
Introduction
     As one of the world’s three pillars of
energy, liquefied natural gas (LNG) has
occupied a very important position in
the world energy pattern. The global de-
mand for LNG has been increasing con-
tinuously in recent years. According to
an energy report (Ref. 1), the global de-
mand for LNG will reach 350 million
tons in 2020. The storage and delivery
of LNG will continue to increase. Be-
cause LNG is stored at or below its boil-
ing temperature, the material for the in-
ner walls of LNG storages should se-
curely serve at the cryogenic tempera-
ture. Thus, it must have high strength
and suitable fracture toughness at the

cryogenic temperature. In 1942, 9%
nickel steel was developed by an inter-
national nickel company as a structural
material at cryogenic temperatures. Its
low-temperature (77 K) impact value
reached 200–300 J. It is the best ductile
material that can serve in cryogenic
conditions due to its high strength,
large fatigue resistance, excellent corro-
sion resistance, small thermal expan-
sion coefficient, and good weldability
(Ref. 2). So far, 9% Ni steel has been
comprehensively investigated. Its mi-
crostructure consists of fine martensite
and retained austenite. The addition of
9% Ni keeps the unstable austenite
from austenitization temperature to the
room temperature. The existence of the

retained austenite results in excellent
mechanical properties at cryogenic tem-
perature (Refs. 2–5).
     As well known, the welding con-
sumables are key factors affecting the
quality of the weld joint. The covered
electrode of a Ni-Cr-Fe alloy with a 
Ni content more than 55 wt-% can be
used for 9% Ni steel welding (Refs.
6–8). Although the nickel-based alloy
covered electrodes are expensive and
show poor welding performance,
their strength and low-temperature
toughness are excellent. The thermal
expansion coefficient of the nickel-
based alloy is also similar to that of
9% Ni steel. In the industry, each
welding consumable producer has its
own flux ingredient that strongly af-
fects the weld quality, mass transfer
coefficient, bead geometry, slag de-
tachability, and other welding per-
formance. Generally, the flux coating
composition includes gas formers,
slag formers, binders, extrusion aids,
alloy elements, and so on. The role of
the flux coating includes protecting
the weld metal from the invasion of
air, keeping the arc stability, ensuring
good slag detachability, and reducing
spatter. In general, it is very difficult
to take into account all these aspects
when drawing up a flux ingredient.
     In recent years, several types of flux
coatings have been investigated in our
laboratory for developing high-level
stainless steel and nickel-based alloy
covered electrodes, such as E316L
(Ref. 9), CaO-CaF2, CaO-CaF2-TiO2,
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and CaO-TiO2-SiO2 type ENiCrFe-7
(Refs. 8, 10, 11). Recently, a modified
ENiCrFe-9 covered electrode has been
developed that was designed especially
for welding 9% Ni steel for construc-
tion of large-tonnage LNG ships. For
improving the cryogenic impact
toughness of the weld metal, both al-
kalescent and strong basic slag sys-
tems were adopted. In this paper, the
modified ENiCrFe-9 covered elec-
trodes with two different slag basici-
ties were investigated in terms of the
mass transfer coefficient, as-deposited
microstructure, as well as the mechan-
ical properties of the deposited metal.
The influence of the flux coating on
the welding performance, weld quality,
and cryogenic impact energy were dis-

cussed. This research
was part of the work
to develop the ENi-
CrFe-9 type covered
electrode for indus-
trial application. The
role of the basicity of
the flux coating was
a focus of the inves-
tigation.

     One of the objectives of this study
was to evaluate the mass transfer coeffi-
cients of the key elements in two differ-
ent flux coating systems for developing
ENiCrFe-9 type covered electrode for
welding 9% Ni steel. The results could
also provide valuable data for develop-
ing other types of nickel-based covered
electrodes with pure nickel core.

