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Abstract
Using	 niobium	 crucibles	 for	 melting	 phosphate	 and	 silicate	 glasses	 of	 various	
modifier	 oxide	 contents,	 and	 therefore	 varying	 optical	 basicity	 (Λ),	 was	 found	
to	result	in	varying	dissolution	rates	of	niobate	during	melting.	Because	of	their	
high	electronic	polarizability,	even	small	concentrations	of	niobates	are	detect-
able	in	the	Raman	spectra	of	glasses.	Even	<1 mol%	Nb2O5	can	be	identified,	as	
independently	confirmed	by	SEM-	EDX	analysis.	Silica-	rich	glasses	(~60%	SiO2,	
Λ	~0.6)	did	not	show	significant	Nb	dissolution	from	the	crucible,	while	higher	
basicity	 metasilicate	 glasses	 (~50%	 SiO2,	 Λ	 ~0.65)	 and	 pyrophosphate	 glasses	
(~30%	P2O5,	Λ	~0.7)	did	show	the	typical	niobate	signature	in	the	Raman	spec-
tra	at	810–	840 cm−1,	depending	on	composition.	While	niobium	is	well-	dissolved	
throughout	the	pyrophosphate	glass,	metasilicate	glasses	showed	a	much	more	
intense	 Raman	 signature	 of	 niobate	 units	 near	 the	 outer	 surface	 of	 the	 glass.	
Measurements	along	the	cross-	section	of	a	fractured	metasilicate	glass	showed	a	
steady	decrease	of	the	strength	of	the	niobate	signature	from	the	surface	toward	
the	bulk	of	the	material.	Besides	correlation	with	optical	basicity,	the	tendency	of	
melts	to	dissolve	Nb	crucible	was	discussed	in	terms	of	the	connectivity	or	polym-
erization	of	the	network	and	the	corresponding	melt	viscosity.
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1 	 | 	 INTRODUCTION

In	recent	years,	the	effect	of	the	crucible	material	on	glass	
composition,	 structure	 and,	 subsequently,	 the	 glass	 ther-
mal,	 electrical	 and	 mechanical	 properties	 has	 attracted	
increasing	 attention	 in	 glass	 chemistry	 and	 physics.1–	7	
Especially,	the	dissolution	of	alumina	crucibles	was	shown	
to	modify	phosphate,	silicate,	or	tellurite	networks	through	
addition	of	Al2O3 leached	from	the	crucible.	Differences	in	
the	 glass	 transition	 temperature	 Tg	 by	 as	 much	 as	 100℃	
have	 been	 observed,	 while	 the	 glass	 network	 is	 substan-
tially	 altered	 and,	 especially	 for	 tellurium	 dioxide,	 glass	
formation	is	significantly	enhanced.1,5	Melting	phosphate	
glasses	 in	 silica	 crucibles	 is	 also	 known	 to	 dissolve	 sili-
cate	species	into	the	glass,	though	dissolution	seems	to	be	
less	when	compared	to	alumina	crucibles.8	Dissolution	of	
traces	of	Pt	metal	particles	can	be	problematic	in	the	prepa-
ration	 of	 phosphate-	based	 laser	 glasses,9	 not	 to	 mention	
the	complex	and	harmful	interaction	of	reduced	elements	
with	 platinum,	 which	 is	 especially	 challenging	 for	 phos-
phate	glasses.10

Usually,	melting	oxide	glasses	 in	research	 laboratories	
is	 performed,	 under	 air	 using	 the	 conventional	 melting	
technique.	 This	 involves	 mixing	 oxide	 precursors,	 often	
supported	by	ball	milling,	melting	of	the	mixture	in	an	alu-
mina	or	platinum	crucible	for	certain	time	and,	at	the	end,	
fast	 quenching	 to	 room	 temperature.	 Methods	 different	
than	the	conventional	are	also	employed	for	the	prepara-
tion	 of	 glasses	 including	 the	 sol-	gel	 technique,11	 melting	
in	 a	 reducing	 atmosphere,12–	15	 and	 twin	 roller	 very	 fast-	
cooling.16	 Sometimes,	 a	 two-	step	 synthesis	 route	 is	 used	
as,	for	example,	when	incorporating	nitrogen	into	silicate	
glass	 networks	 (e.g.	 through	 the	 addition	 of	 Si3N4

13,17–	20	
or	 into	phosphate	glasses.12	 In	 the	 first	 step	of	 this	 tech-
nique,	 the	parent	glass	 is	melted	 in	alumina	or	platinum	
crucibles.	 In	 the	 second	 step,	 the	 glass	 is	 re-	melted	 with	
the	addition	of	powdered	Mg/Ca	metal	or	Si3N4	in	suitable	
crucibles	and	under	 reducing	atmosphere	with	 inductive	
heating.	Metallic	niobium	(Nb)	crucibles	are	used	in	induc-
tive	heated	furnaces,	as	is	metallic	tungsten	(W)	and	mo-
lybdenum	(Mo)	crucibles.	Significant	literature	is	available	
on	the	use	of	Mo-	electrodes	in	glass	melts	and	their	corro-
sion	by	 the	melts.21,22	 In	small	 laboratory	scale	melts,	no	
niobate-	dissolution	 had	 been	 observed	 earlier	 for	 silicate	
glasses	prepared	under	conditions	comparable	to	those	de-
scribed	in	the	current	study.18,19	However,	we	have	shown	
that	phosphate	glasses	can	dissolve	niobate	from	the	cruci-
ble	material	during	melting.12

In	 this	 work,	 we	 have	 studied	 systematically	 and	 dis-
cussed	 the	 effect	 of	 melting	 three	 different	 series	 of	
phosphorous-	silicate	glasses	in	niobium	crucibles	with	re-
gard	to	the	dissolution	of	crucible	material	and	its	effect	on	

the	glass	structure.	Emphasis	was	placed	on	glass	basicity	
and	 its	 role	 on	 niobate	 dissolution	 from	 the	 crucible,	 by	
considering	 glasses	 close	 to	 metasilicate	 (~50  mol%	 SiO2)	
and	pyrophosphate	(~30 mol%	P2O5)	compositions	as	well	
as	 glasses	 with	 high	 SiO2	 content	 (~60  mol%	 SiO2).	 The	
first	 two	 series	 of	 investigated	 glassy	 materials	 were	 pre-
pared	using	a	two-	step	synthesis	route,	which	is	only	briefly	
summarized	here	since	it	was	described	elsewhere	in	more	
detail.12–	14	The	 last	 series	 was	 directly	 melted	 in	 niobium	
crucibles.	 Niobium	 dissolution	 was	 analyzed	 by	 scanning	
electron	microscopy	(SEM)	and	its	effect	on	glass	structure	
was	 studied	 by	 Raman	 spectroscopy,	 the	 latter	 technique	
was	also	used	to	highlight	differences	in	the	distribution	of	
niobium	in	various	oxide	melts.

