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Structural Investigation of Hydrogen in Calcium Silicate and
Fluorosilicate Slags

Nobuya IWAMOTO *, Yukio MAKINO ** and Katsuhiro KISHI ***

Abstract

Hydrogen absorption of lime-silicate and -fluorosilicate slags, which were produced at 1600°C under Ar + water
vapor (Pry, = 0.128 atm,) atmosphere, was investigated. State of hydrogen in these slags was also investigated by infrared
absorption method. In lime silicate slag, a minimum was observed near 50 mol % SiO, in the dependence of total hydro-
gen content on slag composition. Three absorption bands were observed at 2.9 | (band 1), 3.4 | (band 2) and 4.2 u
(band 3) as the result of resolving every corrected absorption spectrum by computor calculation. These three bands were
assigned to nearly free hyroxyl and hydroxyls of OH - - - O— and OH - - - O°types from the dependence of each band on
slag composition. Three absorption bands in calcium flurosilicate slags were observed at similar positions. CaF, addition
to lime silicate slags was effective to lowering hydrogen absorption into the slags when its content was about 7 mol% or

over.

In calcium fluorosilicate slags with high initial CaF, content, however, CaF, addition showed harmful effect to

lowering hydrogen content in the slags on account of formation of active non-bridged oxygen when CaF, content be-

came less than 7 mol % or so.
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1. Introduction

Hydrogen in steel causes very harmful effects on
mechanical properties of steel such as delayed fracture
and hydrogen embrittlement. It is important to prevent
hydrogen transfering from atmosphere to molten steel
during refinement of steel or welding, so that itis
desired to develop the excellent slags (or fluxes) with a
very low permeability for hydrogen. Investigations on
permeability and diffusion phenomena of hydrogen in
glass have often been reported.!’” 2) In metallurgical slag,
solubility of hydrogen has been measured®> 4) but study
on its permeability and diffusion phenomena has scarcely
been reported. In this sudy, the solubility of hydrogen in

Ca0-Si0, slags was investigated by gas chrometric analysis.

Subsequenty, state of hydrogen in the same slags was
determined by the measurement of infrared absorption
and differential thermal analysis(DTA), taking into con-
sideration silicate structure. It is well known that the ad-
dition of CaF, to welding fluxes is effective of decreasing
hydrogen and oxygen content in weld metals, so that
hydrogen solubility and its structure in calcium fluoro-
silicate slags were also investigated.

2. Experimental

Specimen slags were prepared from reagent grade

CaCOg, SiO, and CaF,. These reagents were accurately
weighed and mixed in an agate mortar and pestle. These
mixed reagents were melted in platinum crucibles in argon
saturated with water vapor. The partial pressure of water
vapor in argon was fixed to be 0.128 atm. (97.3 mmHg)
in every experiment, using water saturator which regulat-
ed the temperature of water within the accuracy of
+0.1°C. The mixed gas was led into an alumina reaction
tube using a gas purifier as shown in Fig. 1. All specimens
were quenched by taking into air after these were held for
3 hr at 1600°C except the specimens for examining the
dependence of hydrogen absorption on reaction time. All
slags were vitrified by air-quenching. Glassy slags were
polished by emery papers and buffed by alumina powders
for infrared absorption measurement. Infrared absorption
spectra were measured in the wavelength range from 2.5 u
to 5.0u using a spectrometer of Hitachi 260-50 type.
Hydrogen contents of all slags were analyzed by a hydro-
gen determinator of LECO RH-1E type. DTA curves of
several slags were measured in the range from room
temperature to 900°C using a balance of Rigaku DGC1H
type. a-Al,0; was selected as the standard material. All
DTA measurements were performed at the sensitivity of
25 uV and the heating rate of 5°C/min or 10°C/min.
Fluorine contents in fluorosilicate slags were determined
by X-ray fluorescence method.
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Fig. 1 Experimental apparatus.

3. Results
3.1 Ca0-SiO; binary slag

Because the viscosity of the slag with Ca0Q/SiO, =4/6
is highest among the slags used in this study, the eval-
uation of equilibrium time for hydro'gen absorption was
performed using the slag. As shown in Fig. 2, the dissolu-
tion of hydrogen reached the equilibrium at 2 hr at least,
so that the holding time for hydrogen dissolution was fix-
ed at 3 hr for all slags except the experiments on de-
pendence on holding time. Hydrogen contents of CaO-
SiO, slags are shown in Fig. 3. A minimum was observed
near the composition of metasilicate. Infrared absorption
spectra of these slags are shown in Fig.4. Two ab-
sorptions were observed at 29 u (Band 1) and 3.5 u
(Band 2). With increasing CaO/SiO, ratio, band 2 appear-
ed more clearly. In order to obtain the infrared absorption
due to only hydrogen absorption, the slag produced in
nitrogen was selected as the standard slag without hydro-
gen. That is, the infrared absorption spectra due to hydro-
gen absorption were determined by subtracting the
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Fig.2 Hydrogen contents in 0.4CaO - 0.6Si0, slags plotted
against absorption time (at 1600°C, Py, o = 0.128 atm.).
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Fig. 3 Dependence of hydrogen content in lime silicate slags
upon slag composition (at 1600°C, PH,0 =0.128 atm.).
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Fig. 4 Infrared absorption spectra of lime silicate slags.

