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Low-melting composite glass solders based on the lead borosilicate glass with the lead
titanate and titanium (III) oxide additions for jointing of the constructional materials
with low values of the thermal coefficient of linear expansion at a temperature were
investigated. The introduction into the compound of Ti,O, additions powder composition
based on low-melting glass made it possible to decrease the TCLE of glass solder from
105107 K1 to 11077 K1 being decreased to 53107 K1 with the introduction of
PbTiO; addition. Concluded that when sintering of powder compositions, the titanium
(ITI) oxide partially dissolves in the glass melt along with the absence of chemical
interaction between the glass melt and the lead titanate. The titanium (IIT) oxide is the
most prospective component of the solder powder composition, which minor additions (5
to 8 percent by weight) ensure the highest fluidity of the glass solder as well as the
obtainment of ceramic-metal seal agreed as per the TCLE.

Keywords: low-melting glass, composite glass solders, thermal expansion, ceramics,
lead titanate, titanium (III) oxide.

WccnemoBaHbl JIETKOILIABKME KOMIIOSHIIMOHHBIE CTEKJOIPHUIION HA OCHOBE CBUHIIOBOGOPO-
CUJIMKATHOTO CTeKJa C mobaBKaMu TUTaHara cBuHNA u okcuza turaua (III) mniaa coeguunenus
KOHCTPYKIIMOHHBIX MATEPUAJIOB € HUSKMMU SHAUEHHUSAMM! TEMIIEPATYyPHOrO KOs UIlmeHTa JIn-
HeHHOro pacumiupenusi. BeegeHre B cOCTaB IIOPOIIKOBOM KOMIIOSHIIMH HA OCHOBE JIETKOILIABKOIO
crexya g06aBok Ti,O5 mosponmno camsute THJIP crexnompumos or 105107 K1 g0 1-10°7 K1,
a mpu BBeflennu gobasku PbTiO; — mo 53-1077 K71, VeranosieHo, 4To IpH CIIEKAHNN IOPOIIKO-
BLIX KOMIIO3UIUH IIPOMCXOAUT YACTUUHOE pacTBopenne okcuaa tutaua (III) B pacmiase crexia, a
TaK;Ke OTCYTCTBNE XMMUUECKOTO B3aUMOJEHCTBUSA MeKIY PACIJIABOM CTEKJIAa WM TUTAHATOM CBUH-
ma. Haubosilee mepCHeKTUBHLIM KOMIIOHEHTOM IIOPOIIKOBOM IIPUIIOEUHONA KOMIIOSUIIMHY SBJSETCS
okeup tutana (III), mebosbirme pobaBku (5+8 mac.%) KOTOPOTo 0GecrneunBaoT HANOOJBIITYIO
TEKyYeCTh CTEKJIOIPUIIOA W MoJydenne comiacopanuoro mo TKJIP mMeTalioKkepaMIyecKoTo CIIasd.

JlerkonjaBki KOMIO3HUILiiTHI CKJIOIPHIIOL 3 HAU3BKHUM TEILIOBHM po3mupeHHaMm. B.I.Ioxeyc,
FO.C.I'opdees, O.B.Hocenko.

Hocaig:KeHo JIErKOILIaBKiI KOMIIOBHUIIIMHI CKJIOIPUNOI HA OCHOBI CBUHIIEBOOOPOCUIIKATHO-
ro ckJja 38 Jo0aBKaMu TUTAHATY CBHHIIO Ta okcuxy turany (III) mns s’emmamnHs mpm Temire-
parypi KOHCTPYKIINHMX MaTepianiB 3 HUSLKUMU 3HAUEHHAMHU TeMIIepaTypHOro xoediiienTa
JiHiliHOrO polIMIHpPeHHs. BBeIeHHsd 10 CKJIAIy IIOPOMIKOBOI KOMIIOSHILII HA OCHOBI JIErKOILJIAB-
Koro ckna po6aBok Ti,O, mospoammino semsutr THJIP ckmompumormo Bix 105107 K1 1o
11077 K71, a npm BBexeHHi g0GaBKU PbTiO; — mo 53-1077 K~1. Beramosneno, mo mpu
CHiKaHHI TOPOITKOBUX KOMIIO3HUIiT Bi0yBaeThCA YaCTKOBE pos3umHeHHA oKcunay turtany (III)
y PoBIJaBi cKJaa, a TAKOMK BifcyTHicTh XiMiuHOl B3aeMoOJil MiK posmjaBoM cKJa Ta TUTAHA-
TOM cBUHITIO. HaifiGinbIl mepCIeKTHBHUM KOMIIOHEHTOM TIOPOIITKOBOI KOMITOSUIIii TPUIIOI0 €
okcup turany (III), memenuki mobaBru (5+8 wmac.%) saroro sabesmeuyioTh HaNOiABITY
MJAVHHICTL CKJIOTPUIION TA OTPUMAHHA ysrom:KeHoro 3a TKJIP meramokepamiunoro cmaro.
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1. Introduction