2 	 | 	 EXPERIMENTAL PROCEDURE

2.1	 |	 Glass preparation

Three	 different	 glass	 series	 were	 synthesized	 and	 com-
pared:	 Series	 I,	 phosphate	 doped-	meta-	silicate	 glasses	
Mg/Ca–	Na2O–	CaO–	P2O5–	SiO2	 (~50  mol%	 SiO2	 and	 up	
to	 5  mol%	 P2O5);	 Series	 II,	 phosphate	 rich	 glasses	 Mg–	
Na2O–	CaO–	SiO2–	P2O5–	P3N5  close	 to	 the	 pyrophosphate	
composition	(~30 mol%	P2O5);	and	Series	III,	Na2O/Li2O–	
BeO–	SiO2–	Si3N4 glasses	with	high	SiO2	content	(~60 mol%	
SiO2).	Samples	of	series	I	and	II	were	prepared	using	the	
two	step	synthesis	route	and	details	of	the	used	parameters	
are	 listed	 in	 Table	 1,	 while	 the	 analyzed	 glass	 composi-
tions	are	listed	in	Table	2	(see	previous	reports	for	synthe-
sis	details12–	14).	In	excess	to	the	nominal	composition,	Al	
and	niobate	were	found	in	the	as-	prepared	glasses.	Silicate	
glasses	of	series	III	doped	with	BeO	were	prepared	directly	
in	niobium	crucibles,	without	a	preliminary	melting	step	
as	used	for	the	phosphate	containing	glasses	which	were	
premelted	 in	Al2O3	crucibles.	This	 is	due	 to	 the	 fact	 that	
BeO	reacts	easily	with	Al2O3,	and	high	contents	of	the	lat-
ter	 might	 otherwise	 be	 incorporated	 into	 the	 glass.23	 No	
significant	 niobate	 impurities	 were	 found	 in	 beryllium-	
doped	 glass	 samples	 (Table	 2).	 BeO	 is	 a	 hazardous	 com-
pound	and,	thus,	 it	requires	working	under	a	fume	hood	
throughout	preparation	and	melting.	We	advise	to	consult	
local	safety	regulation	when	reproducing	the	present	melt-
ing	experiments.

The	 used	 niobium	 crucibles	 were	 cone	 shaped.	They	
had	an	outside	diameter	of	10 mm,	wall	thickness	0.4 mm,	
and	 height	 of	 20  mm	 and	 were	 prepared	 from	 niobium	
of	purity	99.9%.	Due	to	 the	vertical	construction	of	 tube	
furnace,	the	glass	could	only	be	recovered	by	breaking	the	
crucible	 after	 melting,	 but	 the	 crucible	 separated	 easily	
from	the	glass.
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2.2	 |	 EDS measurements

The	final	composition	of	a	glass	melted	using	the	two-	step	
synthesis	 procedure	 may	 deviate	 from	 the	 original	 com-
position	 due	 to	 Al	 and/or	 Nb	 incorporation	 from	 the	 cru-
cibles,	 as	 well	 as	 the	 target	 nitride	 incorporation	 when	
melting	 under	 a	 nitrogen	 atmosphere.	 Therefore,	 the	 real	
compositions	 of	 all	 glasses	 were	 determined	 with	 the	 use	
of	 energy	 dispersive	 spectroscopy	 (EDS)	 technique	 on	 the	
fractured	 samples.	 Series	 I,	 P-	doped	 meta-	silicate14	 and	

Series	II,	phosphate	rich12 samples	were	tested	using	a	high-	
resolution	 scanning	 electron	 microscope,	 SEM	 (LYRA3,	
TESCAN)	equipped	with	EDS	detector	(EDAX).	Series	III,	
oxynitride	silicate	glasses13	were	 investigated	using	a	SEM	
(FEI	 Company	 Quanta	 FEG250),	 with	 Energy	 Dispersive	
X-	ray	Spectrometer	(EDAX	GENESIS	Apex	Apollo	X60),	as	
well	as	using	an	inductively	coupled	plasma	optical	emission	
spectrometer	 (ICP-	OES,	 Hitachi	 High-	Technologies	 Corp.,	
Model	SPS3520UV-	DD)	and	a	nitrogen	and	oxygen	elemen-
tal	analyzer	(LECO	Corp.,	TC-	436AR).

T A B L E  1 	 Summary	of	sample	preparation	parameters	for	Series	I,	II,	and	III	materials,	with	Tm	(melting	temperature),	tm	(melting	
time),	atm	(melting	atmosphere),	CM	(crucible	material),	furnace	for	melting	with	IF	induction	furnace	and	MF	muffle	furnace

Samples
Starting composition 
(mol%) Tm (K) tm (min) atm CM

Mean batch 
mass (g)

Furnace for 
melting Cooling

Series	I:	P	doped	metasilicate	glasses	Mg/Ca–	Na2O–	CaO–	P2O5–	SiO2

Target	glass 25Na2O–	20CaO–	5P2O5–	
50SiO2

1623 30 Air Al2O3 26 MF Quenched	to	
cold	water

Series	doped	
with	Mg	
–		SixMg

where	x	is	1,	2,	
3,	4,	5

xMg–	(100-	x)(25Na2O–	
20CaO–	5P2O5–	50SiO2)

1773–	1823 60 N2 Nb 1 IF Cooling	in	the	
furnace	to	
RT	for	1 h

Series	doped	
with	Ca	–		
SixCa	where	
x	is	1,	2,	3,	
4,	5

xCa–	(100-	x)(25Na2O–	
20CaO–	5P2O5–	50SiO2)

1823–	1923 60 N2 Nb 1 IF Cooling	in	the	
furnace	to	
RT	for	1 h

Series	II:	P	rich	glasses	Mg–	Na2O–	CaO–	SiO2–	P2O5–	P3N5

1st	target	glass 40Na2O–	20CaO–	40P2O5 1273 30 Air Al2O3 10 MF Quenched	to	
cold	water

Series	doped	
with	Si3N4	
and	Mg	P5,	
P6	P7

xSi3N4–	1Mg–	(99-	x)
(40Na2O–	20CaO–	
40P2O5)

1373–	1773 60–	120 N2 Nb 1 IF Cooling	in	the	
furnace	to	
RT	for	1 h

2nd	target	glass 1Si3N4–	99(40Na2O–	
20CaO–	40P2O5)

1273–	1373 30 Air Al2O3 10 Quenched	to	
cold	water

Series	doped	
with	Mg	P8,	
P9,	P10,	P11

xMg–	(100-	x)[1Si3N4–	
99(40Na2O–	20CaO–	
40P2O5)]

1673–	1873 60–	120 N2 Nb 1 IF Cooling	in	the	
furnace	to	
RT	for	1 h

Series	III:	BeO-	silicate	glasses	Na2O/Li2O–	BeO–	SiO2–	Si3N4

Series	doped	
with	Na2O

SixNNa
where	x	is	1,	2,	

3,	4,	5

35Na2O–	5BeO–	(60-	x)
SiO2–	xSi3N4

1723–	1823 60 N2 Nb 1.5 IF Cooling	in	the	
furnace	to	
RT	for	1 h

Series	doped	
with	Na2O	
and	Li2O

SixNLiNa
where	x	is	1,	2,	

3,	4,	5

9Li2O–	27Na2O–	5BeO–	
(59-	x)SiO2–	xSi3N4

1723–	1873 60–	120 N2 Nb 1.5 IF Cooling	in	the	
furnace	to	
RT	for	1 h
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2.3	 |	 Raman spectroscopy

The	structure	of	the	synthesized	glasses	and	the	Nb2O5	in-
corporation	was	studied	by	Raman	spectroscopy.	Raman	
measurements	were	performed	in	the	range	from	100	to	
2000 cm−1	with	a	resolution	of	2 cm−1	on	a	dispersive	con-
focal	Raman	microscope	(Renishaw	inVia),	using	the	488,	
514.5,	or	633 nm	laser	excitation	lines.	The	use	of	different	
excitation	lines	was	dictated	by	the	fluorescence	of	some	
samples.

