and CTE of the glass sam-
ples.
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Fig. 3: The XRD of different glass-to-metal sealed battery lids.

In addition, with the decrease in the Si0,/B,03 ratios,
the thermal expansion coefficient of the glass has a ten-
dency to first decrease and increase, and the characteristic
temperature of the glass first increases and then decreases.
Owing to the decrease in the SiO, content of the network
former, the structural density of the glass decreases 15.
However, with the increase in the B,O; content, the free
oxygen provided by the alkali metal starts transforming
from the boron-oxygen triangle [BO]; to the boron-oxy-
gen tetrahedron [BO],, which causes the glass to change
from a layered structure to a frame structure 16,17, There-
fore, the thermal expansion coefficient of the glass decreas-
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es, and the characteristic temperature firstly increases, and
then when the ratio of SiO,/B,0O; reached 3.7, the opti-
mum value is reached. At the same time, because the boron
has the boron oxygen anomaly 18,19, when Na,O/B,05
exceeds a certain value, the quantitative change between
the boron-oxygen triangle [BO]; and the boron-oxygen
tetrahedron [BO], in the glass will cause the glass proper-
ties to change suddenly, so the thermal expansion coeffi-
cient of the glass increases, and the characteristic tempera-
ture decreases again.

Fig. 3 presents all the XRD curves of series sealing glass-
es. It can be seen that with the change of SiO,/B,05 ratio
and the addition of MgO, the XRD curve of correspond-
ing glass does not change, and no new peak is formed, in-
dicating that there is no crystal phase in any of the sealing
glasses.

(2) Mechanical properties

We prepared glass beads with the glass prepared with dif-
ferent MgO additions and different ratios of SiO,/B,03
into the certain shape, and then assembled them with a
metal shell and a pin and sealed them into lithium primary
battery terminals in a chain furnace with a nitrogen atmo-
sphere. We then tested its mechanical properties. The test
results are shown in Fig.4. As the MgO content increases,
the tensile strength of the glass decreases, which may be
related to the bonding strength of the glass and metal in-
terface. With the decrease in the ratio of the Si0,/B,053,
the tensile strength of glass firstly increases and then de-
creases, which may be related to the proportion of [BO];
and [BO]y in the glass 20. In general, the tensile strength of
glass is greater than the product‘s demand of 1200 N.
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Fig. 4: The mechanical property of different glass-to-metal sealed
battery lids .

(3) Corrosion resistance

(a) Photograph of the glass-to-metal sealed battery lid

The lithium primary battery lid made of glass with dif-
ferent amounts of added MgO and glass with different
ratios of SiO,/B,O3 ratio were assembled into a com-
plete lithium primary battery, and the electrolyte of the
battery is thionyl chloride. The assembled battery was
placed in an oven at 120 °C for 7 days to test the corrosion
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resistance of the glass-metal sealing terminal in the bat-
tery 21,22 After dissecting the insulated battery, we mea-
sured the corrosion distance of the glass along the radius
to determine the corrosion resistance of the glass. This is
because the greater the corrosion distance, the faster the

Fig. 5: Photographs of corrosion of the glasses after battery lid dissection.

corrosion rate is. The results for the corrosion resistance
of the glass in the battery sealing terminal are shown in
Fig. 5. The specific corrosion performance was as follows:
the corrosion distance of sample 1# was 35 %, the corro-
sion distance of sample 2# was 28 %, and the corrosion
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distance of sample 3# was 20 % (maximum corrosion dis-
tance shall prevail), the corrosion distance of sample 4#
was 10 %, the corrosion distance of sample 5# was 0, the
corrosion distance of sample 6# was 8 %, the corrosion
distance of sample 7# was 12 %. The corrosion distance of
the sample glass of 1#, 2#, 3# gradually decreases, indicat-
ing that the introduction of MgO can form the mixed al-
kali-alkaline earth effect with Na,O. The radius of Mg2*
is0.65 A, and the radius of Na+is 0.95 A. The formation of
close packing can improve the Li* corrosion resistance of
the glass structure. In addition, the radius of Mg2+ 0.65 A
is close to that of Li* 0.60 A. Mg2* can fill the voids in the
glass network structure and can prevent Li* from direct-
ly entering and corroding the glass structure 23. The cor-
rosion distance of the sample 4#, 5#, 6#, 7# glass decreas-
es first and then increases, but the corrosion distance is
generally smaller than that of the 3# sample glass. Because
of the decrease in the ratio of the SiO,/B,05 and the in-
crease in the content of [BO], in the glass, the corrosion
distance of the glass decreases. In other words, the corro-
sion resistance of the glass is improved. The bond energy
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of B-O with 515 kJ/mol is higher than the bond energy
of Si-O with 460 k]J/mol, which can improve the chemical
stability of the glass, strength, and resistance to the corro-
sion of the Li* ion. 2324, The increase in the corrosion dis-
tance of glass is due to the increase in B,O3 content, and
the content of [BO]; in the glass also increases due to the
boron oxygen anomaly, and [BOJ; mainly exists in a lay-
ered structure, so the strength of the glass is reduced.