standard infrared absorption from the infrared absorption
of each slag. The standard spectrum of the slag produced
in nitrogen and a few spectra obtained by subtracting
method are shown in Figs. 5 and 6. Subsequently, these
spectra were resolved into three spectra by computor
calculation after the intensity unit of these spectra was
transformed into absorbance using Lambert-Beer formula.
A typical resolved spectrum is shown in Fig. 7. The ratios
of the areas of three spectra to total area were also
determined as shown in Fig. 8. Band 1 near 2.9 u showed
a minimum near metasilicate composition whereas a maxi-
mum was observed at the similar slag composition in the
case of band 2 near 3.4 u. Fig.9 shows DTA curves
obtained from a few hydrogen-absorbed slags. Two peaks
were observed near 380°C and the temperature between
800°C and 900°C, respectively. A small peak appeared
near 500°C in the basic slag with CaQ/SiO, = 55/45.

3.2 CaF,-Ca0-SiO, ternary slag
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Fig.5 Infrared absorption spectra of lime metasilicate slags
produced under N, and Ar + water vapor.
A ;under N, atmosphere, B ;under Ar+ water vapor-

(PH20 =0.128 atm.) C;A-B

Hydrogen contents in calcium fluorosilicate slags with
5 mol% and 10 mol% CaF, (initial contents) are given in
Fig. 10. Hydrogen contents in acidic slags increased as
the result of CaF, addition to parent CaO-SiO, slags al-
though final CaF, content was very small in each slag as
shown in Table 1. On the contrary, hydrogen contents
in basic slags were inclined to decrease or unchangeable,
compared with those of Ca0-SiO, slags with the same
Ca0/Si0, ratio. Infrared absorption spectra of fluoro-
silicate slags with 5 mol% and 10 mol% CaF, (initial
contents) are shown in Figs. 11and 12. Relative intensity
of band 2 to band 1 was inclined to increase with in-
creasing CaQ/SiO, ratio until the ratio reaches unit. In-’
frared absorption spectra of the slags with constant SiO,
content (60 mol%) were also measured and the result is
given in Fig. 13. In these slags, the intensity of band 2
increased with increasing initial CaF, content. Increase
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Fig.7 A typical infrared spectrum of lime silicate slag resolved
into three Gaussian bands.

of the intensity of band 2 was also observed in the result
of time-dependence of hydrogen content in the slags with
the initial CaF, content of 25 mol%. Further, hydrogen
contents in these slags were less than those in the slags
with same CaO/SiO, ratio and no CaF, until reaction

~time reached about 1 hr. These results are shown in
Figs. 14 and 15. When reaction time was over 90 min,
hydrogen content became higher than those in the CaO-
SiO, slags with the same Ca0Q/SiO, ratio.
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Fig.9 DTA curves of a few lime silicate slags.
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Fig. 11 Infrared absorption spectra of calcium fluorosilicate slags Fig, 13 Infrared absorption spectra of calcium fluorosilicate slags
added 5 mol% CaF, as initial content. with constant SiO, (60 mol%).
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Table 1 Initial and final slag compositions of calcium fluorosilicates and hydrogen content in these slags

. Initial Composition (mol%) | Final Composition (mol%) Hydrogen Content
Specimen No.
Ca0O Si0, CaF, CaO Sio, CaF, (ppm)
1 350 60.0 5.0 39.3 60.7 0.07 23.7
2 40.0 55.0 5.0 441 55.9 0.03 23.5
3 42.8 52.2 5.0 46.4 53.6 0.02 22.3
4 47.5 47.5 5.0 53.6 46.4 0.01 21.6
5 50.0 45.0 50 53.7 46.2 0.10 23.0
6 30.0 60.0 10.0 39.0 46.2 0.10 244
7 36.0 54.0 10.0 445 55.5 0.03 235
8 40.0 50.0 10.0 48.9 511 0.01 22.4
9 45.0 45.0 10.0 542 45.7 0.04 23.6
10 40.0 60.0 - - — — 23.5
11 35.0 60.0 5.0 39.3 60.7 0.07 23.7
12 30.0 60.0 10.0 39.0 60.9 0.10 24 .4
13 25.0 60.0 15.0 42.0 579 0.08 25.5
14 20.0 60.0 20.0 40.0 59.9 0.07 26.0
Wave Number (cm™t)
4000 3000 2000 1600
T —T T T
25 \ . r
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Fig. 14 Hydrogen and CaF, contents in calcium fluorosilicate Fig. 15 Dependence of infrared absorption spectra of 0.5 CaF, -
slags plotted against reaction time. 0.5 Ca0 - SiO, slags upon reaction time.
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4. Discussion