Low-melting glasses and composite mate-
rials on their base are widely used in the
instrument engineering as the solders for
jointing of various components of the glass,
ceramics, metals and their alloys [1, 2].
When heating to the high temperatures,
many materials used in the manufacturing
of microelectronic devices are subjected to
oxidation, deformation, and rupture. There-
fore, when producing the pressure-tight ce-
ramic-metal compounds, the soldering tem-
perature in many cases shall not exceed
450°C. However, low-melting glasses and
melts characterized by an adequate fluidity
at the specified temperature are also distin-
guished by excessively high values of the
thermal coefficient of linear expansion
(TCLE), which are approximately twice as
large as the TCLE values of materials being
liable for soldering (50+65-1077 K1),
Therefore, the substantial thermal stresses
occur in the solders formed with the help of
such low-melting glasses, which can lead to
their fracture.

In view of the aforementioned, the com-
posite powder mixtures of glass with the
crystalline substances being distinguished
by the TCLE low values are generally used
for jointing corundum-based ceramics (VK-
94, VK-95) with various alloys (29NK, 42N
and others) at a temperature of <450°C
agreed as per the TCLE. According to the
data [2-5], PbTiO; and Ti,O3 can be desig-
nated as such the most prospective sub-
stances having the following average TCLE

values: —10-1077 K71 and -194-1077 K71 in
the temperature range from 20 to 200°C.

The objective of the work is to investi-
gate an possibility for producing low-melt-
ing composite glass solders based on the
lead borosilicate glass with the lead titanate
or titanium (III) oxide additions for jointing
of the constructional materials with the
TCLE low values (50+65-1077 K1) at a tem-
perature of <450°C.

2. Experimental

Low-melting glass with the following
composition (molecular percent): PbO — 55,
preliminary ground in the planetary mill to
the specific surface of ~ 2500 cm?/g were
used to manufacture the solder composi-
tions, which compounds are set forth in
Table 1 [6]. The crystalline components of
the solder compositions of titanium (III)
oxide and lead titanate were also ground to
the specific surface of 1500+2000 cm?2/g.

Batch of solder compositions were pre-
pared by mixing of the primary powder
components in a ball mill up to producing a
homogeneous mixture. The samples for the
determination of basic properties of glass
solders by the semi-dry pressing method fol-
lowed by their sintering at a temperature
ranging from 420 to 450°C were moulded from
the batch materials produced in such a way.

The TCLE of glass solders in the tem-
perature range from 20 to 200°C and their
initial softening point (Mg) were determined

Table. Compounds of solder compositions and properties of glass solders

Item |[Content of the components, wt.% Properties of glass solders

No- | Glass | Ti,0, | PbTIO; | TCLE, oy ygyl07, K71 Mg, °C Fluidity L, mm
1 100 - - 105 330 9.2
2 95 5 - 71 310 8.7
3 92 8 - 50 310 8.5
4 90 10 - 36 310 8.4
5 87 13 - 29 320 8.2
6 85 15 - 26 325 8.0
7 82 18 - 19 325 7.6
8 80 20 - 1 325 7.2
9 90 - 10 95 315 9.0
10 80 - 20 80 320 8.5
11 70 - 30 76 320 8.2
12 60 - 40 69 325 7.6
13 50 - 50 53 325 6.9
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Fig. 1. Thermograms of powders: a) primary
glass; b) glass with the addition of 30 wt.%
PbTiO,, c) glass with the addition of 50 wt.%
PbTiO5; d) glass with the addition of
10 wt.% TiyOg4.

on a quartz dilatometer in accordance with
GOST 10978-2014.

The fluidity of glass solder melt (L) was
assessed by the diameter of a droplet
formed while spreading of a pellet with the
diameter of 5 mm and 5 mm high pressed
of the experimental batch materials over
the surface of VK-95 ceramics within
20 min at a temperature of 450°C.

An X-ray phase analysis of the glass sol-
ders was performed on X-ray diffractometer
DRON-3M in Co-Ko radiation; with this
end in view, the sintered samples were pre-
liminary ground in an agate mortar until
passage through sieve No. 0063. The crys-
talline phases were identified with the help
of the ASTM X-ray card catalogue.

