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Abstract
The effect of NaF and CaO/SiO2 mass pct. ratio (C/S) on the hydrogen solubility in terms of the hydroxyl capacity of the 
CaO–SiO2–NaF welding flux system was investigated at 1823 K. As a cost-effective alternative to  CaF2 in welding fluxes, 
NaF can potentially increase the fluidity, electrical conductivity, and hydroxyl capacity of welding fluxes in advanced high-
strength steels. Additions of 1.9 to 5.9 mass pct. of NaF was found to depolymerize the structural units in the flux system. 
Depending on the flux composition, the dominant hydrogen dissolution mechanism varied. At C/S values less than 1.06, the 
incorporated-hydroxyl dissolution mechanism was dominant in the present flux system, in which  SiO2-based complex struc-
tural units were pronounced. At C/S values above 1.06, the free-hydroxyl dissolution mechanism was pronounced due to the 
strong network-modifying CaO content supplemented by NaF. A combination of Fourier transformed infrared, Raman, X-ray 
photoelectron spectroscopy and time of flight secondary ion mass spectrometry analysis was used to determine the structural 
implications of NaF additions and C/S, which were correlated to the hydroxyl capacity of the flux. High NaF contents and 
C/S values were found to depolymerize the complex structural units of the molten flux by supplying greater amounts of 
network-modifying free oxygen  (O2−) and fluorine  (F−) anions to the flux system in the compositional range of this work.
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1 Introduction

Next-generation advanced high-strength steel (AHSS) utiliz-
ing deformation twinning contains significant amounts of 
Mn and Al to improve formability and attain high strength 
above 1 GPa [1–3]. However, the high strength and form-
ability required for these AHSS materials have also been 
associated with a high sensitivity to hydrogen embrittlement 
[4–6] and induced cracking along the grain boundaries and 
interfaces between the weld zone [7]. Thus, hydrogen con-
trol for these relatively new steel grades is a critical issue to 
be resolved before widespread commercialization can occur.

During the welding process, sources of hydrogen have 
been identified to be the filler metal, atmospheric moisture, 
welding fluxes and the lubricant used in the manufacture 
of fluxed welding rods [8]. Filler metals typically contain 
less than 2 ppm hydrogen, and with proper pre-drying, 

physisorbed moisture in welding fluxes is removed. Thus, 
the main source of hydrogen is atmospheric moisture and 
the lubricant used, which may be prevalent under certain 
welding conditions.

So et al. [9] described the use of high-Mn-containing 
steels to absorb significant amounts of hydrogen at tem-
peratures below 373 K compared with the use of low-car-
bon steels. Therefore, minimizing the dissolved hydrogen 
within the weld metal and substrate is essential to ensuring 
the quality of the weld [10, 11]. Minimizing this hydrogen 
content can be accomplished by optimizing the welding flux 
such that it has a high capacity for hydrogen dissolution, 
which can maximize hydrogen removal from the weld zone. 
If the welding flux is not optimized for hydrogen removal, 
the hydrogen content in the weld zone [12–14] can exceed 
the critical condition for hydrogen embrittlement to occur.

Beyond welding, excessive dissolution of hydrogen in steels 
can disrupt the continuous casting process, in which molten 
steel is solidified into a semi-finished product [15]. The addi-
tion of alloying elements to modify the steel chemistry under 
humid conditions can add appreciable amounts of hydrogen 
to the steel [16], and during casting, excessive amounts of 
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hydrogen and nitrogen can form bubbles entrapped within the 
thin layer of the mold flux. These bubbles have lower conduc-
tivity and can also accelerate the crystallization of cuspidine 
 (Ca4Si2O7F2), decreasing the heat flux, which can exacerbate 
caster breakouts [17].

