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The metallurgical behavior during shielded metal arc welding (SMAW) and the slag
detachability of the CaO-CaF2-SiO2 type ENiCrFe-7-covered electrodes was investigated. The
results indicated that the slag detachability could be improved as the SiO2 in the flux coatings
decreased. When the SiO2 in the flux coating was 10.9 pct, about 28.3 pct CaF2 resulted in the
best slag detachability. The CaF2 and SiO2 in the flux coating interacted during SMAW to form
gaseous SiF4 to be evacuated. In the reactions, one SiO2 consumed two CaF2, leading to the
reduction of the ratio of CaF2/SiO2. After comparing the slag compositions, the best slag
detachability was obtained at CaO:CaF2:SiO2 = 1.7:1.8:1, but the worst slag detachability
appeared at CaO:CaF2:SiO2 = 1.3:0.9:1. The XRD analysis revealed that the oxides and
fluorides in the slags preferred to gather together to form cuspidine and other complex phases. If
the CaF2 was dominant in the slags, they intended to form homogenous porous microstructures
that were relatively strong and would most likely detach from the weld metal in blocks,
exhibiting good slag detachability. If the cuspidine phase was dominant, the slags exhibited a
‘rock strata’-like microstructure in the intergranular area. Such microstructure was very fragile
and could be broken into fine powders that were easily embedded in the weld ripples, leading to
slag adhesions. This work provides the researcher with a wealth of information and data, which
will also be beneficial to the welding material producers and users.
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I. INTRODUCTION

NICKEL-BASE alloys are very important engineer-
ing materials that can be used in a wide range of
environments and applications due to their high resis-
tance to the aqueous and high-temperature corrosion in
complex atmospheres, and their high strength over a
large temperature range from cryogenic up to high
temperatures.[1] The Ni-base alloy welding consumables
also can be used for welding the structures that serves in
various harsh environments, because their weld metals
can always maintain strength and ductility in a large
temperature interval, despite significant dilution by
other alloying elements.[1,2] ENiCrFe-7 is a typical
nickel-base alloy covered electrode, which was recom-
mended to be used for welding Inconel 690 and other
similar applications to produce excellent as-welded

strength and impact toughness and good corrosion
resistance.[2,3] In welding practice, the covered electrodes
(conforming to AWS A5.11/A5.11M ENiCrFe-7 spec-
ification) manufactured by different producers may
exhibit very different weldability and operability includ-
ing arc stability, weld contour, slag detachability, spatter
and fume, etc. This is because different flux formulations
have been used in each factory. Generally, the acidic flux
system provides very good welding operability but
relatively high-cracking susceptibility; while the basic
flux system results in lower hydrogen in the weld metal
but unfavorable welding operability.[4,5] For the nuclear
power applications, low hydrogen and low cracking
susceptibility are extremely important, so that the basic
flux system should be the first choice. However, the
welding operability becomes the main problem in this
case. One of the concerns is poor slag detachability that
seriously affects productivity.
It has already been recognized that the slag detach-

ability has very close relations with both the physical
and chemical properties of the flux.[4–7] One of the
mechanism of slag adhesion to weld metal is the
chemical bond via forming a thin layer of oxides of
elements of the metal phase on the weld metal surface.[6]

This chemical bond can be eased or eliminated if a slag
system with the minimal oxidizing ability was used (e.g.,
basic flux system).[4–6] The other factors affecting the
slag detachability are the differences between the ther-
mal expansion coefficients of the slag and the weld
metal, and the phase transformations in the slag during
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cooling.[4,7] An appropriate thermal expansion differ-
ence is necessary for good slag detachability, but too
early slag detachment should be avoided so as to prevent
undesired heavy temper colors.[8] Some experiments on
the mild steel electrode coatings suggested that slags
containing [Cr, Mn, Mg]O, [Cr, Mn, Al]2O3 type spinels,
or cordierite (Mg2Al4Si5O18) glass structure, or (CaO)2
SiO2, Cr2TiO5, and FeTiO5 phases generally have poor
slag detachability.[4,9] The CaO-CaF2-SiO2 and CaO-
TiO2-SiO2 flux systems were considered to have accept-
able slag detachability.[9] Rutile in the flux generally
improves slag detachability, but fluorite affects in
opposite manner.[6–10] Increasing the Al2O3 content in
the flux is helpful for the slag detachability.[4] However,
these univariate regularities are only valid under certain
respective conditions. We have found in practice that
cryolite can also improve slag detachability in the acidic
flux system, but worsen the slag detachability in the
basic flux system of the ENiCrFe-7. The rutile may
cause poor slag detachability if its content was larger
than 5 pct in the basic flux system of the nickel-base
alloy covered electrodes, such as ENiCrFe-7 and
ENiCrFe-3. Fluorite improves the slag detachability in
the basic flux system of the ENiCrFe-7, but does not in
the acidic flux system.