For	the	P-	doped	meta-	silicate	type	glasses	(Series	I),	the	
measurements	conducted	on	fresh	cross-	sections	and	on	
the	outer	surfaces	of	the	glass	samples	showed	such	a	big	
difference	 in	 the	Nb	signal,	 that	additional	Raman	mea-
surements	were	performed	at	11	points	on	a	cross-	section	

from	 the	 surface	 of	 the	 sample	 toward	 the	 bulk	 (glass	
Si3Ca,	 see	 Table	 2	 for	 details).	 This	 line	 measurement,	
covering	a	range	of	ca.	1365 µm,	was	carried	out	in	order	
to	examine	the	sample	homogeneity	or	gradual	variations	
in	the	niobate	content.	The	Raman	cross-	section	distances	
are	based	on	readings	of	the	variations	of	the	x	value	for	
near	constant	y	and	z	coordinates	when	moving	the	stage	
with	 the	 sample.	 For	 focusing	 and	 aiming	 at	 a	 flat	 spot	
on	 the	broken	sample's	 surface,	y	 and	z	were	minimally	
adjusted.	The	(x,y,z)	coordinates	of	the	start	point	(0,0,0)	
and	 end	 point	 are	 shown	 in	 the	 sketch	 (Figure	 1).	 The	
final	point	was	measured	on	the	samples	surface	after	ro-
tating	 the	 sample	 (red	 arrow).	 The	 same	 measurements	
have	not	been	 taken	on	 the	other	 samples.	Spectra	have	
been	normalized	on	the	strongest	Raman	band	intensity	

T A B L E  2 	 Glass	IDs	and	analyzed	glass	composition	in	mol%	for	all	samples	in	Series	I,	II	and	III

Series I: Phosphorous- silicate glasses Mg/Ca– Na2O– CaO– P2O5– SiO2
14

Glass ID Si1Mg Si2Mg Si3Mg Si4Mg Si5Mg Si1Ca Si2Ca Si3Ca Si4Ca Si5Ca

Na2O 25.9 25.5 25 23.5 24 28.2 25.8 26.3 24.9 24.4

CaO 21.0 19.9 20 19.7 20.3 18.2 20.2 21.3 21.9 22.8

MgO 1.5 2.1 2.4 2.7 3.6 0 0 0 0 0

Al2O3 0.4 0.3 0.4 0.6 0.7 0.3 0.3 0.3 0.3 0.3

SiO2 45.9 48.4 48.9 48.9 46.3 49.5 49.6 47.6 48.2 47.6

P2O5 5.1 3.7 3.6 4.3 4.6 3.6 4 4.3 4.6 4.7
b	Nb2O5 0.1 0.1 0.1 0.3 0.4 0.1 0.1 0.1 0.1 0.1

Series II: Phosphate glasses Mg– Na2O– CaO– SiO2– P2O5– P3N5
12

ID P5 P6a P7a P8 P9a P10a P11a 

Na2O 43.5 42.5 39.4 43.0 41.4 30.2 30.7

CaO 20.4 20.1 19.7 19.3 19.1 27.6 26.5

MgO 1.2 1.4 1.5 2.9 3.7 4.4 5.3

Al2O3 0.4 0.2 0.3 0.5 0.3 6.2 7.0

SiO2 2.5 6.9 8.5 3.1 3.1 5.3 3.7

P2O5 28.9 22.2 27.7 29.4 30.3 27.6 26.5

P3N5 1.6 4.0 1.8 1.1 1.2 3.1 2.4
b	Nb2O5 1.5 2.7 1.0 0.6 0.9 3.0 3.0

Series III: Oxynitride silicate glasses Na2O/Li2O– BeO– SiO2– Si3N4
13

ID Si1NNa Si2NNa Si3NNa Si4NNa Si5NNa Si1NLiNa Si2NLiNa Si3NLiNa Si4NLiNa Si5NLiNa

Na2O 34.2 33.4 33 33.7 33.3 24.5 24.5 25.1 25.3 25.4

Li2O 0 0 0 0 0 9.9 10.0 9.9 10.1 10.1

BeO 5.2 5.2 4.9 5.2 5.0 5.2 5.2 5.2 5.2 5.4

SiO2 60.0 60.4 60.6 59.0 59.4 59.8 59.3 58.3 57.3 56.7

Al2O3 0 0 0 0 0 0 0 0 0 0

Si3N4 0.7 1.0 1.5 2.2 2.2 0.7 1.1 1.4 2.1 2.4
b	Nb2O5 0 0 0 0 0 0 0 0 0 0

aDevitrified	glass.
bAs	measured	by	SEM-	EDS	on	the	bulk	sample,	if	present,	Nb	was	below	the	detection	limit.
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in	the	range	of	200–	1400 cm−1	and	offset	for	clarity.	The	
estimated	error	in	the	Raman	band	position	is	±1 cm−1.

3 	 | 	 RESULTS AND DISCUSSION

3.1	 |	 Glass composition

Table	2	presents	the	analyzed	glass	composition	for	Series	
I	phosphorous-	silicate	glasses;	SixMg	and	SixCa	from	Ref.	
[14],	 selected	 samples	 from	 Series	 II	 phosphate	 glasses	
(Px)	reported	in	Ref.	[12]	and	Series	III	oxynitride	silicate	
glasses	 (SixNNa	 and	 SixNLiNa)	 described	 in	 Ref.	 [13],	
with	the	sample	names	being	taken	from	the	cited	refer-
ences	 to	 facilitate	 comparison	 of	 the	 current	 paper	 with	
our	earlier	publications.	For	Series	I	and	Series	II	glasses	
the	 quantitative	 analysis	 by	 SEM-	EDS	 showed	 a	 signifi-
cant	niobium	content	resulted	from	the	dissolution	of	the	
Nb	crucibles	(expressed	as	Nb2O5	in	Table	2).	The	silicate	
rich	 glasses	 (Series	 III)	 showed	 no	 niobate	 impurities	
(below	the	limit	of	SEM-	EDS)	after	melting	under	nitro-
gen,	while	N-	incorporation	was	much	more	successful.

3.2	 |	 Optical basicity

We	 expect	 that	 niobium	 solubility	 might	 be	 enhanced	 in	
glasses	 with	 higher	 optical	 basicity,	 which	 describes	 the	
electron	 donor	 power	 of	 the	 glass	 matrix	 and	 provides	 a	
very	successful	parameter	when	comparing	different	glass	
systems.24	This	is	especially	important	when	these	systems	
might	not	show	any	common	systematic	compositional	vari-
ations,	such	as	the	three	glass	series	considered	in	this	study.