Studies have shown hydrogen dissolution in molten fluxes 
to be strongly dependent on chemical composition [18] and 
the structure of the flux [19–24]. Hydrogen can dissolve in 
molten fluxes in the form of incorporated or free hydroxyl 
depending on the basicity (typically defined as the CaO/SiO2 
mass pct. ratio). In acidic fluxes or at low basicity,  H2O can 
react with the bridged oxygen  (O0) of the silicate network 
structure, forming an incorporated hydroxyl (Si–OH). Thus, 
greater hydrogen dissolution in an acidic flux can be realized 
with higher  O0 activity or lower basicity in the case of incor-
porated hydroxyl. In basic fluxes or at high basicity,  H2O can 
react with the free oxygen  (O2−) dispersed within the molten 
flux and produce free hydroxyls  (OH−). Accordingly, greater 
hydrogen dissolution in a basic flux can be realized with higher 
 O2− activity or higher basicity in the case of free hydroxyl [25, 
26]. Past studies have focused on steelmaking slag systems, 
and structural analyses have been limited to FTIR and Raman 
[27–30] studies. Park et al. [31]. identified the effect of  CaF2 
fluidizers to a calcium-silicate melt, where hydrogen dissolu-
tion increased with higher  CaF2 content owing to the depo-
lymerization of the melt structure and subsequent increase in 
the activity of  O2−. Furthermore, considering the importance 
of electrical conductivity for arc welding fluxes, halide fluid-
izers such as  CaF2 and NaF are known to stabilize the weld 
arc, while increasing the solubility of hydrogen in the fluxes. 
However, few studies have looked at hydrogen dissolution of 
NaF-containing calcium-silicate melts to the current authors’ 
knowledge, which could be a cost-effective halide-containing 
welding flux system.

In this study, the hydrogen solubility in terms of the 
hydroxyl capacity  (COH) of calcium-silicate fluxes containing 
NaF at 1823 K was studied under a flow of wet UHP Ar gas 
with a  H2O partial pressure of 0.2 atm. The effect of CaO/SiO2 
mass pct. ratio (C/S) between 0.65 to 1.5 and NaF contents 
between 1.4 to 5.9 mass pct. on the hydroxyl capacity and its 
correlation to the network structure were assessed. Structural 
analysis of the molten flux was evaluated by using a combina-
tion of various spectroscopic methods including FTIR (Fourier 
transformed infrared) spectroscopy, Raman spectroscopy, and 
XPS (X-ray photoelectron spectroscopy). In addition, a new 
approach to quantifying the  OH− and Si–OH bonds by using 
TOF-SIMS (time of flight secondary ion mass spectrometry) 
was also conducted.

2  Experimental Methods and Procedures

2.1  Sample Preparation and Method

Flux samples were produced by using reagent-grade CaO, 
 SiO2 and NaF. 20 g of mixed samples were pre-melted 
at 1823 K in ultra-high-purity Ar (99.9999%) at 0.2 slm 
(standard litre per minute) in a Pt crucible for 5 h to ensure 
a homogeneous flux. The pre-melted flux was removed 
from the furnace and quenched in liquid nitrogen. The as-
quenched flux was pulverized to a powder with a particle 
size smaller than 100 μm. Pre- and post-chemical composi-
tion was analyzed by X-ray fluorescence (XRF S4 Explorer; 
Bruker AXS GmbH, Karlsruhe, Germany), as shown in 
Table 1. NaF was the main component to change, when 
comparing the pre- and post-chemical composition. Thus, 
the results of the present work refer to the post-experimental 
compositions unless stated otherwise. A schematic of the 
experimental apparatus is shown in Fig. 1.

A  Kanthal® vertical resistance furnace was used under 
0.2 slm flow of ultra-high-purity Ar gas, which was passed 
through a sufficiently large humidifying vessel maintained 
at 333 K. The water-saturated Ar resulted in a  H2O partial 
pressure of 0.2 atm. [31–33]. The temperature was calibrated 
with a reference B-type thermocouple, and the target tem-
perature was controlled using a PID (proportional integral 
derivative) controller within ± 3 °C. Preliminary equilibra-
tion experiments showed that the dissolution of hydrogen 
in the flux reaches thermo-chemical equilibrium after 5 h at 
1823 K. After equilibration, the flux sample was quenched in 
liquid nitrogen to obtain an amorphous sample for structural 
analysis. The XRD of a typical as-quenched flux sample is 
also shown in Fig. 1, with broad characteristic XRD peaks 
that correspond to a fully amorphous state. Samples were 
kept inside an Ar-gas-purged vacuum box and the hydrogen 
content was analyzed within 48 h. The total hydrogen con-
tent in the flux was analyzed using a hydrogen analyzer (RH-
600; LECO, MI, USA), which has been verified to provide 
accurate hydrogen analyses in fluxes [10, 31–33].

