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The lead silicate system underlies many compositions of optical glasses with a high refractive
index. Such expensive and rare earth oxides as GeO,, La,0,, Ga,0,, Bi,0,, etc. are also
introduced into the composition of these glasses, besides the conventional oxides. The
development of new compositions of optical glasses is most frequently carried out by a
pilot and experimental method being a labor-intensive process and requiring the considerable
material expenses for performing the experimental research. It is possible to appreciably
decrease the scope of experiments using the calculation methods of preliminary estimation
of the glasses properties. The purpose of this work was to develop the mathematical
models of calculation for PbO—B,0,—Si0,—GeO, based glasses, depending on their
composition and optical constants (refractive index np, mean dispersion (n;—n¢) and
dispersion coefficient vp,). In order to establish the interrelation between the optical constants
and the composition of multicomponent oxide glasses, the development of mathematical
models was carried out using an experimentally statistical method. The developed
mathematical models are adequate to the experimental data and allow calculating the
optical constants of glasses with the following mean-square deviations: n,=*0.014,
(nF—ng)==11.1-10, and vp,=%0.4. The specified accuracy is sufficient for solution of
different practical tasks, which are connected with the selection of compositions of the
optical glasses with a preset complex of the optical properties.

Keywords: oxide glasses, optical glass, refractive index, dispersion coefficient, mathematical
modeling, additive coefficients.

Introduction

The PbO—SiO, oxide system is the base of
chemical compositions of many optical glasses [1].
The PbO content in known compositions of glasses
varies widely from 10 to 70 mol.%. Besides the base
components, the compositions of specified glasses
contain also K,0, Na,O, B,0,, BaO, TiO, and other
oxides in small quantities.

When developing new glasses which are notable
for the special optical properties, the scarce and
expensive oxides GeO,, La,0,, Ga,0,, Bi,0,, TeO,,
CdO, etc. are also introduced into their compositions,
besides the conventional components.

As a rule, new compositions of glasses with the
preset values of optical constants, such as the
refractive index np, the mean dispersion (ng—nc),
and the dispersion coefficient vp=(np—1)/(ng—nc)
are created on a pilot experimental basis. This method
requires the considerable material expenses, which
may be reduced using the calculation methods for a
preliminary estimation of indicated properties.
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However, for the optical glasses, which compositions
along with PbO may contain considerable amounts
of GeO,, La,0,, Ga,0,, Bi,0,, TeO,, CdO and other
oxides, the known methods for calculation of np,
(ng—n¢) and v, are inapplicable [1,2].

Therefore, the purpose of this work was to
develop the mathematical models of calculation for
the PbO—B,0,—Si0,—GeO, multicomponent glasses,
depending on their composition and optical constants
(np, (ng—n¢) and vp).

Calculations

The development of the mathematical models
was carried out by the method of multiple correlations
[3]. The regression equation of the following form
was used to describe the dependence between the
properties and compositions of the multicomponent
glasses:

y= Zn:bixi ,
i=l

(D

V.I. Goleus, Yu.S. Hordieiev



ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2018, No. 5, pp. 92-96

93

where ¥ is the calculation value of glass properties;

b, are the regression coefficients; x; is the content of
components in the glass, mol.%.

The values of regression coefficients were

relative to the mean values of S>. The specified
dispersions were calculated according to the following
formulae:

estimated by the least square method [4] based on S? '
three experimental samples of the glass compositions F = Zy ) Si ==
with the known values of optical constants np, Ss n-1
(ng—n¢) and v, which were drawn with the use of
the SciGlass electronic database [5]. n n 5
The approximation accuracy of the Zyi (yl —91)
experimental values of optical constants by a y= TR = : )
regression equation (1) was estimated by comparison n res n—/
of the residual dispersions Sfes with the dispersions
Table 1
Numerical characteristics of experimental samples
Sample mean, _
No Optical constants Amount of Range of values of] ~ Megn square
sample, n | optical constants Y, deviation, S,
Refractive index, np 861 1.540—2.249 1.848 0.126
2 | Mean dispersion, (NF—c) 375 (130-636)-10* |  334-10" 97-10°*
3 | Dispersion coefficient, vp 394 14—46 25.61 5.88
Table 2
Regression coefficients and their mean-square deviations for calculation of the optical constants of glasses according
to Eq. (1)
No.| Oxide Refractive index, | Mean dispersion, Dispersion Limits of component
) n;- 10? An;- 10° coefficient, v;- 10° content, mol.%
1 | ALO; 1.514+0.019 3321+306 61.6+1.1 0-20
2 B,0; 1.411+0.004 —1623+84 50.2+0.3 0-60
3 BaO 1.857+0.035 4724322 52.8+1.3 0-20
4 | Bi,O4 3.165+0.064 22006+2134 -40.1+7.6 0-10 (5%)
5 Cdo 2.105+0.040 4656+500 14.4£1.9 0-20
6 | Ga)03 1.631+0.025 17354336 36.1£1.4 0-20
7 | GeO, 1.665+0.004 1095+78 35.1+£0.3 0-70
8 K,0 1.285+0.035 —1879+732 59.4+2.9 0-10
9 | Lay0O, 2.5254+0.068 25524762 26.5+£3.1 0-12
10| Li,O 1.853+0.063 5069+755 23.3+3.3 0-10
11| Na,O 1.607+0.032 14361483 24.7+£2.0 0-10
12| PbO 2.365+0.003 9507+66 0.7+0.2 10-85 (70%)
13| SiO, 1.437+0.003 —1174+60 42.3+0.2 0-60
14 SrO 1.872+0.212 46724917 30.9+6.9 0-6
15| TeO, 1.901+0.048 6413+852 15.9+3.4 0-10
16 | TiO, 2.389+0.037 11484+543 —11.442.2 0-10
17| ZnO 1.941+0.017 3246+227 30.8+1.0 0-20
18| ZrO, 2.243+£0.072 5270+821 32.6£3.9 0-9

Note: * — The limits of component content for calculation of (ng—nc) and vy,
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wlzlere F is the calculation value of Fisher’s criterion;
Sy is the sampling variance of the values of
properties; Sfes is the residual variance; y is the

sample mean of property; y, is the experimental value
of the i-th glass property; ¥, is the calculation value
of the i-th glass property; n is the size of the

experimental sample; and ¢ is the number of
coefficients in the regression equation (equaling to
18, which is the number of components).

The more the value of S exceeds the value of
Sfes, the more accurately the regression equation
approximates the experimental data.

Results and discussion

The results of the statistical analysis of the initial
experimental samples and the limits of component
content in the glasses are listed in Tables 1 and 2.

It is necessary to point out that the glasses being
included in the experimental samples are
distinguished by the mean values of refractive index
(np=1.848%0.12) combined with the low values of
dispersion coefficient (vp=25.6%5.9). The optical
glasses with such combination of ny and v, can be
qualified as the dense flint glasses (TF), extra dense
flint glasses (CTF) or heavy barium flints (TBF)
according to the Abbe diagram [6].

The values of the regression coefficients in the
equations (1) for the calculation of the optical
constants of glasses, depending on their composition,
are listed in Table 2. It follows from the data

presented in Table 3 that the developed equations
adequately describe the experimental data and allow
calculating the optical constants np, (ng—n¢) and vp
for glasses with the indicated limits of component
content with a sufficiently high accuracy. The stated
facts are also confirmed by the results of calculation
of the optical constants for the single practical
compositions of lead-containing glasses (Table 4).
It is possible to increase the accuracy of the
calculation of the optical constants of glasses due to
an increase of the extent of approximating equation.

Taking into account the fact that the regression
coefficients in Eq. (1) are the estimations of the
partial contributions of oxides to the glass properties
[3,4], the analysis of their values can be performed
on the basis of the selection of the most preferable
components and their quantitative content in the
compositions of above-mentioned flint glasses with
a preset complex of optical constants and other
properties.