Accordingly	to	Duffy	and	Ingram,	the	optical	basicity,	
Λ,	calculated	on	the	basis	of	the	glass	composition25,26	is	
a	very	helpful	parameter	for	comparing	acid-	base	proper-
ties	of	glasses,	redox	equilibria	or	optical	properties	such	
as	refractive	index	and	band	gap.	In	oxide	glasses,	a	high	
value	of	this	parameter	correlates	with	a	high	fraction	of	
modifier	metal	oxides,	which	are	generally	characterized	

by	higher	polarizabilities	than	conventional	network	for-
mer	oxides.	Subsequently,	a	depolymerized	glass	network	
with	 many	 nonbridging	 oxygen	 atoms	 and	 ionic	 bonds	
would	have	higher	basicity	than	a	more	polymerized	net-
work	with	covalent	bridging	bonds	between	oxygen	and	
network	of	former	atoms	such	as	B,	P,	or	Si,	the	latter	hav-
ing	very	low	polarizabilities.

The	 theoretical	 optical	 basicity	 for	 any	 oxide	 glass	 of	
composition	aAxOy	–		bBpOq	-		…	can	be	evaluated	with	the	
use	of	the	Duffy	and	Ingram	relation25,26:

where	1/γA	=	Λ(AxOy)…	is	the	optical	basicity	of	oxide	AxOy,	
etc.	 Values	 of	 Λ	 have	 been	 tabulated	 by	 various	 research	
groups	and	are	constantly	expanded	to	oxides	of	other	ele-
ments,	as	well	as	refined	and	updated.26–	28	The	oxide	basicities	
are	weighted	by	the	oxygen	equivalent	fractions	XA,	etc.	The	
values	of	optical	basicity	of	silicate	SixMg	and	SixCa	glasses	
(Series	I)	were	calculated	according	to	relation	(1),	using	the	
optical	 basicity	 values	 of	 the	 various	 oxides	 given	 in	 Refs	
[25,28]	 (Λ(Na2O) = 1.105,	Λ(CaO) = 1.0,	Λ(P2O5) = 0.48,	
Λ(MgO) = 0.78,	Λ(Al2O3) = 0.61,	Λ(SiO2) = 0.48),	while	the	
value	of	optical	basicity	Λ(Nb2O5) = 1.05	was	 taken	 from	
Ref.	[29]

To	calculate	the	optical	basicity	of	oxynitride	phosphate	
Px	 (Series	 II)	 and	 silicate	 SixNNa	 and	 SixNLiNa	 (Series	
III)	glasses,	we	applied	the	newest	findings	from	Ref.	[30]	
where	the	optical	basicity	of	nitride	compounds	was	related	
to	 the	 corresponding	 oxide	 basicity	 by	 Λ(M3Nm)  =  3/2	
Λ(M2Om).	 To	 simplify	 the	 calculation,	 it	 was	 assumed	
that	all	nitrogen	detected	in	silicate	SixNNa	and	SixNLiNa	
glasses	is	present	in	the	Si3N4	form	and	as	P3N5	in	Px	sam-
ples.	The	values	used	for	the	optical	basicities	of	Si3N4	and	
P3N5	are	therefore	Λ(Si3N4) = Λ(P3N5) = 0.72.	Moreover,	
we	used	 the	values	Λ(BeO)	=	0.375	and	Λ(LiO2) = 0.81	
from	Refs	[29,	26]	respectively.

The	 calculated	 basicity	 values	 Λth	 of	 glasses,	 using	
their	 analyzed	 compositions	 in	 Table	 2	 and	 Equation	
(1),	are	listed	in	Table	3.	The	lowest	values	of	optical	ba-
sicity	 were	 found	 for	 the	 oxynitride	 silicate	 glasses	 with	
~60  mol%	 SiO2	 content	 (Series	 III)	 with	 Λth	 between	
0.595	and	0.617.	These	values	are	close	to	those	obtained	
for	 the	 1Na2O:2SiO2	 disilicate	 glass.26	 For	 comparison,	
phosphorous-	silicate	 glasses	 of	 Series	 I	 containing	 no	
highly	polarizable	nitrogen	anions	but	higher	quantities	
of	modifier	oxides	(~50 mol%	SiO2),	exhibit	optical	basic-
ity	values	between	0.639	and	0.649.	The	highest	values	of	
optical	 basicity	 are	 found	 for	 the	 pyrophosphate	 glasses	
and	devitrified	glasses	of	Series	II	which	contain	also	the	

(1)

Λth=
XA
�A

+
XB
�B

+⋯=
ya

ya+qb+⋯

Λ
(

AxOy
)

+
qb

ya+qb+⋯

Λ
(

BpOq
)

+⋯,

F I G U R E  1  Sketch	of	Si3Ca	sample	cross-	section	with	the	
points	of	Raman	spectroscopy	measurements
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highest	amount	of	modifier	oxides	(~30 mol%	P2O5);	with	
Λth	between	0.655	and	0.704.

Increased	glass	basicity	is	expected	with	the	addition	of	
alkali	and	alkaline	earth	oxides,	since	these	are	more	po-
larizable	than	the	network	former	oxides.	Despite	the	very	
low	basicity	of	BeO,	this	trend	is	also	observed	for	all	sam-
ples	of	the	current	study,	as	it	is	apparent	from	the	trend	in	
optical	basicity	versus	total	modifier	oxide	content	shown	
in	Figure	S1a.	The	Figure	S1b	presents	the	optical	basicity	
behavior	for	SixMg,	SixCa,	SixNNa,	and	SixNLiNa	glasses	
in	 a	 higher	 magnification.	 The	 optical	 basicity	 is	 found	
for	 all	 silicate	 glasses	 to	 increase	 approximately	 linearly	
with	total	modifier	content,	while	pyrophosphate	glasses	
appear	to	partially	deviate	from	this	trend.	It	is	noted	that	
the	 higher	 concentrations	 of	 Nb2O5	 and	 nitrides	 in	 the	
phosphate	 glasses	 of	 Series	 II	 significantly	 increase	 the	
optical	 basicity	 of	 these	 glasses.	 Interestingly,	 the	 three	
phosphate	 devitrified	 glasses	 which	 exhibit	 the	 high-
est	values	of	optical	basicity	(e.g.	P6,	P10,	P11)	in	Figure	
S1a	 contain	 the	 highest	 quantity	 of	 Nb2O5	 and	 nitrogen	
among	all	samples.