2.2  Structural Analysis Using FTIR and Raman 
Spectroscopy

FTIR (Spectra100; Perkin-Elmer, Shelton CT, USA) spec-
troscopy was used to qualitatively identify the structural 
units comprising the as-quenched flux at 1823 K (1550 °C). 
Under the conditions of the present study, the FTIR anal-
ysis focused on the range of 1400–400 cm−1, which cap-
tures the frequencies at which Si–O stretching and bending 
vibrations occur. To supplement the FTIR analysis, semi-
quantitative Raman (PD-RSM300; Photon Design, Tokyo, 
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Table 1  Pre- and post-
experimental composition of 
the CaO–SiO2–NaF ternary 
flux system using XRF 
equilibrated with Ar–0.2H2O 
gas atmosphere

No. Pre-experimental 
comp. (mass pct.)

Post-experimental 
comp. (mass pct.)

H (mass ppm) CaO/SiO2 (pre/post) COH

NaF CaO SiO2 NaF CaO SiO2 AVG STDEV AVG STDEV

NCS1 3.0 36.4 60.6 1.9 38.5 59.5 67.9 3.0 0.6/0.65 1366.5 60.4
NCS2 3.0 43.1 53.9 1.9 45.3 52.8 63.1 1.6 0.8/0.86 1269.9 32.2
NCS3 3.0 48.5 48.5 1.7 50.7 47.6 61.1 1.2 1.0/1.06 1229.6 24.1
NCS4 3.0 52.9 44.1 1.5 55.3 43.3 63.3 0.7 1.2/1.28 1273.9 14.1
NCS5 3.0 56.6 40.4 1.4 58.7 39.9 62.7 1.5 1.4/1.47 1261.8 30.2
NCS6 6.0 35.3 58.7 4.1 37.5 58.4 62.7 1.0 0.6/0.64 1261.8 20.1
NCS7 6.0 41.8 52.2 3.9 44.4 51.7 60.5 1.2 0.8/0.86 1217.5 24.1
NCS8 6.0 47.0 47.0 4.2 49.5 46.3 59.8 1.1 1.0/1.07 1203.5 22.1
NCS9 6.0 51.3 42.7 3.4 54.2 42.4 64.7 1.1 1.2/1.28 1302.1 22.1
NCS10 6.0 54.8 39.2 3.4 57.9 38.7 64.4 1.2 1.4/1.5 1296.0 24.1
NCS11 9.0 34.1 56.9 5.9 37.0 57.1 61.8 0.9 0.6/0.65 1243.7 18.1
NCS12 9.0 40.5 50.6 5.5 43.6 50.9 62.0 1.2 0.8/0.86 1247.7 24.1
NCS13 9.0 45.5 45.5 5.0 49.2 45.8 63.3 0.8 1.0/1.07 1273.9 16.1
NCS14 9.0 49.6 41.4 4.3 53.7 42.0 65.6 1.0 1.2/1.28 1320.2 20.1
NCS15 9.0 53.1 37.9 4.2 57.3 38.5 67.7 1.8 1.4/1.49 1362.4 36.2

Fig. 1  Schematic of the experimental equipment and characteristic XRD peak of a typical as-quenched CaO–SiO2–1.9NaF flux sample from 
1823 K at C/S of 0.65
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Japan) spectroscopy equipped with a 514 nm blue laser was 
also used. Details of the sample preparation for FTIR and 
Raman spectroscopy with the deconvolution procedure has 
been outlined in past works [10, 31–34].