It follows from the graph shown in Figure 1
that the glass-forming oxides are arranged according
to the extent of increase of the refractive index of
lead-containing glasses in the following sequence:
B,0,<85i0,<Ge0,. The oxides of the following series:
CdO<Zr0O,<PbO<Ti0O,<La,0;<Bi,0, are qualified as
the components of glasses being promoted an increase
in their refractive index to the fullest extent.

Taking into consideration the correlation
dependence shown in Figure 2, the specified

Table 3
Results of statistical analysis of the regression equations
No.| Name of optical constants Sample 2 Residualz Eisher’s MeanA deviation,
variance, S| | variance, S, criterion, F V. -y,
1 | Refractive index, np 0.01575 0.00031 50.8 +0.014
2 | Mean dispersion, (n—nc) 9409-10°* 207-10™ 45.5 +11.1-10™
3 | Dispersion coefficient, vp 34.57 0.336 102.9 +0.4
Table 4
Chemical compositions of glasses and values of their optical properties
No. Content of components, mol % Experimental values Calculation values
PbO | B,O; | SiO, | GeO, | Ga,05 | LayO5 | AL O3 np |(nFng)| wvp np (ngnc) Vp
1 68.2 31.8 0.0 0.0 0.0 0.0 0.0 | 2.063 | 636.0 | 16.70 | 2.061 [ 597.0 | 16.40
2 | 65.0 12.1 19.6 0.0 0.0 0.0 33 2.044 | 619.4 | 16.86 | 2.040 | 586.3 16.84
3| 424 | 226 0.0 30.1 0.0 4.8 0.0 1.947 | 411.7 | 23.00 | 1.946 | 411.5 | 23.50
4 | 503 0.0 49.7 0.0 0.0 0.0 0.0 1.906 | 419.4 | 21.60 | 1.904 | 419.9 | 21.40
5| 469 11.9 41.2 0.0 0.0 0.0 0.0 1.871 | 364.4 | 23.90 | 1.869 | 378.0 | 23.70
6 | 20.0 0.0 0.0 70.0 10.0 0.0 0.0 1.801 | 281.2 | 28.50 | 1.802 | 284.1 | 28.30
7 | 40.1 5.4 54.5 0.0 0.0 0.0 0.0 1.798 | 302.2 | 26.40 | 1.807 | 308.5 | 26.10
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components in lead-containing glasses also promote
an increase of the mean dispersion and a decrease of
the dispersion coefficient.
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Fig. 1. Sequence of the arrangement of oxides according to the
amount of their contribution to the values of glass refractive

index
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Fig. 2. Correlation between the partial contributions of oxides
to the values of refractive index and mean dispersion (a),
refractive index and dispersion coefficient (b)

Thus, it can be concluded that the
PbO—Si0,—GeO, oxide system can be used as a base
of new compositions of glasses, which are
distinguished by higher values of refractive index
combined with the low value of dispersion coefficient.
Additionally, these glasses can also contain TeQO,,
Zn0, CdO, Bi,0,, La,0,, TiO, and ZrO, in small
amounts.

Conclusions

We developed the mathematical models which
adequately describe the experimental data and allow
calculating the optical constants np, (ng—n¢) and vy
with a sufficiently high accuracy. These models can
be used when developing the new compositions of
optical glasses, in particularly for the multicomponent
glasses based on the oxide system PbO—B,0,—Si0,—
GeO,.
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PO3PAXYHOK OIITUYHUX OCTITHUX CTEKOJI B
OKCH/IHI! CUCTEMI PhO—B,0,—Si0,—GeO,