Figure	2 shows	the	correlation	between	optical	basic-
ity	and	niobate	solubility.	While	Nb2O5 has	a	higher	oxide	
polarizability	 and	 consequently	 a	 higher	 contribution	 to	
optical	basicity	than	the	network	former	oxides,	and	even	
most	alkali	and	alkali	earth	oxides,	the	dissolved	fraction	
is	small	and	not	the	driver	of	the	high	basicity.	Calculating	
the	optical	basicity	for	presumed	niobate-	free	samples	of	
otherwise	 analogues	 modifier	 to	 former	 compositions,	
does	 show	 the	 same	 trend,	 i.e.	 the	 highest	 basicity	 for	
those	 glasses	 that	 ultimately	 dissolve	 the	 most	 niobium.	
Figure	S2	displays	the	influence	of	nitrogen	content	on	the	
optical	basicity	for	Px,	SixNNa,	and	SixNLiNa	samples.	A	
clear	increase	in	the	values	of	Λth	with	the	increase	in	ni-
tride	compound	concentration	is	found	for	each	of	the	two	
series.	 These	 glasses	 have	 a	 overall	 low	 optical	 basicity,	
highly	polymerized	networks	and	do	not	dissolve	signifi-
cant	amounts	of	niobate	species.	The	higher	polarizability	

of	 nitrogen	 versus	 oxygen	 might	 drive	 some	 of	 the	 ob-
served	basicity	increase.

3.3	 |	 Glass structure by Raman 
spectroscopy

3.3.1	 |	 The	structure	P-	doped	meta	silicate	
glasses	(50 mol%	SiO2)

First,	we	start	with	a	brief	discussion	of	the	Raman	spec-
tra	of	SixMg	and	SixCa	glasses	(Series	I),	which	were	not	
considered	 in	previous	reports.	The	Raman	spectra	 for	
selected	 glasses	 from	 the	 Mg-	series	 and	 Ca-	series	 are	
shown	in	Figure	3A,B,	respectively,	as	obtained	on	fresh	
cross-	sections	(bulk)	with	laser	excitation	at	488 nm.	All	
samples	show	similar	sets	of	only	a	handful	of	relatively	
broad	 bands	 as	 marked	 on	 the	 figure,	 which	 are	 typi-
cal	 for	 amorphous	 materials.	 Raman	 assignments	 are	

T A B L E  3 	 Optical	basicity	values	Λth	calculated	according	to	Equation	1	and	the	analyzed	sample	compositions	in	Table	2

Series I: Phosphorous- silicate glasses Mg/Ca– Na2O– CaO– P2O5– SiO2

ID Si1Mg Si2Mg Si3Mg Si4Mg Si5Mg Si1Ca Si2Ca Si3Ca Si4Ca Si5Ca

Λth 0.648 0.647 0.647 0.639 0.648 0.647 0.643 0.649 0.644 0.645

Series II: Phosphate glasses Mg– Na2O– CaO– SiO2– P2O5– P3N5

ID P5 P6 P7 P8 P9 P10 P11

Λth 0.673 0.704 0.655 0.660 0.655 0.701 0.700

Series III: Oxynitride silicate glasses Na2O/Li2O– BeO– SiO2– Si3N4

ID Si1NNa Si2NNa Si3NNa Si4NNa Si5NNa Si1NLiNa Si2NLiNa Si3NLiNa Si4NLiNa Si5NLiNa

Λth 0.612 0.610 0.611 0.617 0.615 0.595 0.597 0.602 0.606 0.608

F I G U R E  2  Optical	basicity	correlation	with	the	Nb2O5	content	
for	all	samples	in	Series	I,	II,	and	III.	Straight	line	is	only	a	guide	for	
eyes
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based	 on	 the	 detailed	 works	 of	 Furukawa	 et	 al.31	 and	
others.32–	40

The	Raman	spectra	of	the	Si1Mg	and	Si1Ca	glasses	ex-
hibit	the	strongest	Raman	band	at	944 cm−1,	while	weaker	
bands	are	seen	around	1085	and	596 cm−1.	According	to	
literature,32–	42	 the	 highest	 intensity	 band	 at	 944  cm−1	 is	
due	to	the	symmetric	stretching	vibration	of	silicate	SiO4	
tetrahedral	units	with	two	bridging	and	two	nonbridging	
oxygen	atoms,	ν(Q2),	where	the	superscript	in	Q2	denotes	
the	 number	 of	 bridging	 oxygen	 atoms.	 The	 higher-	
frequency	band	at	1085 cm−1 has	been	attributed	 to	 the	
analogous	 symmetric	 stretching	 of	 silicate	 tetrahedra	
with	 three	bridging	and	one	nonbridging	oxygen	atoms,	
ν(Q3).	The	band	at	596 cm−1	is	due	to	intertetrahedra	Si–	
O–	Si	stretching-	bending	vibration	in	these	depolymerized	
structural	units,	ν(Si–	O–	Si).

Systematic	changes	are	observed	in	the	Raman	spectra	
of	the	SixMg	and	SixCa	glasses	compared	to	the	correspond-
ing	spectra	of	the	least	modified	Si1Mg	and	Si1Ca	glasses.	

First,	the	ν(Si–	O–	Si)	frequency	at	596 cm−1	increases	with	
increasing	Mg	and	Ca	levels	to	~606	(5Mg)	and	to	613 cm−1	
(5Ca),	as	presented	in	Figure	3.	Second,	the	high-	frequency	
Raman	band,	ν(Q3),	downshifts	from	~1091 cm−1	(1Mg)	to	
1076 cm−1	(5Mg)	and	from	~1085 cm−1	(1Ca)	to	1056 cm−1	
(5Ca).	These	changes	suggest	the	decrease	in	the	polymer-
ization	of	the	silicate	network,	i.e.	the	increase	in	the	rel-
ative	population	of	Q2 groups.	Similarly,	Furukawa	et	al.	
observed	upshift	of	the	ca.	600 cm−1	band	and	downshift	of	
the	ca.	1070 cm−1	band	with	increasing	network	depolym-
erization	in	Na2O–	SiO2 glasses.31

Figure	 3  shows	 that	 the	 Q3	 peak	 at	 1085–	1090  cm−1	
exhibits	 a	 distinct	 asymmetry	 at	 its	 low-	frequency	 side.	
According	to	the	literature,	multiple	bands	are	required	to	
describe	the	high-	frequency	region	of	the	Raman	spectra	
of	 silicate	 glasses	 where	 silicon-	oxygen	 stretching	 vibra-
tions	 of	 Qn	 units	 are	 active.31,43–	46	 Therefore,	 the	 asym-
metry	of	 the	Q3	peak	 indicates	 the	presence	of	Q3	units	
with	 different	 bonding	 environments	 which	 may	 result	
from	different	connectivities	with	other	Q3	and	Q2	units,	
or	 from	different	charge	balancing	modifier	cations.	For	
example,	Velli	et	al.	found	a	significant	shift	in	the	Raman	
position	upon	variation	of	the	field	strength	of	the	modi-
fier	cation	in	metaphosphate	glasses.47

All	glasses	 in	 the	SixMg	and	SixCa	series	exhibit	an	
additional	 band	 at	 ~810–	830  cm−1	 depending	 on	 glass	
composition.	Also,	the	intensity	of	this	band	relative	to	
the	silicate	bands	appears	to	change	with	distance	of	the	
probed	spot	from	the	glass	surface	(see	Figure	4).	A	sim-
ilar	band	at	about	890 cm−1	was	observed	in	phosphate	
glasses	that	had	been	re-	melted	in	niobium	crucibles	and	
was	assigned	to	stretching	vibrations	of	Nb–	O	bonds	of	
NbO6	 octahedral	 groups.48–	51	 As	 indicated	 by	 Figure	 3,	
the	niobate	band	at	810–	830 cm−1 gains	 relative	 inten-
sity	 upon	 increasing	 depolymerization	 of	 the	 silicate	
network.	 The	 relation	 of	 this	 band	 with	 the	 dissolved	
niobium	from	the	crucible	will	be	discussed	 in	 the	 fol-
lowing	section.