(b) SEM of the glass-to-metal-sealed battery lid

The corroded glass-to-metal-sealed terminal is shown in
Fig. 6. Picture (a) is the SEM of glass in contact with the
electrolyte, and picture (b) is the SEM of glass in contact
with the air. Among them, the glass was obviously corrod-
ed after contact with the electrolyte, and the degree of cor-
rosion from the surface of the glass to the inside of the glass
is gradually reduced. Fig.(c) and (d) show enlarged views
of the glass after corrosion. The glass becomes loose, with
many cracks and large gaps. As time goes by, the glass will
eventually be corroded by the electrolyte and cause elec-
trolyte leakage, which will result in the battery failing.

Fig. 6: The SEM of the glass-to-metal sealed battery lid.
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(c) Corrosion mechanism model

According to the experimental results, the corrosion
mechanism model of glass in electrolyte can be summa-
rized as shown in Fig.7. The first stage: diffusion. The
Li* ion in the electrolyte diffuses to the glass surface, and
the rate is affected by time and temperature. The second
stage: the dissolution of the glass network structure. Un-
der the action of electrolyte and Li* ion, the surface of
the glass is eroded, and the network structure begins to
dissolve 21-24 The following chemical reaction occurs:
4Li+S10, — 2L1,0+S4, 4Li+5510, — 2L1,51,05+Si. The
third stage: the formation of the glass corrosion layer and
its spread into the glass. Once the glass is corroded, it
becomes loose and porous. The electrolyte and Li+* ion
quickly enter the inside of the glass and corrode it, making
the thickness of the corrosion layer gradually expand 22.
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Fig.7: The corrosion mechanism model of the glasses in the bat-
tery’s electrolyte.

The corrosion often occurs where the glass is in con-
tact with the negative electrode, and the corrosion product
grows from the anode to the cathode until it covers the en-
tire glass surface. When the pin is used as an anode, point-
like corrosion products tend to radiate outward from the
pin instead of forming concentric rings. The corrosion
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products have high conductivity. Glass corrosion can al-
so cause glass cracks and consequently electrolyte leakage.
Owing to the volume change accompanying the chemi-
cal reaction, a large surface stress is generated at the in-
terface between the corrosion product and the glass. The
cracks produced by this mechanism are often shallow sur-
face cracks under the corrosion products, causing the glass
to spall rather than seal failure. The most serious cracks are
related to changes in the stress distribution of the entire
glass-metal seal, which are caused by glass removal due to
corrosion 21,

VI. Conclusions

The Si0,-B,03-Al,03-Na,O sealing glass was pre-
pared, and the effects of different MgO addition and the
ratio of SiO,/B,03 on the characteristic temperature,
thermal expansion coefficient, mechanical properties and
corrosion resistance of the glass were investigated.

(1) MgO can increase the characteristic temperature of
the glass, reduce the thermal expansion coefficient and
mechanical properties of the glass, and at the same time can
strengthen the glass network structure and improve the
glass’ resistance to electrolyte corrosion. This is because
it can form the mixed alkali-alkaline earth effect with Na*
and Mg2+.

(2) Reducing the ratio of SiO,/B,0O3 can improve the
performance of the glass. When the ratio of Si0,/B,0;
reached 3.7, the overall performance of the glass was best,
especially the corrosion resistance is best, and the corro-
sion distance of the glass was almost zero. This is because
itis related to the boron-oxygen anomalies.

(3) According to the corrosion results, the corrosion
model mechanism model was given. In summary, when the
amount of MgO introduced was 2 mol% and the ratio of
Si0,/B,03 reached 3.7 mol%, the glass used for the glass-
to-metal sealing of the lithium primary battery lid exhibits
the best corrosion resistance, which can satisfy customers
and market requirements.
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