B.1L Toaeyc, I0.C. ITopoces

CeuUHUEBOCUNIKAMHA CUCMEMA AedCUMb 8 OCHO8I 6a2ambox
CKAQDi6 ONMUYHUX CMEKOA 3 GUCOKUM NOKA3HUKOM 3AA0MACHHS.
Kpim mpaduyitinux oxcudie 0o ckaady yux cmekos maxoic 660-
dsamb eucokoeapmicHi U piokoszemenvri okcuou maki, sk: GeQO,,
La,0;, Ga,0;, Bi,0; ma inwi. Po3pobky Hosux ckaadie onmuyHux
cmekoa Hatyacmiwe npoeoosims 00CAIOHO-eKChepUMeHmanbHUM
WAAXOM, W0 € MPYOOMICIKUM NPOUECOM i BUMARAE 3HAYHUX Mame-
pianbHux 3ampam Ha NPogedeHHs eKCnepUMeHmMAanbHux 00CAi0NCeHb.
Cymmeeo 3meHwumu 00cse eKcnepumMenmio MOJCHA 34 PAXYHOK
BUKOPUCMAHHS PO3PAXYHKOBUX MemO00i6 NonepeoHb020 OUIiHIOBAHHS
earacmueocmeti cmekon. Memoro yiei pobomu 6yno das cmekon 6
6azoeiti okcuoriu cucmemi PbO—B,0;—Si0,—Ge O, po3pobumu ma-
memamuyHi Mooeai 04 PO3PAXYHKY 6 3anedcHocmi 6id ix ckaady
ONMUYHUX NOCMIUHUX, MAKUX SK: NOKA3HUK 30A0MAEHHS N, ce-
peous ducnepcis (ny;—ng) ma koegiyienm ducnepcii vy. Po3pobky
Mamemamu4Hux mooeneii 013 CMAHOBACHHS 83A€MO038 A3KY ONMU-
YHUX NOCMITUHUX 8i0 CKAady 6a2amoKOMNOHEHMHUX OKCUOHUX cme-
KON BUKOHAHO eKCNepUMeHMAanNbHO-CMAmMUCMUMHUM MemoOOM.
Ompumani mamemamuyHi modeni adeK8ammi exCnepUMeHMaNbHUM
daHum i 003604510Mb PO3PAX08YEAMU ONMUYHI NOCMIUHI ceKon 3i
cepednvokeadpamuunumu gioxunenuamu np==x0,014, (n;—nc)=
=+]11,1-107%, v,=%0,4. 3aznauena mounicms € docmamuvoio 045
BUpIWeHHS DI3HUX NPAKMUYHUX 3A80aHb, KI N08 93aHi 3 6UO0POM
CKAQ0i8 ONMUUHUX CMEKO0A 3 3Ad0aHUM KOMNAEKCOM ONMUYHUX 644 -
cmugocmell.

KimrouoBi c;10Ba: OKCHIHI CTEKIIa, ONITUYHE CKJTO, TIOKa3HUK
3aJIOMJIEHHSI, KoedillieHT nucrepcii, maremMaTuyHe
MOJIEJIIOBaHHS, alUTUBHI KOeilliEHTH.
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The lead silicate system underlies many compositions of optical
glasses with a high refractive index. Such expensive and rare earth
oxides as GeO,, La,0;, Ga,0;, Bi,0;, etc. are also introduced into
the composition of these glasses, besides the conventional oxides.
The development of new compositions of optical glasses is most
frequently carried out by a pilot and experimental method being a
labor-intensive process and requiring the considerable material
expenses for performing the experimental research. It is possible to
appreciably decrease the scope of experiments using the calculation
methods of preliminary estimation of the glasses properties. The
purpose of this work was to develop the mathematical models of
calculation for PbO—B,0;,—Si0,—GeO, based glasses, depending
on their composition and optical constants (refractive index n,, mean
dispersion (ny;—nc) and dispersion coefficient vp). In order to establish
the interrelation between the optical constants and the composition
of multicomponent oxide glasses, the development of mathematical
models was carried out using an experimentally statistical method.
The developed mathematical models are adequate to the experimental
data and allow calculating the optical constants of glasses with the
following mean-square deviations: n,=*0.014, (n;—no)==11.1-107*,
and vp,==%0.4. The specified accuracy is sufficient for solution of
different practical tasks, which are connected with the selection of
compositions of the optical glasses with a preset complex of the optical
properties.

Keywords: oxide glasses; optical glass; refractive index;
dispersion coefficient; mathematical modeling; additive
coefficients.
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