3.3.2	 |	 Niobate	levels	in	glass	by	Raman	and	
SEM	techniques

The	high	polarizability	of	Nb	ions,	α(Nb5+) = 0.242 Å3,	com-
pared	to	the	low	polarizability	of	Si	ions,	α(Si4+) = 0.033 Å3,52	
results	 in	 an	 exceptional	 high	 scattering	 cross-	section	 for	
niobate-	related	 vibrational	 bands.	 Subsequently,	 even	
traces	 of	 dissolved	 niobates	 (0.1	 at.%	 of	 Nb)	 can	 be	 iden-
tified	 by	 Raman	 spectroscopy.	 As	 mentioned	 above,	 the	
intensity	 of	 the	 810–	830  cm−1	 band	 is	 relatively	 weak	 in	
the	 bulk	 of	 glass	 but	 increases	 as	 the	 probed	 volume	 ap-
proaches	the	samples	interface	with	the	niobium	crucible.	
This	 is	 demonstrated	 in	 Figure	 4	 on	 a	 ca.	 1365  µm	 long	

F I G U R E  3  Raman	spectra	for	(A)	Mg-	glasses	(top)	and	(B)	Ca-	
glasses	(bottom).	Raman	spectra	were	obtained	from	the	interior	of	
fractured	bulk	samples	using	the	488 nm	laser	line	for	excitation.	
Spectra	are	normalized	to	the	highest	intensity	peak	at	944 cm−1.	
Bands	positions	are	indicated	for	samples	in	each	figure
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line	on	 the	cross	 section	of	 sample	Si3Ca,	 scanning	 from	
the	glass	surface	to	inner	material.	The	highest	intensity	of	
the	niobate	band	at	830 cm−1	is	observed	for	measurements	
obtained	 from	 the	 sample	 surface,	 which	 was	 in	 contact	
with	the	niobate-	crucible	during	melting	and	cooling.	This	
is	also	consistent	with	 the	parallel	 increasing	 intensity	at	
about	300 cm−1,	where	contributions	from	bending	vibra-
tions	of	niobate	species	are	expected.	Thus,	the	presence	of	
niobates	in	the	glass	is	a	consequence	of	the	synthesis	route	

employed,	i.e.	having	the	melt	in	contact	with	the	niobium	
crucible.	 Similarly,	 low	 levels	 of	 niobate	 were	 found	 dis-
solved	into	the	bulk	of	phosphate	glasses,	as	probed	from	
the	broken	samples’	interior.12

Comparison	 of	 the	 analyzed	 niobate	 content	 found	
in	the	bulk	material	by	SEM-	EDS,	which	was	measured	
to	 be	 ~0.1	 at.%	 (Table	 2),	 with	 the	 intensity	 changes	 of	
the	Raman	band	at	about	830 cm−1	relative	to	the	strong	
Q2  silicate	 signal	 at	 944  cm−1  suggests	 that	 the	 niobate	

F I G U R E  4  (A)	Raman	spectra	for	
glass	Si3Ca	measured	with	the	488 nm	
excitation	line	and	normalized	on	the	
highest	intensity	Q2	peak	at	944 cm−1.	
The	spectra	were	collected	directly	from	
the	surface	(marked	with	*)	and	from	
a	broken	cross	section	on	spots	along	
a	line	from	the	outer	surface	toward	
the	bulk	by	moving	the	laser	spot	with	
increasing	step	sizes	(see	Figure	1).	
Vertical	dashed	lines	in	(A)	are	drawn	to	
indicate	band	positions	around	600,	830,	
and	1075 cm−1.	Spectra	have	been	offset	to	
allow	comparison.	(B)	shows	the	relative	
intensity	of	v(Nb–	O)	band	at	830 cm−1	as	
a	function	of	distance	from	outer	surface	
estimated	from	(A)
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content	in	the	surface	layer	is	approximately	~0.25	at.%,	
which	 is	 more	 than	 two	 times	 higher	 than	 in	 the	 bulk	
sample.	Interesting	are	also	the	consequent	effects	on	the	
silicate	bands	at	ca.	600 cm−1,	ν(Si–	O–	Si),	and	1085 cm−1,	
ν(Q3).	 The	 first	 band	 slightly	 upshifts	 and	 the	 second	
downshifts	with	increasing	niobate-	dissolution	from	the	
bulk	to	the	surface,	indicating	the	progressive	depolym-
erization	of	the	silicate	network	in	the	same	direction.

The	change	in	niobate	content	from	the	bulk	to	the	glass	
surface	might	be	due	to	a	combination	of	several	melting	
processing	and	other	parameters,	such	as	solubility,	basic-
ity,	melt	viscosity,	 and	diffusivity.	An	 increased	degree	of	
cross-	linking	of	silicate	tetrahedra	through	Nb5+	ions	would	
certainly	increase	the	melt	viscosity	and,	thus,	impede	the	
ease	of	homogenization	in	this	stirrer-	free	melt.	Also,	the	
melting	temperature	and	time	as	well	as	the	cooling	time	
in	 the	 niobium	 crucible	 should	 affect	 the	 amount	 of	 the	
dissolved	niobate.	The	cooling	time	was	approximately	1 h	
that	is	rather	long	compared	to	the	melting	process	of	glass.

As	 mentioned	 earlier,	 niobium	 dissolution	 has	 been	
discussed	 for	 phosphate	 glasses	 but	 not	 for	 oxynitride-	
silicate	 glasses.	 Therefore,	 we	 probed	 bulk	 and	 surface	
areas	of	a	series	of	oxynitride-	silicate	glasses	for	signs	of	
the	 characteristic	 niobate	 Raman	 signature.	 Τypical	 re-
sults	are	displayed	in	Figure	5	for	the	Si1NNa	glass,	while	
the	 detailed	 description	 of	 the	 structure	 was	 presented	
in	Ref.	[13].	This	glass	is	clearly	more	polymerized	com-
pared	 to	 that	 of	 Figure	 4	 as	 its	 main	 band	 is	 measured	
at	about	1090 cm−1	and	 reflects	 the	 stretching	of	Si–	O−	
bonds	in	Q3	units.	In	addition,	the	corresponding	Q2	band	
at	 about	 950  cm−1	 is	 considerably	 weaker	 than	 that	 of	

sample	Si3Ca	(Figure	4).	Important	in	the	context	of	the	
current	study	is	the	strong	signal	at	840 cm−1 measured	
on	the	glasses	surface	of	Si1NNa	that	was	in	contact	with	
the	 crucible	 material;	 this	 signal	 is	 completely	 absent	
from	the	bulk	of	the	sample	as	probed	on	a	freshly	broken	
glass	surface.	This	result	is	in	contrast	with	that	of	sample	
Si3Ca,	 whose	 bulk	 shows	 the	 presence	 of	 the	 840  cm−1	
band	(Figure	4).	This	comparison	shows	that	oxynitride-	
silicate	melts	(Series	III)	with	relatively	polymerized	sili-
cate	networks	do	not	facilitate	the	diffusion	of	niobates,	
dissolved	from	the	crucible,	all	the	way	from	the	surface	
to	the	bulk	of	glass.