Other than the flux ingredients mentioned above,
silica should also be noted which is usually used in the
flux coating of the carbon steel electrodes partially
instead of rutile, but is not used in the stainless steel and
nickel-base alloy covered electrodes because it can cause
serious slag adhesion. In spite of this, the silicon dioxide
can be one of the main components in the CaO-CaF2-
SiO2 flux system of the ENiCrFe-7 electrode.[11] It was
introduced from the binder in the flux coating (i.e.,
sodium silicate) and the deoxidizer (i.e., ferrosilicon). By
carefully distinguishing the silicon dioxide in the slag, we
found that different fractions of the silicon dioxide in the
slag correspond to dispersed slag detachability; one
could not establish a relationship between the silicon
dioxide content and the slag detachability. However,
when considering the cross effect of various oxides, one
could easily establish a relationship between the ratio of
CaF2 to SiO2 and the slag detachability. In this paper,
we report the detail of this finding. The possible
metallurgical chemical mechanism will be discussed
based on the experimental results.

II. EXPERIMENTAL PROCEDURE

The nickel-base alloy ENiCrFe-7 covered electrode
with CaO-CaF2-SiO2 type flux coating has been devel-
oped in our laboratory, which has desirable operability
and good weldability. In order to investigate the slag
detachability, two groups of flux formulations were
specially designed for revealing the influence of the SiO2

and CaF2 in the flux, which were listed in Table I
(A-group: SiO2 is the variable quantity, and B-group:
CaF2 is the variable quantity). Apart from the three
main ingredients, other additives listed in Table I were
employed for achieving better performance of welding
process and providing specified composition in the
deposited metal (25 pct Na2O+75 pct SiO2: a major
constituent of sodium silicate, used as binder and arc
stabilizer; Na2CO3: for improving the manufacturability
of the covered electrodes; 45 pct Si+55 pct Fe and 28
pct Ti+72 pct Fe: both are strong deoxidizers; Mn, Cr
and 50 pct Nb+50 pct Fe: alloying elements). In
experiment, the weight percentages of each ingredient
were transformed into that of the commercial minerals,
such as marble, fluorite, and silica, according to their
actual compositions in the minerals. All the minerals
and metal powders used were controlled in the range of
100 to 250 lm in particle size. The minerals were first
mixed uniformly with the metal powders and were
bonded with water glass. Then the covered electrodes
were produced in the lab with the standard processing
technique that was commonly used in the welding
material factory. The nickel-base alloy core wire with
dimension of F3.2 mm 9 350 mm was manufactured in
our partner factory. Its chemical composition was
reinspected and listed in Table II.
The welding operation was performed on a carbon

steel plate with DC reverse polarity. The welding current
was 110A; the arc voltage was 23 to 25 V; the welding
velocity was 3.5 to 4.0 mm/s. The heat input was 0.63 to
0.79 KJ/mm. After welding, the steel plate was gently
knocked three times. If all the slag was detached, the
slag detachability is the best. Otherwise, if the slag was
partially detached and some slag still stuck on the weld
metal, the slag detachability is not so good. For
quantitatively measuring the slag detachability, the
images of the weld seam with the residual slag were
analyzed using the commercial Image-Pro Plus software

Table I. The Designed Flux Formulations of the Nickel-Base Alloy Covered Electrodes (Weight Percent)

Groups No. CaCO3 CaF2 SiO2

25 pct Na2O
+75 pct SiO2

45 Pct Si
+55 Pct Fe

28 Pct Ti
+72 Pct Fe

50 Pct Nb
+50 Pct Fe Na2CO3 Mn Cr

A A1 43.8 21.9 — 9.6 3.8 4.9 3.3 0.6 8.8 3.3
A2 41.5 20.8 5.2 9.1 3.6 4.7 3.1 0.5 8.3 3.1
A3 39.5 19.7 9.9 8.7 3.5 4.4 3.0 0.5 7.9 3.0

B B1 41.5 20.8 5.2 9.1 3.6 4.7 3.1 0.5 8.3 3.1
B2 39.5 24.7 4.9 8.7 3.5 4.4 3.0 0.5 7.9 3.0
B3 37.6 28.3 4.7 8.3 3.3 4.2 2.8 0.5 7.5 2.8
B4 35.9 31.5 4.5 7.9 3.1 4.0 2.7 0.5 7.2 2.7
B5 34.3 34.3 4.3 7.6 3.0 3.9 2.6 0.4 6.9 2.6

The bold values are indication that they are the design variables.
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to determine the relative fraction of the slag adhesion
area. Then the ‘slag removal fraction,’ SRF, could be
defined as

SRF ¼ A0 � As

A0
� 100 pct; ½1�

where A0 indicates the total area of the weld seam in the
image; As indicates the slag adhesion area.