Experimental Procedure

     Because the alloy core wire was
more difficult to produce, and had a
higher electric resistance that could re-
sult in a quick temperature rise during
welding (Refs. 7, 12), the commercial
pure nickel with diameter of 3.2 mm

and length of 350 mm was used as the
core wire in this paper. In the pure
nickel, the C is less than 0.05 wt-%,
and the S and P are less than 0.015 
wt-%, respectively. The other impuri-
ties are less than 0.5 wt-%. Some ap-
propriate mineral powders used in the
flux coating were selected in accor-
dance with our own proprietary tech-
nology. Ingredients of the flux coating
are listed in Table 1.
     The production process of the 
covered electrodes was carried out by
using the conventional extrusion
method. The as-extruded covered elec-
trodes were baked at 423 K for 1 h and
then 573 K for 1 h. The appearance of
the core wires and the covered elec-
trodes are shown in Fig. 1A.
     The 25-mm-thick 9% nickel steel
plates (provided by the Nanjing Iron &
Steel Group Corp.) were cut and ma-
chined to the size of 400 mm  200
mm  25 mm for the welding experi-
ments. A single V-groove butt joint
configuration with a 60-deg groove an-
gle, together with a 13-mm root open-
ing, was prepared — Fig. 2.
     Prior to welding, the base metal
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Fig. 1 — A — Pure nickel wires and the covered electrodes pro
duced for this study; B — the aswelded test plate; and C —
the macro morphology of the deposited metal.

A B

C

Table 1 — Flux Coating Ingredients of the NickelBased Alloy Covered Electrodes (wt%)

   Type      CaCO3    CaF2    TiO2    Na3AlF6    SrCO3      45% Si    28% Ti   56% Mo   Mo   Mn     Cr    50% Nb    74% W    50% Al     Na2CO3     K4O4Ti     K2O   Na2O     SiO2

                                                                           +              +              +                                                +           +               +                                                                         
                                                                                      55% Fe    72% Fe    44% Fe                                 50% Fe    26% Fe   50% Mg                                                             

   CaF2       17.8      20.0      –            –             –             2.2           3.0           4.4        3.0    6.3    25.5      7.0           1.5             –             0.6          0.5       2.0     0.7      5.5
CaOSiO2                                                                                                                                                                                                                                                                                                                                                                                                                           

TiO2SiO2     7.5          –      12.0      11.9         4.0           2.5           2.5           6.1        2.7    6.7    26.5      6.2           1.6           0.7            0.4          0.5       2.0     0.7      5.5
    SrO
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was polished with a grinding wheel
and then cleaned with acetone. Butt
joint welding in the flat position was
performed by using shielded metal arc
welding (SMAW). The alternating cur-
rent was set to 125–130 A, the weld-
ing voltage was 23–25 V, the welding
speed was 3.5–4.0 mm/s, and the in-
terpass temperature was controlled
below 393 K. To keep both ends of the
weld at the same height, the welding
of the next pass began at the end of
the previous pass. Between passes, the
weld bead was cleaned with a chipping
hammer and stainless steel brush. Ra-
diography was conducted to detect
welding defects, and the results indi-
cated that all the deposited metals
were qualified. The appearance of the
as-welded plate and the macro mor-
phology of the deposited metal with
about 45–50 passes were shown —
Fig. 1B and C.
     The spatter loss coefficient, melting
and deposited rates, slag detachability,
and bead geometry were evaluated by
using the methods described in Refs.
12–18. To collect the spatter, a 9% Ni
plate with the dimension of 300  50 
25 mm was erected on a copper plate

with the thickness of 3 mm. Both the
9% Ni steel and the copper plate were
put in a cylindrical box of copper with
the height of 400 mm, diameter of 600
mm, and thickness of 1 mm for avoid-
ing spatter loss. The spatter deposited
on the plate in the box could be easily
collected. The spatter loss coefficient,
SLC was defined as