The investigation of phase changes pro-
ceeding in the batch materials of glass sol-
ders while their heating was performed on
the derivatograph Q-1500 D in the tempera-
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Fig. 2. X-ray diffraction pattern of primary
glass after heat treatment at a temperature
of 440°C within 1 h.

ture range from 20 to 600°C at the rate of
temperature rise from amouning to
5°C/min.

The IR absorption spectra were recorded
on the IRAffinity-1S Fourier transform in-
frared spectrophotometer (Shimadzu, Japan)
in the range of 1600 to 400 cm 1. The sam-
ples were prepared by the method of press-
ing of pellets of the powders under investi-
gation with KBr. Preliminary crushed before
passage through sieve No. 0063 powders of:
glass, titanium (III) oxide, and sintered
glass composition batch were used for the
investigation.

3. Results and discussion

Thermographic investigations (Fig. 1) of
the powder compositions have shown that
the glass transition temperature (¢,) of the
primary glass and the compositions glfoased on
it is equal to ~ 300°C. Value ¢, of the glass
solders is lower than their dilatometric sof-
tening point (Mg) at an average by 15 to
30°C. Heating of glass powder over the tem-
perature Mg causes its sintering (335 to
370°C) and crystallization at a temperature
over 405°C (the exothermic effect with
maximum at a temperature of 440°C),
which is confirmed by the data of X-ray
phase analysis (Fig. 2). Low-intensity dif-
fraction maxima on the X-ray diffraction
pattern can be supposedly designated as the
lead oxides PbO and PbO,.

Heating of the powder compositions of
primary glass with the additions of Ti,O3
(Fig. 1, d) and PbTiO; (Fig. 1, b; c) over the
temperature Mg causes their sintering in
the temperature range from 335 to 390°C.
The introduction of aforementioned addi-
tions into the compound of powder composi-
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Fig. 3. X-ray diffraction patterns of the glass
solders based on the powder compositions
with the content of: a) 30 wt.% PbTiOg; b)
50 wt.% PbTiO4; c) 20 wt.% Ti, 0.

tion also promotes a shift of the glass crys-
tallization interval to the higher-tempera-
ture region (ranging from 450 to 530°C). In
view of the fact that the glass crystal-
lization as a rule decreases the spreadability
of glass smelt over the ceramic surface, it
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Fig. 4. IR absorption spectra: a) primary
glass; b) glass solder with 20 wt.% Ti,O5; ¢)
titanium (III) oxide.

can be assumed that a temperature ranging
from 420 to 450°C is the most acceptable
temperature for obtainment of junctions
being based on the experimental glass.

The formation of possible products of
chemical interaction between the glass melt
and the crystalline fillers at the indicated
temperature was assessed according to the
data of X-ray phase analysis (Fig. 3) and IR
spectroscopy (Fig. 4). As it follows from the
data of Fig. 4, the crystalline-phase compo-
sition of the experimental glass solders con-
sists only of the crystalline substances
being found in the powder compositions,
that is the lead titanate and titanium (IIT)
oxide. At the same time, it is necessary to
take note of low intensity of the diffraction
maxima on the X-ray diffraction pattern of
glass solder No. 8 containing 20 percent by
weight of Ti,O3 (Fig. 8, ¢) making it possi-
ble to assume that the titanium (III) oxide
has partially dissolved in the glass melt.

The data of spectral absorption of the IR
rays (Fig. 4) make it possible to assess
changes in the anion framework structure
of the primary glass (Fig. 4, a) when its
melt interacts with the crystalline titanium
(ITI) oxide (Fig. 4, c).
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Partial dissolution of titanium (III) oxide
in the glass melt (Fig. 4, b) results in the
decrease of total intensity of bands in the
region of 1300 to 1500 em™! and their shift
closer to 1200 cm™! probably being associated
with the valence vibrations of the boron-oxy-
gen linkages between [BO5] and [BO,] groups.
The presence of an absorption band with the
maximum of 1083 ecm™1 is indicative of the
increase of [BO,] groups due to transition of
[BOs] into [BO4] [7—9]. The appearance of a
new absorption peak with the maximum of
742 cm™! characteristic of the vibration of
Ti—O linkages in [TiO4] groups is indicative of
partial dissolution of the crystalline filler in
the primary glass melt. Therefore, partial
dissolution of Ti,O3 in the glass melt pro-
motes strengthening of the structural frame-
work of the primary glass due to the forma-
tion of [BO,] and [TiO,4] tetrahedrons [10-12].