2.3  Structural Analysis with XPS and TOF‑SIMS

In addition to FTIR and Raman spectroscopy, XPS and 
TOF-SIMS were used for semi-quantitative analysis of the 
distribution of oxygen anion species and hydroxyls. Using 
XPS analysis, the fractions of free  (O2−), non-bridged  (O−), 
and bridged  (O0) oxygen anions were identified. The pro-
portion of oxygen anions within the structural units can 
indirectly determine the dominant hydrogen dissolution 
mechanism that occurs in oxide melts. The binding ener-
gies corresponding to  O2−,  O− and  O0 were located over 
the ranges 529.79–530.29  eV, 531.33–531.75  eV and 
532.51–532.84 eV, respectively. An AlKα source was used 
and the  C1S core binding energy at 285 eV was adopted for 
calibration.

TOF-SIMS (TOF-SIMS5; Ion tof GmbH, Münster, Ger-
many) were obtained for as-quenched flux samples within 
a mass range of 0–700 m/e. Like XPS, TOF-SIMS is a sur-
face-sensitive analytical method that excites and acceler-
ates secondary ions and measures the mass by determining 
the time of flight required to reach the detector [35]. The 
advantage of TOF-SIMS is the ability to detect elements 
and molecules, and provide detailed chemical information 
on the surface of samples. When a primary ion hits a flux 
surface and penetrates into the surface region, a secondary 
ion is ejected with the fracture of the surface. A total ion 
dose of 60 keV  Bi3+ primary ion beam was used with beam 
dimensions of 300 µm × 300 µm. The average total count 
for each specimen was 600,000. TOF-SIMS spectra of a 

representative flux sample with various molecular masses 
of  H+,  OH−, and  SiOH− and various oxygen contents were 
also evaluated in the present work [34].

3  Results and Discussion

3.1  Effect of NaF on the Hydroxyl Capacity

Figure 2a, b shows the hydroxyl capacity  (COH = (mass ppm 
 H2O/(PH2O)0.5) [24] as a function of NaF content for C/S 
between 0.65 and 1.48 at 1823 K. At C/S below 0.86, the 
hydroxyl capacity decreased with higher NaF, as shown in 
Fig. 2a. At low C/S or high  SiO2 content, the acidic flux 
consists of complex network structural units with greater 
amounts of  O0, where incorporated-hydroxyl sites are preva-
lent. Thus, additions of network-modifying NaF decreases 
the ability of the flux to dissolve hydrogen for the incorpo-
rated-hydroxyl dominant mechanism. At C/S above 1.06, the 
basic flux consists of simpler structural units with greater 
amounts of  O2−, where the free-hydroxyl is the dominant 
hydrogen dissolution mechanism. According to Chung et al. 
[34], the addition of NaF to a flux typically modifies the 
complex structural units and depolymerizes the network 
structure and releases  O2− into the melt. Thus, the addi-
tion of networking-modifying NaF will tend to increase the 
activity of  O2− and promote hydrogen dissolution in the 
free-hydroxyl dominant region, as shown in Fig. 2b. Similar 
trends can be observed in the CaO–SiO2–NaF–Al2O3 sys-
tem. For C/S between 0.86 and 1.06, as shown in Fig. 2a, 
both incorporated- and free-hydroxyl coexist in this transi-
tion region, and no single hydrogen dissolution mechanism 
is particularly dominant. Thus, depending on the content of 
NaF, the hydroxyl capacity can decrease or increase, and a 

Fig. 2  Hydroxyl capacity in the CaO–SiO2–NaF system at 1823 K as a function of NaF at C/S between a 0.65 to 1.06 and b 1.28 to 1.48
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transition can be observed, showing a minimum for these 
intermediate compositional ranges.

In comparison to the past work on CaO–Al2O3–15FeOt–NaF 
quaternary system [36], the effect of NaF in calcium-silicate 
based melts is much more pronounced and the hydroxyl capac-
ity in calcium-aluminate melts as incorporated hydroxyls is not 
significant. This suggests that Al–OH bonding is thermody-
namically unfavorable and that for calcium-aluminate based 
systems, which can be used in high-Al containing steel welding 
fluxes, additions of  SiO2 may be needed for NaF to have an 
appreciable effect on the hydroxyl capacity in the incorporated 
hydroxyl dominant regimes.