The	 presence	 of	 niobate	 species	 on	 the	 glass	 surface	
can	 be	 easily	 explained	 by	 the	 contact	 of	 melt	 with	 the	
niobium	crucible	walls,	and	 the	subsequent	cooling	and	
annealing	 processes	 conducted	 with	 the	 material	 being	
in	 the	 same	 crucible.	 The	 lack	 of	 niobate	 diffusion	 and	
distribution	 in	 the	 melt	 might	 reflect	 on	 the	 higher	 vis-
cosity	 of	 melts	 corresponding	 to	 more	 polymerized	 net-
works,	as	manifested	by	 the	dominance	of	Q3 groups	 in	
oxynitride-	silicate	glasses	(e.g.	Si1NNa),	 in	contrast	with	
phosphorous-	silica	glasses	having	mostly	Q2 groups	(e.g.	
Si3Ca).	 Figure	 6	 compares	 the	 viscosity-	temperature	
curves	of	 systems	similar	 to	 the	 three	glass	series	of	 the	
current	study.	Even	though	the	composition	matches	well	
only	with	45S5	in	Figure	6,	the	fundamental	structural	dif-
ferences	between	a	highly	modified	phosphate	glass	and	

F I G U R E  5  Raman	spectra	of	glass	Si1NNa	measured	on	a	
fresh	bulk	(black)	and	on	the	surface	(red)	which	was	in	contact	
with	the	niobium	crucible	during	the	melting	and	cooling	process.	
Spectra	were	measured	using	the	633 nm	laser	line	for	excitation,	
and	have	been	normalized	on	the	strongest	band	to	allow	
comparison	(Taken	from	Ref.	[13])

F I G U R E  6  Viscosity-	temperature	curves	of	glasses	similar	to	
the	three	systems	discussed	in	the	current	study.	Phosphate	glasses:	
(1)	NSP:	10Na2O–	40SrO–	50P2O5	from	Ehrt,57	and	(2)	P45:	12Na2O–	
3FeO–	40Mg/CaO–	45P2O5	from	Nusrat58;	(3)	45S5	bio	glass	from	
Coon	et	al.59;	silicate	glass	(4)	NS:	1Na2O–	2SiO2	from	Ehrt57	and	(5)	
window	glass	SLS	from	Dejneka	and	Kiczenski.60	The	boxes	denote	
the	experimental	melting	range	of	the	three	glass	systems	used	
in	this	study	(A)	P	rich	glass,	(B)	green	P	doped	metasilicate	glass	
and	(C)	BeO-	silicate	glass.	More	details	in	text
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a	polymerized	silicate	glass	allow	for	a	semi	quantitative	
comparison	of	our	glasses	with	the	literature	data.	As	ex-
pected,	the	viscosity	correlates	with	the	degree	of	network	
polymerization.	 Lower	 melt	 viscosities	 would	 enhance	
convection,	mixing,	and	homogenous	distribution	of	nio-
bates	in	the	melt,	while	higher	viscosities	would	result	in	
a	lower	degree	of	mixing	and	a	more	heterogeneous	dis-
tribution	of	niobates	close	to	the	crucibles’	walls	and	not	
throughout	the	bulk	material.

Figure	 6	 includes	 rectangles	 that	 reflect	 the	 melting	
range	 of	 our	 three	 glass	 systems,	 which	 will	 be	 briefly	
discussed	in	the	following.	The	BeO-	silicate	glasses	were	
melted	at	temperatures	between	1450	and	1650℃	using	
niobium	crucibles,	with	addition	of	Si3N4	and	under	ni-
trogen	atmosphere.	Solubility	of	niobates	 in	the	melt	 is	
the	 second	 factor	 to	 consider.	 Solubility	 is	 higher	 and	
viscosity	 is	 lower	 in	melts	of	higher	basicity,	 i.e.	higher	
modifier	 content	 and	 lower	 degree	 of	 network	 polym-
erization.	Thus,	we	have	 found	a	 lack	of	niobate	 in	 the	
bulk	of	oxynitride-	silicate	glasses,	while	niobate	is	easily	
dissolved	 in	 the	 matrix	 of	 phosphorous-	silicate	 glasses.	
The	next	glass	with	a	more	depolymerized	network	is	the	
meta-	silicate	glass,	 close	 to	 the	composition	of	bioglass	
45S5,	for	which	a	lower	melting	temperature	of	around	
1350℃	was	employed,	while	in	the	second	step	of	prepa-
ration	process,	SixMg	and	SixCa	glasses	were	melted	at	
1500–	1650℃	 in	 niobium	 crucibles	 under	 nitrogen	 at-
mosphere	and	with	addition	of	Mg	or	Ca	metal.	The	last	
series	 is	 the	 phosphate	 glass	 with	 a	 composition	 over	
modified	 relative	 to	 the	 metaphosphate	 composition	
(50  mol%	 P2O5),	 for	 which	 the	 first	 melt	 is	 conducted	
at	 around	 1000℃,	 and	 nitrification	 at	 temperatures	 as	
high	 as	 1100	 and	 1600℃.	 It	 should	 be	 mentioned	 here	
that	phosphate	glasses	are	known	for	their	high	solubil-
ity	 for	 niobates	 as	 evidenced	 in	 previous	 studies.51,53–	55	
More	details	about	preparation	parameters	are	included	
in	Table	1.

As	expected	for	glasses	with	high	niobate	solubility	and	
low	 viscosities,	 phosphate	 samples	 show	 strong	 niobate	
signals	 in	 their	 Raman	 spectra	 as	 described	 in	 our	 previ-
ous	paper,12	noting	that	the	30 mol%	P2O5	content	of	these	
glasses	(as	listed	in	Table	2)	with	65 mol%	modifier	oxides	
and	a	small	fraction	of	intermediate	oxides	leads	obviously	
to	much	more	depolymerized	networks	than	the	metaphos-
phate	glass	(50 mol%	P2O5).	The	Raman	spectra	of	various	
phosphate	 samples	 exhibit	 significant	 differences	 in	 the	
intensities	of	the	niobate	band	at	890 cm−1	relative	to	the	
P–	O	stretching	bands	of	 the	network	 (see	Figure	7),	with	
the	analyzed	niobate	quantity	by	SEM-	EDS	listed	in	Table	2.	
In	Table	4	and	Figure	8C	we	tried	to	correlate	the	relative	in-
tensity	of	the	niobate	Raman	signals	with	melting	tempera-
ture	and	time.	It	can	be	seen	that	the	relative	intensity	of	the	
niobate	band	approximately	scales	with	the	niobate	content	

F I G U R E  7  Raman	spectra	of	samples	P7,	P8,	P6,	and	
P11 measured	on	fresh	fractures	of	the	bulk	materials.	Spectra	have	
been	normalized	to	the	highest	intensity	band	(taken	from	Ref.	
[12]).	For	compositions	see	Table	2