The presence of basic absorption bands in
the regions of 800 to 900 ecm™l and 550 to
650 cm ! stipulated mainly by the deformation
vibrations of Ti-O linkages in [TiOg] groups is
observed in the IR spectra of glass solder and
crystalline titanium (III) oxide [10, 11].

Therefore, in view of the data of X-ray
phase analysis and IR spectroscopy, the
glass solders under investigation can be con-
sidered as the composite materials, which
properties are additively dependent on the
content of glassy and crystalline phases in
their composition being assessed by the
weighted average values.

The results of experimental determina-
tion of glass solder properties are indicative of
the fact that the introduction of the lead ti-
tanate and titanium (III) oxide additions into
their composition promotes a considerable de-
crease in the TCLE values and the fluidity of
solders under investigation (Table).

At the same time, it has been established
that the TCLE experimental values are rea-
sonably approximated by the equation of
straight line in dependence on the content
of the lead titanate in their composition
(Fig. 5, line 1). Besides, these values are
also equal to the weighted average values
being obtained of the TCLE values of pri-
mary glass and the lead titanate (Fig. 5,
line 2). Therefore, it can be concluded that
the TCLE values of glass solders with the
lead titanate additions are additively de-
pendent on the content of glassy and crys-
talline phases in their composition. This is
an indirect proof of the absence of chemical
interaction between the glass melt and the
lead titanate crystals at the sintering tem-
peratures of powder composition.
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Fig. 5. The TCLE of glass solders in depend-

ence on the content of PbTiO; (1, 2) and Ti,O04
(3, 4, 5) in the powder compositions.

Alternatively, while sintering of the glass
solders containing the titanium (III) oxide ad-
ditions, it partially dissolves in the glass
melt. Therefore, the actual content of crystal-
line Ti,O5; in the indicated glass solders is
considerably less than in its primary powder
composition. So, the dependence of the TCLE
experimental values (Fig. 5, line 4) of the
glass solders on the content of Ti,O3 is nota-
ble for a considerable deviation from the rule
of additivity (Fig. 5, line 3). For these glass
solders the TCLE experimental values can be
equal to the weighted average values only in
case if the TCLE is calculated according to an
additive formula with a double content of
Ti,O5. The data of Fig. 5 show that a straight
line 5 having been obtained in accordance
with such formula gives a reasonable approxi-
mation for the dependence of the TCLE ex-
perimental values of the glass solders on the
content of Ti,O5 (up to 20 percent by weight)
in the compound of powder composition.

It has been established that to produce a
ceramic-metal seal agreed as per the TCLE
(50+65-10"7 K1), the amount of Ti, O3 (5 to
8 percent by weight) introduced into the
compound of powder composition should be
considerably less than the amount of PbTiO;
(40 to 50 percent by weight). Besides, it is
necessary to take note of the fact the indi-
cated amount of titanium (III) oxide addi-
tion as compared with the lead titanate ad-
dition causes a minor decrease in the fluid-
ity of glass solder over the surface of
ceramics (Fig. 6).
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Fig. 6. Fluidity of glass solders in depend-
ence on the content of PbTiO; and Ti,O5 in
the powder compositions.

It has also been established that the glass
solders with Ti,O3 addition are charac-
terized by the least fluidity with equal con-
tent of the crystalline fillers in the powder
compositions (Fig. 6). This is connected
with partial dissolution of titanium (III)
oxide in the glass melt as in case with the
TCLE. If we assume that 40 to 50 percent
by weight of Ti;O3 remains in the glass sol-
der after heat treatment of the powder com-
position, the fluidity of glass solders con-
taining PbTiO; will be commensurable with
the fluidity of glass solders obtained from
the powder compositions with a double con-
tent of titanium (III) oxide. Therefore, the
fluidity of glass solders under investigation
is first of all determined by the content of
the residual glassy phase irrespective of the
type of crystalline additions.
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4. Conclusions

The experimental investigations have es-
tablished an possibility for obtainment of
the ceramic-metal seals between the con-
structional materials with the TCLE low
values (50+65-10"7 K1) from the powder
compositions based on low-melting lead
borosilicate glass with the titanium (III)
oxide or the lead titanate additions at a
temperature of <450°C. It has been noted the
titanium (III) oxide is the most prospective
component of the powder composition, which
minor addition ensures the highest fluidity of
the glass solder and obtainment of ceramic-
metal seal agreed as per the TCLE.
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