3.2  Effect of CaO/SiO2 Mass pct. Ratio on Hydroxyl 
Capacity at Comparable NaF Contents

Figure 3a, b shows the hydroxyl capacity as a function of 
C/S at low and high NaF contents, respectively. With low 
additions of NaF between 1.4 and 4.2 mass pct., the varia-
tion of the hydroxyl capacity with C/S shows a parabolic 
concave upward trend with a minimum near C/S of unity. 
Due to the changes in the post-experimental NaF content 
compared with the weighed amount, NaF contents were 
divided into two groups with comparable NaF contents 
between 1.4 to 1.9 and between 3.4 to 4.2, which showed 
similar trends. At C/S between 0.65 and 0.86, the hydroxyl 
capacity decreased with higher C/S because in the acidic 
region of the flux, incorporated hydroxyl is the dominant 
hydrogen dissolution mechanism. As the C/S is increased, 
the activity of  O0 decreases, reducing the number of avail-
able incorporated hydroxyl sites in the flux. Beyond a C/S of 
1.07, the dominant hydrogen dissolution mechanism was the 
free hydroxyl reaction, and higher C/S led to an increase in 

the activity of  O2−, increasing the number of reaction sites 
for free hydroxyl and thus increasing the hydroxyl capacity 
in the flux. With NaF additions between 4.3 and 5.9, con-
sidered comparable NaF contents, sufficient fluorine anions 
were available to decouple the  O0 within the flux, further 
simplifying the network structure and limiting the available 
incorporated hydroxyl sites within the flux. Thus, at high 
NaF additions, the overall hydrogen dissolution mechanism 
of incorporated hydroxyl was negligible and shifted towards 
the free hydroxyl reaction and higher C/S led to an increase 
in the hydroxyl capacity. These results are similar to those 
reported by Chung et al. [34], Jo and Kim [37], and Schw-
erdtfeger and Shubert [24] shown in Fig. 3a, b.

3.3  Effect of NaF on the Structural Units of the Melt

The flux composition can significantly change the hydrogen 
solubility in molten fluxes and can also greatly affect the 
structural units comprising the flux. Depending on the avail-
able  O0 and  O2− within the flux, the prominent hydrogen sol-
ubility mechanism can be determined. The results of FTIR 
analyses at various NaF contents and fixed C/S of 0.65 are 
shown in Fig. 4. Adding greater amounts of NaF at low C/S 
to the acidic fluxes increased the simpler silicate structures 
with an NBO/Si (non-bridged oxygen per silicon) ratio of 4 
 (Q0), corresponding to the band between 850 and 880 cm−1. 
The depth profile for NBO/Si = 1, 2, 4 and Si–O–Si bend-
ing is shaded in the figure and marked. The NBO/Si ratio 
of 3 was not relatively pronounced in this study. The ratio 
of NBO/Si = 1 to NBO/Si = 2 can be a qualitative indica-
tor of the polymerization degree. According to Mysen et al. 

Fig. 3  Hydroxyl capacity at 1823 K in the CaO–SiO2–NaF system as a function of C/S at a low and b high NaF contents. Note similar trends 
observed in past works [24, 37] for different slag systems
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[38], the depolymerization of high-temperature melts can be 
expressed by the following reaction (1).

With an increase in the added NaF content from 1.9 to 5.9 
mass pct., the ratio of NBO/Si = 1 to NBO/Si = 2 decreased 
from 0.87 to 0.8 [39]. To conduct a more semi-quantitative 
analysis of the structural units, Raman spectroscopy was 
conducted to complement the FTIR analysis.

(1)
NBO∕Si = 1

(

Q3
)

+ NBO∕Si = 3
(

Q1
)

→ 2NBO∕Si = 2
(

Q2
)

∶ depolymerization

Figure 5 shows the percentage of structural units after 
deconvolution of the Raman spectra as a function of NaF 
content at fixed C/S of 0.65. The results indicate a decreas-
ing trend of the NBO/Si = 1 + 3  (Q3 + Q1) ratio and incorpo-
rated hydroxyl (Si–OH), which suggests that the number of 
complex structural units in the flux decreased. The opposite 
trend was observed for the comparatively simpler structure 
of NBO/Si = 2  (Q2) and NBO/Si = 4  (Q0). The Raman results 
correlate well with the results of the previous FTIR analysis.