In addition, the bulk slag was directly observed and
analyzed under the FEI QUANTA 250 scanning electron
microscope (SEM) with Oxford energy dispersive spec-
trometer (EDS) to determine the local compositions and
oxide phases. The average compositions of the slag were
analyzed using the Thermo Fisher ARL9900 X-ray fluo-
rescence spectrometer (XRF). Before the analysis, the bulk
slag was crushed and ground into about 200mesh powder.
The metals and other main elements such as fluorine,
silicon, and calcium in the slag could be quantitatively
identified by the XRF analysis. Considering that the slag
consists of oxides and fluoride,[12] the overall slag compo-
sition could be expressed in terms of calcium fluoride and
stoichiometric basic and acidic oxides. Besides, the fine slag
powders were also used for the X-ray diffraction (XRD)
analysis to determine themain phases in the slag. TheXRD
was performed using a Rigaku UItima IV X-ray diffrac-
tometer with CuKa radiation.

III. RESULTS

A. Observations on the Welding Slag

The ENiCrFe-7-covered electrodes with various flux
coatings (as listed in Table I) exhibited different welding
features, especially the behavior of the molten slags and
the detachability of the solidified slags. For A-group, the
fluidity of the molten slags became worse as the silicon
oxide increased in the flux coating, but they all exhibited
the similar slag coverage. The appearance of the weld
beads before and after removal of the covered slags is
shown in Figure 1. It was very distinct that as the SiO2

increased (from A1 to A3), the color of the covered slags
changed from dark blue (A1) to deep brown (A2) and
then light brown (A3); the weld surface changed from
fine to coarse ripples (the right half of Figure 1); and the
slag detachability became worse. It should be also
pointed out that the slag with dark blue color
(Figure 1a) tended to detach in large chunks from the
weld metal, but the brown slags were most likely broken
into small pieces when knocking the weld bead, and left
some slag powders adhered on the surface of the weld
metal as shown in Figures 1(b) and (c). The observation
on the broken slags confirmed that the A1 slag was very
dense, and there was no visible pore under the macro-
scopic views (Figure 2(a)). However, the A2 and A3
slags showed obvious porosity (Figures 2(b) and (c)),

and the A3 slag was almost porous in whole. These
observations suggested that the slag detachability
became worse as the porosity increased in the slags.
Although the weight percentages of the CaF2 in flux

coatings changed in a large scale in B-group, the similar
two kinds of the slags were also observed, i.e., dark blue
slag (B3) and brown slags (B1 and B2: deep brown; B4
and B5: brown) as shown in Figure 3. The slag with
dark blue color (Figure 3(b)) exhibited the best slag
detachability and also had good slag coverage and better
welding operability during shielded metal arc welding
(SMAW). The slags with brown color (Figures 3(a), (c),
and (d)) brought about evident slag adhesion. When
looked at the internal surface of the slags, the porosity
could be also observed as shown in Figures 4(a), (c), and
(d), which corresponded to B2, B4, and B5 slags.
However, the B3 slag looked dense, and there was no
visible porosity as shown in Figure 4(b). These obser-
vations also suggested that the porous slags were most
easily adhered to the weld metal.
Based on the observations on the welds of A and

B-groups, a relationship between the slag feature (i.e.,
color and porosity) and the slag detachability could be
established for this ENiCrFe-7 covered electrode, that
is, the dark blue slag corresponded to the good slag
detachability; as the slag color changed from dark blue
to deep brown and light brown, the slag detachability
tended to deteriorate. The dense slag led to relatively
good slag detachability, but the porous slags resulted in
poor slag detachability.

B. SiO2 and CaF2 Behavior During Shielded Metal Arc
Welding

CaF2 and SiO2 are very important ingredients in both
the flux coating and the slag. They, together with CaO,
constitute a fundamental CaO-CaF2-SiO2 type slag
system. Since the flux formulations contained many
alloys that would be mostly transferred into the weld
pool, there was no sense of comparison of the weight
percentages of CaF2 and SiO2 between in the designed
formulations and in the slags. However, the relative
ratio of CaF2 to SiO2 indirectly implied their behavior
and interaction during SMAW and then prompted us
their influence on the welding operability, especially the
slag detachability. To this end, all slags (corresponding
to the two groups of the designed flux formulations, as
listed in Table I) were analyzed and listed in Table III.
Almost all the slags contained the three main compo-
nents: CaO, CaF2, and SiO2, that accounted for about
80 to 85 pct of the total weights of the slags, while the
other 15 to 20 pct of the slags were Na2O, MnO, Cr2O3,
Nb2O5, TiO2, etc., as indicated in Table III. By carefully
comparing the three main components, one could find
that the CaF2 and SiO2 exhibited obvious changing

Table II. Chemical Composition of the Core Wire (Weight Percent)

C Si Mn S P Fe Nb Cr Ni
0.025 0.11 0.90 0.005 0.015 4.40 2.10 29.20 balance
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trends and correlations in their compositions, i.e., CaF2

decreased significantly in the slag (A1–A3 in Table III)
as the SiO2 increased in the flux (A-group in Table I),
while the SiO2 firstly decreased and then became
uncertain in the slag (B1–B5 in Table III) as the CaF2

increased in the flux (B-group in Table I). It seemed that
the CaF2 and SiO2 had strong interaction during
SMAW, that is, the SiO2 in the flux could consume
the CaF2 markedly during SMAW (A1–A3 in Table III,
SiO2 is the univariate quantity), but not vice versa, the
CaF2 in the flux did not reduce SiO2 evidently (B1–B5 in
Table III, CaF2 is the univariate quantity). Besides, the
CaO compositions seemed have no certain correlations
to that of the CaF2 and SiO2 (A,B-groups in Table III).