T A B L E  4 	 Summary	of	melting	parameters	and	correlation	with	the	niobate	content	for	phosphate	samples.	For	sample	compositions,	
see	Table	2

Sample's order by Raman 
intensity at 890 cm−1 P7< P8< P5< P10< P6< P11= P9

Nb	content	(at.%) 0.5 0.3 0.7 1.8 1.4 1.8 0.4

Maximum	melting	temperature	(K) 1773 1673 1523 1773 1723 1823 1823

Total	time	of	melting	(min) 90 60 90 120 180 120 75

Exact	batch	mass	(g) 1.049 1.006 1.017 1.012 1.033 1.308 0.967

Number	of	melts 3 1 1 2 3 2 2

Structure Devitrified	
glass

Glass Glass Devitrified	
glass

Devitrified	
glass

Devitrified	
glass

Devitrified	
glass

Mg	content	(at.%) 0.4 0.7 0.3 1.3 0.4 1.6 0.9

Rel.	Raman	intensity 0.275 0.575 0.75 1.25 1.275 1.6 1.6
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as	analyzed	by	SEM-	EDS	(P8,P9,P7<P5<P6<P10=P11).	An	
exception	is	sample	P9	with	a	relatively	low	analyzed	value	
for	niobate	(0.4	at.%),	but	a	very	intense	Raman	band.	Poor	
sampling	statistics	between	bulk	and	surface	area	might	be	
responsible	for	this	discrepancy.	Niobate	data	for	P7	is	con-
sistent	when	comparing	SEM	and	Raman	values,	but	 low	
for	the	used	melting	temperatures.	Perhaps	summing	three	
melt	cycles	with	heating	and	cooling	circles	overestimates	
the	actual	high	temperature	melting	times.	In	Figure	8	and	
Figure	 S3,	 we	 correlated	 the	 niobium	 content	 estimated	
with	SEM-	EDS	with	the	highest	applied	melting	tempera-
tures	(Figure	8a)	and	with	the	melting	times	(Figure	S3)	and	
the	combined	melting	temperature	and	time	effect	(Figure	
8b)	for	series	Px,	SixMg,	and	SixCa	samples.	Comparing	the	
melting	parameters	with	the	niobate	content,	we	can	assume	

that	long	melting	times	(longer	than	90 min)	play	perhaps	a	
more	decisive	role	than	the	actual	melting	temperature	in	all	
three	series	of	samples.	Kato	and	Araki56 studied	the	influ-
ence	of	temperature	and	glass	composition	on	the	corrosion	
by	molten	glass	of	zircon	 (34%	SiO2–	65%	ZrO2)	and	ZrO2	
(95%	ZrO2–	2.5%	SiO2–	1.5%	Al2O3)	refractories.	They	found	
that	the	corrosion	loss	defined	as	the	content	of	Zr/ZrO2	that	
got	into	the	glass	follows	the	Arrhenius	relation	in	regard	
to	 the	melting	temperature.	Figure	8A	displays	analogous	
relationships	between	temperature	and	refractory	corrosion	
presented	as	niobate	content	that	diffused	from	the	crucible	
to	our	samples.	The	Arrhenius	relation	is	observed	only	for	
samples	melted	for	longer	time	(≥90 min).	However,	to	ob-
tain	the	linear	dependence	the	melting	should	be	conducted	
during	the	same	times.56	One	sample	P7	is	an	exception	and	

F I G U R E  8  Correlation	between	
the	niobate	content	as	obtained	from	
SEM	measurements	on	the	processing	
parameters:	(A)	the	highest	melting	
temperature	and	(B)	product	of	melting	
time	with	melting	temperature,	for	
samples	in	the	Px,	SixMg,	and	SixCa	
series,	as	well	the	Raman	intensity	at	
890 cm−1	relative	to	the	P–	O	stretching	
mode	with	the	highest	intensity	for	Px	
series	(B)



12 |   WÓJCIK et al.

instead	of	high	melting	temperature	and	long	melting	time,	
it	was	found	to	be	low	in	Nb2O5	content	as	mentioned	be-
fore.	The	effect	of	increase	in	combined	temperatures	and	
times	of	melting	shows	also	a	clear	increase	in	the	niobate	
content	which	penetrated	into	our	samples.

4 	 | 	 CONCLUSIONS

Remelting	of	a	phosphorous-	silicate	glass	(Series	I),	as	well	
as	pyrophosphate	type	glasses	(Series	II),	in	niobium	cru-
cibles	results	in	significant	niobium	dissolution	and	incor-
poration	of	niobate	species	into	the	parent	glass	structure.	
The	 presence	 of	 niobates	 in	 such	 glasses	 was	 confirmed	
by	 Raman	 spectroscopy	 and	 SEM-	EDS	 analysis.	 Raman	
spectra	 indicate	 the	 formation	 of	 distorted	 octahedral	
NbO6	units,	which	might	be	connected	via	oxygen	bridges	
to	 phosphate	 and	 silicate	 units.	 No	 niobium	 dissolution	
was	observed	in	Si-	rich	silicate	glasses	(Series	III),	which	
were	 successfully	 nitrified	 under	 similar	 conditions.	 It	
was	found	that	only	melts	of	relatively	high	optical	basic-
ity	react	to	a	sufficient	extent	with	the	niobium	crucible;	
the	Raman	niobate	 signal	 is	absent	 in	oxynitride	 silicate	
glasses	(Λth ≈ 0.6)	and	increases	for	phosphorous-	silicate	
(Λth ≈ 0.65)	to	pyrophosphate	glasses	(Λth ≈ 0.7).	The	melt-
ing	process	parameters	also	effect	the	niobate	incorpora-
tion,	which	increase	for	melting	times	above	90 min.

The	 lower	 basicity	 glass	 systems	 are	 characterized	
by	 more	 polymerized	 networks	 and,	 consequently,	 have	
higher	 viscosities	 in	 the	 melt.	 Niobate-	distribution	 in	
the	melts	correlates	with	the	viscosity	behavior,	the	over	
modified	 pyrophosphate	 system	 with	 Λth  ≈  0.7  showed	
niobate	 dissolution	 throughout	 the	 bulk	 of	 glass.	 The	
phosphorous-	silicate	 glasses	 (Λth  ≈  0.65)	 showed	 a	 sig-
nificant	 niobate-	gradient	 from	 the	 sample	 surface,	 that	
had	been	in	contact	with	the	crucible,	 to	the	inner	glass	
where	niobate	levels	were	low,	but	detectable.	The	oxyni-
tride	Be-	Si	glasses	(Λth ≈ 0.6)	showed	niobate	signals	only	
at	 the	 sample	 surface	 that	 had	 been	 in	 contact	 with	 the	
crucible,	 but	 not	 signal	 in	 the	 sample's	 interior.	 For	 the	
strongly	modified	pyrophosphate	glasses	of	high	basicity,	
niobate	 dissolution	 was	 found	 to	 correlate	 with	 melting	
parameters,	especially	the	product	of	melting	temperature	
and	melting	time.	Further	research	in	this	area	would	be	
helpful.
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