Figure 6 shows the percentage of structural units after 
deconvolution of the XPS spectra as a function of NaF at 
fixed C/S of 0.65. A C/S of 0.65 was within the acidic region 
of the flux, where the incorporated hydroxyl mechanism was 
pronounced.

Analysis of the oxygen anion species indicated higher 
fractions of  O2− and  O− with increasing NaF. Ueda et al. 
[40] and Park and Min [41] suggested that the addition of 
fluorine compounds to a flux system can behave as a network 
modifier according to reactions (2) and (3).

Fluorine anions supplied by NaF can depolymerize the 
network structure of the flux and simplify the structural 
units. With excess  O2− formed according to reaction (3), a 
subsequent reaction with  O0 can occur via reaction (4), as 
reported by Toop and Samis [42].

(2)
[

Si
3
O

9

]6−
+ 2F

− =
[

Si
2
O

6
F
]5−

+
[

SiO
3
F
]3−

(3)

[

Si
2
O

6
F
]5−

+
[

SiO
3
F
]3−

+ 2F
− = 2

[

SiO
3
F
]3−

+
[

SiO
2
F
2

]2−
+ O

2−

(4)
O

2−(free oxygen) + O
0(bridged oxygen) = 2O

−(non−bridged oxygen)

Fig. 4  FTIR results of as-quenched fluxes from 1823  K at various 
mass pct. of NaF in the CaO–SiO2 based flux system at fixed C/S of 
0.65

Fig. 5  Percentage of structural units after deconvolution of the 
Raman spectra for as-quenched CaO–SiO2–NaF fluxes from 1823 K 
as a function of NaF at fixed C/S of 0.65

Fig. 6  Percentage of structural units after deconvolution of the XPS 
spectra for as-quenched CaO–SiO2–NaF fluxes from 1823  K as a 
function of NaF at C/S of 0.65
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In addition to XPS, TOF-SIMS can further complement 
the structural analysis by semi-quantitatively measuring the 
various anionic and cationic species existing on the surface 
of a sample.

Figure 7 shows the TOF-SIMS spectra as a function of 
the NaF content at fixed C/S of 0.65. TOF-SIMS is typically 
performed on polymer and thin-film surfaces to determine 
the surface chemical composition and the complexed struc-
ture of the surface. Slag and flux samples were analyzed 
by XPS and NMR, but in this case, Si–OH and OH– peaks 
were difficult to detect below a hydroxyl content of 30 ppm. 
However, TOF-SIMS can detect contents of 0.1 to 100 ppm 
of each hydroxyl and other small structures. Moreover, 
quantification can be performed with an optimized stand-
ard sample [35]. The results pertaining to positively and 
negatively charged species, including  H+, various oxygen 
anions  (O2− and  O−) and hydroxyls  (OH−,  SiOH−), could 
be obtained.  H+ decreased with increasing NaF content. The 
number of incorporated hydroxyls (Si–OH) decreased as the 
amount of  O2− increased.

3.4  Effect of CaO/SiO2 Mass pct. Ratio 
on the Structural Units of the Melt

FTIR results for the calcium-silicate flux system containing 
NaF contents between 1.4 and 1.9 at various C/S are shown 
in Fig. 8. The stretching vibrations of the  [SiO4]-tetrahedral 
structural units and Si–O–Si bending were clearly affected by 
an increase in the C/S. The stretching band for NBO/Si = 4 
near 850 cm−1 increased with C/S. The ratio of NBO/Si = 1 
to NBO/Si = 2 also decreased with an increase in the C/S. 
This lower (NBO/Si = 1)/(NBO/Si = 2) ratio suggests depo-
lymerization of the network structure comprising the flux. A 
higher C/S provided greater amounts of network-modifying 

 O2− and the depth of the Si–O–Si bending band, located 
near 680 cm−1, also decreased with an increase in the C/S, 
indicating that depolymerization occurred.