Considering that the Si in the flux was partially
transferred into the weld metal during SMAW,[11] the
real amount of the Si in the slag must be less than that
in the flux. For similar reason, the real amount of the
CaF2 in the slag must be less than that in the flux due
to the F-consuming during SMAW (its mechanism will
be discussed in the Section IV). In order to measure the

behaviors of the CaF2 and SiO2, their relative ratios in
both the flux formulations and the slags were calcu-
lated and listed together in Table IV. It was very
obvious that all the ratios of CaF2 to SiO2 in the slags
were smaller than that in the flux coatings for whether
A-group or B-group, suggesting that the consumption
of fluorine was more than that of Si during SMAW.
This could be illustrated graphically by drawing the
ratio lines in the SiO2-CaF2 coordinates, as shown in
Figure 5. All the CaF2/SiO2 ratios of the slags fell
under their respective ratio lines that were designed in
their flux formulations.

C. Effect of SiO2 and CaF2 in the Flux Coatings on the
Slag Detachability

Since the SiO2 was the univariate quantity in A-group,
its effect on the slag detachability could be shown in
Figure 6(a). The SRF decreased sharply from 95 pct to
about 42 pct as the silica in the flux coating increased from
about 10 pct to about 19.7 pct (all the silicon inside the

Fig. 1—Weld images of the ENiCrFe-7-covered electrodes with A-group flux coatings. (a) A1, (b) A2, and (c) A3. The left: the welds covered by
slags; the right: the welds after removal of the slags.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 47A, SEPTEMBER 2016—4533



water glass and the ferrosilicon was included). In B-group
(Table I), the tested data demonstrated an optimal
composition value of the CaF2 (about 28 pct in the flux
coating), with which the SRF reached 100 pct as shown in
Figure 6(b). If the complex effect of the SiO2 and CaF2

was considered, the SRF against the ratios of SiO2/CaF2

in the flux coatings was plotted in Figure 6(c). The SRF
increasedmonotonicallywith increasing the ratio of SiO2/
CaF2 from 1 to about 2 for either A-group or B-group.
But further increasing the ratio led to decrease of the SRF
value (for B-group). There was a maximal SRF value
(SiO2/CaF2 = 2.0) in the investigated range of the ratios,
with which the flux coating exhibited the best slag
detachability (B3 in Tables I and IV).

D. Characterization of Slags and Their Effect on the
Slag Detachability

To explore the slag detachability, the slag itself must
be examined. The slags of A-group ENiCrFe-7 covered
electrodes were carefully investigated using SEM, XRD,
and EDS. Very different microstructures among the
three kinds of the slags were observed as shown in
Figure 7. A1 slag exhibited a homogenous porous
microstructure (Figures 7(a) and (b)) in which the solid
phases with size of about 10 to 40 lm interconnected
each other, while the pores with size of below about
10 lm dispersed among the solid phases. Under larger
magnification, the solid phases were revealed which were
the fused mixtures of a large number of small particles
as shown in Figure 7(c). The EDS results (Table V)
indicated that the solid phase was a mixture of oxides
and fluorides. Particularly, the oxides were the dominant
components for the c1 and c3 particles and c4 area, but
the fluorides were the dominant components for c2
particle as marked in Figure 7(c). It should be specially
noted that the interconnection of these solid phases were
relatively strong, so the A1 slag most likely detached
from the weld metal in blocks.
Unlikely, A2 slag exhibited a relatively coarse

microstructure where the massive phases with size of
about 40 to 100 lm were stacked together (Figures 7(d)
and (e)). The boundary between the massive phases was
filled with separate crystals that have specific faceted
features as shown in Figure 7(f). It was very palpable
that the massive phase was relatively dense, but the
boundary microstructure was composed of various
crystals that grew up, respectively, during solidification
of the slag (Figure 7(f)). Since the melt/crystal transfor-
mation in the boundary area occurred in the final
solidification stage, the solidification shrinkage cannot
be compensated for, leading to porous boundary
microstructure. With such boundary morphology, the
slag was expected to be brittle and weak. Referring to
the EDS results (Table V), one could easily find out that
the massive phases were mainly composed of Ca-Si-O-F
compounds (phases e1 and e2 as listed in Table V and
shown in Figure 7(e)) that had relatively higher melting
points. The boundary phases (faceted crystals) could be
at least classified into four kinds of compounds (phases
f1–f4 as listed in Table V and shown in Figure 7(f)) that
had relatively lower melting points. The calcium and
silicon oxides were dominant in f2 crystal, but the
calcium fluorides were dominant in f3 crystal (Table V;
Figure 7(f)). It was interesting to find that the chromium
oxide-rich compound (f1) and the sodium and niobium
oxides-bearing compound (f4) existed in the boundary
microstructure.
A3 slag exhibited the coarsest microstructure in which