SLC = Ms/Mw * 100% (1)

where Ms indicates the weight of the
spatters and Mw indicates the mass
loss of the electrode. For each type
electrode, three tests were conducted.
The reported SLC is the average value
of the three tests.
     The melting rate, MR, and the de-
posited rate, DR, are defined as the
following equations:

MR = MC/At (2)

DR = Md/At (3)

where MC indicates the mass loss of
the core wire, Md indicates the weight
of the deposited metal, A indicates the
welding current, and t indicates the

duration of the welding process. A and
t were recorded during the experi-
ments. Both MC and Md could be di-
rectly measured. MC is the mass differ-
ence of the core wire of the electrode
before and after welding. Md is the
mass increment of the 9% Ni steel
plate, which could be measured by
weighing the steel plate before and af-
ter welding (slag was removed before
weighing). Because the mass loss dur-
ing welding includes spattering, evap-
orating at welding temperature (in the
form of welding fumes), oxidizing/
burning (in the form of oxides mixed
with the slag), and residual metal par-
ticles embedded in the slag (Refs. 10,
12), the coefficient of loss, CL, was 
defined as

CL = 1 – DR/MR (4)

     For quantitatively measuring the
slag detachability, the images of the
weld joint with the residual slag were
analyzed by using the commercial Im-
age-Pro Plus software to determine
the relative fraction of the slag adhe-
sion area. Then the slag detachability
rate, SDR, could be defined as

SDR = A0 – As/A0  100% (5)

where As and A0 indicate the slag adhe-
sion area and the total area of the weld
joint in the image, respectively.
     In addition, all the welding opera-
tions in this study were done by a pro-
fessional welder. Some subjective judg-
ments on the operating properties of
the electrodes, such as slag fluidity
and fumes, were made by the welder.
     The chemical compositions of the
welding slag were analyzed by a Ther-
mo Fisher ARL9900 x-ray fluorescence
spectrometer (XRF). Considering that
the slag was a mixture of oxides and
fluoride, the analyzed result could be
expressed in terms of calcium fluoride,
basic oxides, and acidic oxides (Refs. 8,
9, 12, 13, 17–20). The chemical com-
positions of the welding slag were pre-
sented in Table 2. The basicity of each
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Fig. 2 — Illustration of the weld assembly and sampling of the deposited metal.

Table 2 — Compositions of Slags for the NickelBased Alloy Covered Electrodes (wt%)

     Type                   CaO       CaF2      SiO2        TiO2       MnO       Nb2O5      K2O      Na2O      FeO     Cr2O3      Al2O3     MoO   MgO     NiO     WO3    SrO

CaF2CaOSiO2      23.40    39.98   12.84      4.44       2.92        2.32      2.23      1.72      1.17     3.01       2.87      1.06    0.79     1.07     0.18     —
TiO2SiO2SrO         3.18     17.16   13.38     23.27      5.04        1.70      3.67      8.14      0.92     2.98       7.96      0.53    1.93     1.01     0.13   9.00

weld interface
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flux coating could be evaluated by the
following equation (Refs. 17, 18) that
has been widely used in evaluating the
basicity index of flux coating.

B.I. = CaF2 + CaO + MgO + BaO + SrO
+ Na2O + K2O + 0.5 (MnO + FeO)
/SiO2 + 0.5 (Al2O3 + TiO2 + ZrO2) (6)

where each chemical composition of
the slag is expressed in weight percent.
When the B.I. for a given flux coating
is less than 1.0, the flux coating is re-
garded as acidic. When the B.I. is be-
tween 1.0 and 1.2, the flux coating is
considered as neutral. A B.I. greater
than 1.2 is regarded as basic. The cal-
culated basicity of CaF2-CaO-SiO2 type
is 4.25, which is strong basic. The ba-
sicity of TiO2-SiO2-SrO type is 1.59,
which is alkalescent. Generally, the
higher the basicity, the cleaner the
weld metal (i.e., oxygen and other in-
clusions could be controlled in a low
level). However, the slag with the low-
er basicity, especially containing TiO2,
has good detachability and excellent
welding processing property (Refs. 13,
18, 20).
     The weld pad was prepared for the
chemical composition analysis accord-
ing to AWS A5.11/A5.11M. The chem-
ical composition of the deposited met-
al was analyzed from the undiluted
weld metal. The C and S in the de-
posited metals were measured by us-
ing the high-frequency infrared ray