The observation of three absorptions at 2.9 u, 3.5 u
and 4.3 u, as shown in Fig.6, indicates that there are
three states of hydrogens in lime silicate slags. Taking
into account the previous papers,’’ =8) it is concluded
that these absorptions are attributed to the stretching
vibrations of three different hydroxyls in these slags. In-
frared absorptions due to water vapor and liquid water are
observed at 2.77 u and 3.0 u, respectively.®)>1°) The
shift of the absorption of liquid water can be originated
from hydroxyl with hydrogen bond. The shift of the ab-
sorption due to stretching vibration of hydroxyl can be
explained under the assumption that a hydroxyl in a
Morse-type potential field is subjected to a suitable ele-
ctric field. That is, if the electric field of 6.5 x 10° esu
or so is applied to a hydroxyl in a Morse-type potential
field, the absorption due to the stretching vibration of
hydroxyl can easily shift to about 2.9 u '1) On the other
hand, Lippincott related the shift of the infrared ab-
sorption of hydroxyls in various materials with the distance
between oxygens (O - - . O distance) in hydrogen-bonded
hydroxyl (OH--.0) using a different potential from
Morse-type one.!2) According to the result, the shift of
the absorption due to the stretching vibration of hydrogen-
bonded hydroxyl incresed with decreasingO - - - Odistance.
Comparing the hydroxyl affected by electric field with
the one in Lippincott’s model, the former corresponds to
the latter with longQ - . - Qdistance. Thus, it is concluded
that the three infrared absorptions are attributed to the
three sorts of hydrogen-bonded hydroxyls with different
O - .. 0O distances. That is, absorption bands 1,2 and 3
observed in Ca0O-SiO, slags can be assigned to nearly free
hydroxyl affected by anelectric field, hydrogen-bonded
hydroxyls with intermediate and short O - - . O distances,
respectively. According to the calculation by Lippincott,
these O - - - O distances in three hydroxyls become 2.95 A
(for band 1), 2.65 A (for band 2) and 2.55 A (for band 3).

From the results shown in figs. 3 and 8, dependency
of total hydrogen content upon slag composition does
not relate to band2 but predominantly to band 1.
According to structural theories of silicate melt,!3) —17)
bridged oxygen content increases abruptly near meta-
silicate composition in Ca0-SiO, slag whereas free oxygen
content decreases near the same composition. Therefore,
it is suggested that total hydrogen content increases by
the formation of hydroxyl which is related with free oxy-
gen in basic composition or with bridged oxygen in acidic
composition, respectively.

Three sorts of hydrogen sites in Ca0O-SiO, slag can be-

determined from O ...Q distance in hydrogen-bonded
hydroxyl and dependencies of three absorption bands on
slag composition. Firstly, it is suggested that nearly free
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hydroxyl can be formed as the result of trapping in a
few sorts of interstices in silicate networks because the

~ hydroxyl has the long O - - - O distance of 2.95A and its

content in acidic composition decreased with decreasing
Si0, content. Assuming the closed-packing quasi-lattice
of oxygen, three sorts of interstices surrounded by 4, 6
and 9-12 oxygens can be formed in silicate. The two
former interstices can not be suitable to the site for
hydrogen in nearly free hydroxyl on account of following
reasons;

(1) O -. .0 distance is very short in the interstice surr-

rouded by four oxygens.

(2) band 1 was strongly observed in the slags contain-

ing TiO, and Al,0;7)7 18)
(3) the bond angle of OH ... Qis inclined to become
straight.

Therefore, it can be considered that nearly free hydroxyl
producing band 1 is formed in the interstice surrounded
by oxygens from 9 to 12, that is, so-called pocket in
silicate network. If nearly free hydroxyl is located in the
pocket, it is expected that the intensity of band 1 de-
creases with increasing oxygen density of silicate because
the quantity of the pocket is reversely proportional to
oxygen density of silicate!®?. Practically, oxygen density
of Ca0-SiO_ slag in acidic region increases with decreasing
SiO, content, so that the behavior of band 1 in acidic
region can be well explained by oxygen density of slag.
The exthothermic peak near 380°C in DTA curves showed
a good agreement with that of Ca(OH), and its intensity
became larger with increasing CaO/SiO, ratio as shown in
fig. 9. Accordingly, it is reasonable to ascribe the increase
of intensity of band 1 to the formation of nearly free
hydroxyl associated with Ca?* jon such as Ca(OH), or
Ca?* (OH) 0.