the dense particles (massive phases) with size of about
100 to 300 lm were embedded in a white matrix as
shown in Figure 7(g). Under larger magnification
(Figure 7(h)), the white matrix had a porous microstruc-
ture in which many ‘blocks’ (a faceted phase) stacked
together forming such ‘rock strata’-like microstructure
(Figure 7(i)). The EDS analysis indicated that its com-
position was similar to that of f2 crystal (Figure 7(f);

Fig. 2—The internal surface images of the slags of the ENiCrFe-7
covered electrodes. (a) A1, (b) A2, and (c) A3.
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Table V), suggesting a Ca-Si-O-F compound with more
oxides but less fluorides. Such ‘rock strata’-like
microstructure was generally brittle.

XRD analysis indicated that all the slags (A1–A3) were
composed of CaF2 [Tm = 1703 K (Tm = 1430 �C)[13]]
and cuspidine [3CaOÆ2SiO2ÆCaF2, Tm = 1680 K (Tm =
1407 �C)[14]] phases, as well as the high melting point
phases (2CaOÆSiO2, Tm = 2403 K (Tm = 2130 �C);[15] and
3CaOÆSiO2, Tm = 2343 K (Tm = 2070 �C)[15]) as shown in

Figure 8. However, the CaF2 was dominant in A1 slag, but
the cuspidine phase was dominant in both A2 and A3 slags,
suggesting thatA1 slag containedmoreCaF2, butA2 andA3
slagscontainedrelative lowCaF2.Thiswas ingoodagreement
with the average compositionof the slagsdeterminedbyXRF
analysis as listed in Table III.
Although the oxides and fluorides in the slags

preferred to assemble together to form cuspidine and
high melting point 2CaOÆSiO2 and 3CaOÆSiO2 phases, it

Fig. 3—Weld images of the ENiCrFe-7-covered electrodes with B-group flux coatings. (a) B2, (b) B3, (c) B4, and (d) B5. The left: the welds
covered by slags; the right: the welds after removal of the slags.
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Fig. 4—The internal surface images of the slags of the ENiCrFe-7-covered electrodes. (a) B2, (b) B3, (c) B4, and (d) B5.

Table III. Compositions of the Welding Slags of the Covered Electrodes (Weight Percent)

No. CaO CaF2 SiO2 Na2O MnO Cr2O3 Nb2O5 TiO2 Al2O3 FeO K2O NiO MgO

A1 31.89 31.30 17.81 3.52 3.34 2.81 2.98 3.40 1.18 0.50 0.38 0.26 0.31
A2 32.60 24.29 21.79 3.74 4.23 3.97 3.26 3.09 1.20 0.48 0.34 0.36 0.28
A3 31.76 21.78 24.60 3.39 5.05 4.69 2.96 3.10 1.15 0.41 0.36 0.33 0.30
B1 32.60 24.29 21.79 3.74 4.23 3.97 3.26 3.09 1.20 0.48 0.34 0.36 0.28
B2 30.10 31.00 21.00 3.66 2.80 3.06 2.71 2.94 1.20 0.46 0.33 0.31 0.27
B3 32.10 33.60 18.65 3.52 2.47 2.30 2.60 2.88 1.16 0.47 0.30 0.42 0.25
B4 26.95 34.56 20.17 3.79 3.30 3.37 2.58 2.87 1.17 0.46 0.36 0.29 0.20
B5 24.90 38.88 18.75 3.59 3.05 3.35 2.47 2.44 1.00 0.41 0.35 0.26 0.22

Table IV. Percentages of the Three Main Ingredients in Both the Designed Flux Formulations and the Slags (Weight Percent)

No.

Designed Flux Formulations Slags

SRF (pct)CaCO3 CaF2 SiO2 Si* CaF2:SiO2 CaO CaF2 SiO2 CaF2:SiO2 CaO:CaF2:SiO2 (CaO+CaF2):SiO2