Figure 9 shows the percentage of structural units after 
deconvolution of the Raman spectra as a function of C/S in 
the CaO–SiO2-1.4-1.9 mass pct. NaF flux system. The NBO/
Si = 1 + 3 and Si–OH stretching vibration, which correlate 
with the complexity of the network structure, decreased with 
an increase in the C/S. At higher C/S, network-modifying 
 O2− was supplied by CaO. Thus, greater amounts of avail-
able  O2− within the flux could interact with  O0, diminish-
ing the number of possible incorporated hydroxyl sites 

Fig. 7  TOF-SIMS spectra for as-quenched CaO–SiO2–NaF fluxes 
from 1823 K as a function of NaF at fixed C/S of 0.65

Fig. 8  FTIR results of CaO–SiO2-1.4-1.9 mass pct. NaF fluxes at var-
ious C/S as-quenched from 1823 K

Fig. 9  Percentage of structural units after deconvolution of the 
Raman spectra for as-quenched CaO–SiO2-1.4-1.9 mass pct. NaF 
fluxes from 1823 K as a function of C/S
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and favoring the free hydroxyl mechanism for hydrogen 
dissolution.

Figure 10 shows the percentage of oxygen anion spe-
cies after deconvolution of the XPS spectra as a function of 
C/S at NaF contents between 1.4 and 1.9 mass pct. With an 
increase in the C/S, the amount of available  O2− increased, 
which could consume  O0 to produce  O−, resulting in depo-
lymerization of the silicate network structure. Again, excess 
 O2− at higher C/S diminished the amount of  O0 available for 
hydroxyl incorporation and caused the free hydroxyl reac-
tion to be the dominant hydrogen dissolution mechanism, 
which seems to be in good agreement with the FTIR and 
Raman results.

The XPS results also correlated closely with the TOF-
SIMS results, as shown in Fig. 11. The parabolic behavior 

of  H+ as a function of C/S was similar to the hydrogen dis-
solution behavior analyzed by the RH-600. During the depo-
lymerization reaction,  O2− reacts with  O0 to generate  O−. 
The increase in the amounts of  O− and  O2− at higher C/S 
is similar to the XPS results. Furthermore, the amount of 
incorporated hydroxyl (Si–OH−) decreased with an increase 
in the C/S and the amount of free hydroxyl  (OH−) increased 
with the content of network-modifying components in the 
flux system, including CaO and NaF. The results of the 
structural analysis based on FTIR spectroscopy, Raman 
spectroscopy, XPS, and TOF-SIMS were found to correlate 
well with the hydrogen dissolution behavior observed for the 
present CaO–SiO2–NaF flux system.

4  Conclusion

The effect of NaF and C/S on the hydrogen solubil-
ity in terms of the hydroxyl capacity and structure of a 
CaO–SiO2–NaF flux system at 1823 K was studied. The 
addition of NaF affected the hydrogen solubility and flux 
structure of the system, which could modify the system’s 
complex structure. In an acidic flux system dominated by 
incorporated hydroxyl, NaF reduced the available incorpo-
rated hydroxyl sites and subsequently lowered the hydroxyl 
capacity. For a basic flux system, NaF assisted in fully depo-
lymerizing the flux system to increase the amount of free 
hydroxyl and hydroxyl capacity. Furthermore, a high C/S 
promoted the depolymerization of the network structure 
and simplified the structure. The mechanism of hydrogen 
solubility was dependent on the composition of the flux, 
where incorporated hydroxyl was dominant at low C/S and 
the free hydroxyl mechanism was dominant at high C/S. In 
the transition region, both incorporated and free hydroxyl 
co-existed in the flux system, and the effect of compositional 
changes on hydrogen dissolution and structural units in the 
flux correlated well. It is expected that the addition of NaF 
and C/S greater than 1.2 can be used in a welding flux sys-
tem to capture hydrogen from the weld joint.
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