The O ---0O distance in hydrogen-bonded hydroxyl
producing band 2 isabout 2.65 A 12). The shortestQ - - - O
distance becomes about 3.2 A among those formed by
oxygens surrounding interstices in silicate. From molar
refraction values of bridged and non-brodged oxygens®® ),
21) the jonic radius of bridged oxygen becomes 1.19 A
and that of non-bridged oxygen lies between 1.27 A and
130 A. Therefore, band 2 is not ascribed to a hydrogen-
bonded hydroxyl in an interstice in silicate but to the
hydroxyl of OH - - - O™ type.

Some investigators suggested that band 3 is originated
form strongly hydrogen-bonded hydroxyl.5)> ¢) As shown
in fig. 8, relative quantity of hydroxyl related to band 3
increased with increasing SiO, content. The hydroxyl has
the very short Q ...Q distance of 2.55 A. Taking into
account ionic radii of bridged and non-bridged oxygens,
theQ . . . Odistance in the hydroxyl of OH - . . O°type be-
comes shorter than that in the hydroxyl of OH..-Q™
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type. Thus, it would be reasonable to assign band 3 to the
hydroxyl of OH - - - 0°type.

Structures of three sorts of hydroxyls in lime fluoro-
silicate slags are fundamentally in the similar states be-
cause infrared absorptions in fluorosilicate slags were ob-
served at similar positions to those in silicate slags. In the
case of lime fluorosilicate slags with high initial content of
CaF,, as shown in figs. 13 and 15, the intensity of band 2
increased with decreasing actual CaF, content. Further,
total hydrogen content in fluorosilicate slag became lower
than that in silicate slag with the same CaO/SiO, ratio
when slag contains about 7 mol% CaF, at least. These
results are closely related to the breaking effect of CaF,
on silicate network. The formation of Si-F and Ca-F
bonds in calcium fluorosilicate slag was supported by
spectroscopic investigations such as ESCA and X-ray
emission fine feature analysis®?’. Further, it was indicat-
ed that Ca-F bond can be predominantly formed more
than 7-10 mol% CaF, whereas Si-F bond can be formed
less than the same content of CaF,. Thus, active non-
bridged oxygen can be formed as the result of producing
Si-F bond when CaF, content become less than about
7 mol%. Therefore, the hydroxyl OH - - . O™ relating to
band 2 can be produced by the formation of active non-
bridged oxygen and total hydrogen content in fluoro-
silicate slag become higher than that in silicate slag. Break-
ing effect on silicate network by CaF, addition becomes
smaller as slag becomes more basic, so that it can be ex-
plained that total hydrogen content becomes similar to
that in silicate with Ca0O/SiO, =1 or over. Conclusively,
it can be considered that flouride addition is effective on
lowering hydrogen absorption' into fluorosilicate slag as
far as fluorine ion is in the form of M-F bond (M : modifier
cation) in the slag.

5. Summary

Hydrogen absorption of lime silicate and fluorosilicate
slags and state of hydrogen in these slags were investigated
by gas chrometric analysis using impulse fusion method
and infrared absorption spectroscopy. In lime silicate
slags, a minimum was observed near metasilicate compo-
sition. Infrared absorption spectrum of each slag due to
only hydrogen absorption was determined by subtracting
the standard absorption, whose spectrum was obtained
from the slag produced in nitrogen, from the absorption
of each slag. These absorption spectra were resolved into

three absorption bands of Gaussian type by computor
calculation. These three bands were observed at 29 u
(band 1), 3.4 u (band 2) and 4.3 u (band 3), respectively.
They were assigned to nearly free hydroxyl, hydroxyls of
OH...0 and OH . .- O° types from the dependence of
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each band on slag composition with the aid of structural
consideration on silicate.

CaF, addition to calcium silicate was effective to lower-
ring hydrogen absorption of the slags when actual content
of CaF, in slag was more than about 7 mol%. When
actual CaF, content became less than about 7 mol%,
however, CaF, addition showed harmful effect to lower-
ing hydrogen content in slag. It was interpreted that the
harmful effect is attributed to the formation of active
non-bridged oxygen produced by the formation of Si-F
bond in slag. Conclusively, it was suggested that the ad-
dition of fluoride to silicate slag is effective on lowering
hydrogen absorption into slag as far as fluorine ion is
bonded to modifier cation.
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