A1 43.8 21.9 7.2 1.7 2.0 31.89 31.30 17.81 1.8 1.8:1.8:1 3.55 95.0
A2 41.5 20.8 12.0 1.6 1.4 32.60 24.29 21.79 1.1 1.5:1.1:1 2.61 70.5
A3 39.5 19.7 16.4 1.5 1.0 31.76 21.78 24.60 0.9 1.3:0.9:1 2.18 42.5
B1 41.5 20.8 12.0 1.6 1.4 32.60 24.29 21.79 1.1 1.5:1.1:1 2.61 70.5
B2 39.5 24.7 11.5 1.5 1.7 30.10 31.00 21.00 1.5 1.4:1.5:1 2.91 75.1
B3 37.6 28.3 10.9 1.5 2.0 32.10 33.60 18.65 1.8 1.7:1.8:1 3.52 100
B4 35.9 31.5 10.4 1.4 2.4 26.95 34.56 20.17 1.7 1.3:1.7:1 3.05 79.3
B5 34.3 34.3 10.0 1.4 2.6 24.90 38.88 18.75 2.1 1.3:2.1:1 3.40 81.5

* When calculating CaF2:SiO2, the Si percentages in the flux coatings were transferred into that of the SiO2.
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is hard to quantitatively distinguish these compounds.
Therefore, only the simple oxides and fluorides were
considered when relating the slag composition to the
slag detachability. As stated above, the slags were
composed of about 80 to 85 pct CaO, CaF2, and SiO2.
It was reasonable to believe that the correlations among
the three main components must affect the slag detach-
ability. Thus, the relative weight ratios of CaO, CaF2

and SiO2, together with the ratios of (CaO+CaF2)/
SiO2, were calculated and listed in Table IV. It was
found that when CaO:CaF2:SiO2 = 1.7:1.8:1 (B3) or
1.8:1.8:1 (A1), the slag detachability was very good, but
when CaO:CaF2:SiO2 = 1.3:0.9:1 (A3), it became the
worst. If considering (CaO+CaF2)/SiO2 only, the slag
detachability became better as the ratio increased from
2.18 to 3.52. Further increasing the ratio led to the
deterioration of the slag detachability. There was an
optimal (CaO+CaF2)/SiO2 (equal to about 3.5) that
provided the best slag detachability as shown in
Figure 9.

IV. DISCUSSION

A. SiO2 and CaF2 Behavior and Interaction During
Shielded Metal Arc Welding

The SiO2 in the slags came from the sodium silicate,
ferrosilicon, and silica used in the flux coatings. The
CaF2 in the slags came from the fluorite in the flux
coatings. Another main component, CaO, in the slags
was produced from the decomposition of the marble at
arc temperature, which has been widely used in various
types of fluxes. These three main components consti-
tuted the fundamental CaO-CaF2-SiO2 slag system. The
purpose and functions of each component have been
generally explained in the literatures.[4–10] For example,
all the three are deoxidizers and can be used to control
the viscosity of the molten slag; d both CaO and SiO2

are arc stabilizers, but CaF2 can provide gaseous
protection.[4,5] Other than those, the CaO can act as a
melt purification agent for desulfurization and dephos-
phorization by following reactions:[16,17]

FeS þ CaO ! CaS þ FeO ½2�

P2O5 þ 3CaO ! Ca3P2O8 ½3�

It can also restrain the decomposition reaction of
SiO2, reducing the Si mass transfer from the flux coating
to the melt pool, because the strong basic CaO chem-
ically balances the strong acidic SiO2.

[18] However, all
these reactions do not significantly reduce the amount of
the CaO in the slag, but may slightly affect the amount
of SiO2 in the slag. These chemical metallurgical effects
are consistent with the measurements on A and B-group
slags as listed in Table III.
The SiO2 in the slags must be less than that in the flux

coatings because the Si was partially consumed during
SMAW in two ways: (1) transferred into the weld metal
and (2) reacted with CaF2 to form gaseous SiF4 to be
evacuated. For the CaO-CaF2-SiO2 type ENiCrFe-7
covered electrodes, the Si mass transfer coefficient was
reported in the range of 41 to 47 pct,[11] suggesting that the
Si transfer from the flux coating into the weld metal was
significant. The SiO2-consuming by CaF2 depended on
the absolute amount of the CaF2 in the flux coating. The
higher content of theCaF2 generally consumedmore SiO2

during SMAW according to the following formula:

2CaF2 þ SiO2 ! SiF4 " þ 2CaO ½4�

It was clear that one SiO2 consumed two CaF2, but
produced two CaO. This suggests that the absolute
amounts of both the CaF2 and SiO2 in the flux coating
were reduced after SMAW, and the reduction of the CaF2

was larger than that of the SiO2, completely consistent
with the experimental results as shown in Figure 5.
In addition, the CaF2 could also be consumed by

crystal water in the minerals or by moisture pickup from
the air at the arc temperature according to the following
reaction:

CaF2 þ H2O ! CaO þ 2HF " ½5�

Fig. 5—Comparison of the CaF2/SiO2 ratios between in the flux
coatings and in the slags. (a) for A-group and (b) for B-group.
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In summary, the three main components: CaO
(CaCO3), CaF2, and SiO2, in the flux coatings exhib-
ited different behaviors during SMAW. The CaO

decomposed from the CaCO3 was kept at a relatively
constant amount and would almost all be transferred
into the slag, because it could not only be consumed by
the desulfurization and dephosphorization reactions
(Eqs. [2] and [3]), but also be generated by the
CaF2-consuming reactions (Eqs. [4] and [5]). Both the
CaF2 and SiO2 would be partially consumed by either
their interaction (Eq. [4]) or respective reactions (Eq. [5]
and the decomposition of SiO2 that led to Si transfer
into weld metal[11]). Thus, the CaF2 and SiO2 in the flux
coating were only partially transferred into the slags.

B. Slag Detachability of the CaO-CaF2-SiO2 Type
ENiCrFe-7 Covered Electrode

The slag detachability depends on the weld metal/slag
interface and the difference in the thermophysical
properties between the metal and the slag. Generally, a
distinct metal/slag interface corresponds to good slag
detachability, otherwise, a blurred interface undoubt-
edly corresponds to poor slag detachability. In order to
observe the morphology of the weld metal/slag interface,
the weld bead covered by the slag was mounted by resin
and then sectioned. It obviously revealed that the metal/
slag interface had a zigzag pattern as shown in
Figure 10. Under larger magnification, one could find
that there was no distinct metal/slag boundary
(Figure 10(c)), suggesting the possible chemical bond
that was formed by oxidation of elements of the weld
metal on the weld bead surface.[6] It was known that the
chemical bond could be formed if a slag system with the
high oxidizing ability was used.[4–6] As the slag basicity
increased, the oxidizing ability of the slag decreased.
Since the CaO and CaF2 are typical alkaline com-
pounds, and the SiO2 is a strong acidic oxide, the ratios
of the (CaO+CaF2)/SiO2 directly indicate the basicity
index. Therefore, as the (CaO+CaF2)/SiO2 increased,
the oxidizing ability of the slag decreased, i.e., the
tendency to form the chemical bond decreased (slag
detachability increased). Such explanation was sup-
ported by the experimental results in this work as
shown in Figures 9 and 10.
When evaluating the thermophysical properties of

the three main components in the slags, one can rank
the thermal expansion coefficients in the sequence of
CaF2>CaO>SiO2.

[19–23] If simply considering the
CaO-CaF2-SiO2 ternary system, the slags with more
CaF2 should have relatively larger thermal expansion
coefficients. Conversely, the slags with more SiO2

should have relatively smaller thermal expansion coef-
ficients. Since the weld metal (in accord with Inconel
690) has the thermal expansion coefficient in the range
of 13.5 to 17.6 9 10�6/�C at the temperature range of
366 K to 1255 K (93 �C to 982 �C),[19] which is close to
that of the CaO.[20,21] It could be expected that the
thermal expansion coefficient of the slags with more
CaF2 (e.g., A1, B3, and B5) would be larger than that
of the weld metal, while the slags with more SiO2 (e.g.,
A3 and A2) would have smaller thermal expansion
coefficients than the weld metal. The slags with larger
thermal expansion coefficients (A1 and B3) exhibited
relatively good slag detachability, but the slags with

Fig. 6—Effect of the ingredients in the flux coatings on the slag re-
moval fractions.
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Fig. 7—Microstructures of the A-group slags. (a) through (c): A1; (d) through (f): A2; (g) through (i): A3.

Table V. The Chemical Compositions of the Phases Indicated in Fig. 7c, e, and f (At. Pct)

Phase O F Ca Si Mn Fe Cr Ni Nb Ti Al Mg Na K

c1 63.58 4.29 15.95 7.24 1.14 — — — — 0.73 0.35 — 6.45 0.26
c2 25.37 41.15 21.77 4.66 2.56 0.07 0.43 — — 1.46 0.48 — 2.03 —
c3 50.08 3.05 28.25 10.70 2.67 0.25 — — — 1.61 0.75 0.54 2.10 —
c4 56.97 5.74 18.78 6.75 5.19 – 0.56 — — 2.95 0.93 – 1.70 —
e1 47.66 20.04 16.84 11.15 1.06 0.02 0.47 — — 0.69 0.35 0.34 1.38 —
e2 45.54 22.40 14.53 10.34 1.41 — 1.16 — — 0.72 0.67 – 2.86 —
f1 53.63 10.91 3.77 2.66 8.06 0.40 15.98 0.57 — 1.12 0.57 0.88 1.44 —
f2 47.54 11.23 25.72 12.47 1.36 0.13 — — — 0.80 — — 0.76 —
f3 11.12 66.77 15.19 1.23 1.19 0.08 0.96 — – 0.34 0.27 — 2.86 —
f4 40.93 23.04 17.65 7.63 1.36 0.11 — — 3.63 1.39 0.65 — 3.61 —
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smaller thermal expansion coefficients (A2 and A3) had
poor slag detachability. In order to more intuitively
show the relationship between the three main compo-
nents and slag detachability, they were plotted in a
diagram of the CaO-CaF2-SiO2 ternary system as
shown in Figure 11.
It should be mentioned that the mixture of CaO,

CaF2, and SiO2 tended to gather together forming
more complex compounds: 2CaOÆSiO2, 3CaOÆSiO2 and
3CaOÆ2SiO2ÆCaF2 during SMAW due to the free-energy
difference[24] as shown in Figure 8. The thermophysical
properties (i.e., melting point, thermal expansion coef-
ficient, etc.) of the produced compounds are different
with that of the single oxide or fluorite.[14,15,24] Among
them, the cuspidine (3CaOÆ2SiO2ÆCaF2) has the lowest
melting point [1680 K (1407 �C)],[14] which solidified at
the late stage of the slag solidification during SMAW,
forming intergranular faceted phases as shown in
Figures 7(d) through (i). Such porous phases were
brittle, and their broken fine powders were easily
embedded in the weld ripples as shown in Figures 1
and 3. According to the 3CaOÆ2SiO2-CaF2 binary phase
diagram,[14] more CaF2 in the CaO-CaF2-SiO2 slag
system led to form the primary solidified CaF2 and the
‘eutectic’ cuspidine phase. As the CaF2 increased, the
primary solidified CaF2 became dominant in the slag,
thus strengthening the slag. Such slags had proper
strength and tended to detach from the weld metal in
large chunks, exhibiting good slag detachability. This
case could be found in Al and B3 slags as shown in
Figures 1 through 4.
In this study, only the CaO, CaF2, and SiO2 were

considered because of two reasons. (1) Other oxides
such as MnO, Cr2O3, Na2O, Nb2O5, and TiO2 in the
slags accounted for small proportion, thus their effects
were relatively small. Ignoring their influences could
simplify the problem. (2) These oxides could be classified
into two categories: acidic and basic oxides. Their

Fig. 9—Effect of the (CaO+CaF2)/SiO2 ratios in the slags on the
slag removal fractions.

Fig. 8—XRD patterns taken from the A-group slags. (a) A1, (b) A2,
and (c) A3.
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behaviors during SMAW and effects on the slag
detachability could be roughly considered to be analo-
gous to that of the SiO2 or CaO.

Besides, the welding parameters should also affect the
welding metallurgical reactions, thus influence the slag
composition. It was known that the silicon in the flux
would transfer more into the deposited metal as the heat
input increased,[11] resulting in less silicon dioxide in the
slag. This must affect the slag detachability. The actual
effect of the heat input needs a special experimental
study.

V. CONCLUSION

The CaO-CaF2-SiO2 type ENiCrFe-7-covered elec-
trodes have been comprehensively investigated in terms
of the slag behaviors during SMAW and the slag
detachability. The following conclusions can be drawn:

1. Besides the Si being transferred into the weld
metal, The SiO2 in the flux coating interacted with
CaF2 during SMAW to form gaseous SiF4 to be
evacuated. In the reactions, one SiO2 consumed
two CaF2, leading to the reduction of the ratio of
CaF2/SiO2. In addition, the CaF2 was also con-
sumed by reacting with crystal water in the
minerals or with moisture pickup from the air at
the arc temperature. However, the CaO decom-
posed from CaCO3 was kept at a relatively
constant amount, and almost all were transferred
into the slag.

2. The slag detachability could be improved as the
SiO2 in the flux coatings decreased. When the SiO2

is 10.9 pct, about 28.3 pct CaF2 resulted in the best
slag detachability. In addition, the color of the
slags revealed its relation to the slag detachability.
The dark blue slag corresponded to the good slag
detachability; as the slag color changed from dark
blue to deep brown and light brown, the slag
detachability tended to deteriorate.

3. The slags were composed of about 80 to 85 pct
CaO, CaF2, and SiO2, and about 15 to 20 pct
Na2O, MnO, Cr2O3, Nb2O5, TiO2, etc. If simply
considering the slag compositions, the best
slag detachability was obtained at CaO:CaF2:
SiO2 = 1.7:1.8:1, but the worst slag detachability
appeared at CaO:CaF2:SiO2 = 1.3:0.9:1.

4. The oxides and fluorides in the slags preferred to
gather together to form cuspidine and high melting
point 2CaOÆSiO2 and 3CaOÆSiO2 phases. If there
were more CaF2 in the slags, they tended to form
homogenous porous microstructures composed of

Fig. 11—The slag compositions marked in the CaO-CaF2-SiO2 tern-
ary system, showing the dependence of the slag removal fractions on
the slag compositions.

Fig. 10—Images of the weld metal/slag interface of the A3 slag
showing the zigzag metal/slag boundary (the magnification increases
from (a) to (c)).
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the CaF2 and the cuspidine. Such slags were
relatively strong and would most likely detach
from the weld metal in blocks, exhibiting good slag
detachability. If there were relatively low CaF2 in
the slags, the cuspidine phase was dominant,
leading to form a ‘rock strata’-like microstructure
in the intergranular area. In this case, the slags
were very fragile and could be broken into fine
powders that were easily embedded in the weld
ripples, leading to slag adhesions.
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