carbon sulfur analyzer (CS-206, Baoy-
ing Photoelectric Technology Co., Ltd.,
Shanghai). The O was measured by a
LECO TCH-600 analyzer, and the oth-
er elements were analyzed by using a
Thermo Scientific Inductively Coupled
Plasma Emission Spectrometer (iCAP
6300 ICP, Thermo Fisher Scientific,
Inc., Waltham, Mass.). The analyzed
results of the chemical compositions
of the deposited metals are given in
Table 3.
     The specimens for the microstruc-
ture observation were prepared by
lightly grinding and polishing using
diamond pastes of 5, 2.5, and 1 m.
The final polishing was done with 0.5-
m colloidal silica. Then electrolytic
etching was performed with a 7%
aqueous chromic acid solution at
0.2–0.22 A (DC) for 30–40 s. The
macroscopic morphologies of the
welding joint were observed by the
stereomicroscope (Olympus SZ61).
The microstructure was observed by
using JSM-7600F SEM equipped with
an energy dispersive x-ray spectrome-
ter (EDS) at 15 kV. The chemical com-
position of the subgrain structures
and the precipitations were analyzed
by EDS. The appearance of the trans-
verse weld perpendicular to the weld-
ing direction is shown in Fig. 1C. The
picture showed the deposited metal
without any defects.
     The specimens for the tensile and
impact tests were machined from the

deposited metal according to the AWS
A5.11/A5.11M standard. All-weld
metal tensile specimens were prepared
according to ASTM E8. The tensile
tests were carried out by using a
Zwick/Roell-Z100 testing machine
(Zwick GmbH & Co. KG, Ulm) at room
temperature. Three Charpy V-Notch
impact test specimens with dimen-
sions of 55  10  10 mm were pre-
pared according to ASTM E23, on
which a V-type 45-deg notch with a 2
mm depth and root radius of 0.25 mm
at the center of the specimen was ma-
chined. The impact tests were con-
ducted by using a pendulum impact
testing machine (PTM2200-D1, Suns
Co., Ltd. Stock Technology, Shenzhen)
at the liquid nitrogen temperature.

Results and Discussion
Assessment of the Weldability
and Weld Quality

     The weldability and weld bead quali-
ty, including arc stability, deposition
rate, spattering, fumes, slag detachabili-
ty, penetration, and bead geometry, are
especially influenced by the flux compo-
sition of the covered electrodes. Consid-
ering that clean weld metals (i.e., ultra
low hydrogen, low oxygen, low sulphur,
and phosphorus) are extremely impor-
tant for the cryogenic application, an al-
kalescent TiO2-SiO2-SrO type and a
strong basic CaF2-CaO-SiO2 type slag
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Fig. 3 — Macro morphologies of the welds with and without slag: A and B — CaF2CaOSiO2 type; C and D — TiO2CaF2SiO2 type.

Table 3 — Chemical Compositions of the Deposited Metals for the NickelBased Alloy Covered Electrodes (wt%)

               Type                          Ni          Cr         Fe           Mo               Mn             Nb              W             Si              C               S                P                 O

       CaF2CaOSiO2                Bal.     14.10    5.15        3.24             3.30          1.58           0.67        0.51         0.05       0.0070     0.0057       0.0293
        TiO2SiO2SrO                 Bal.     14.43    5.20        3.63             3.50          1.57           0.81        0.67         0.04       0.0081     0.0060       0.0359
AWS A5.11 ENiCrFe9         ≥ 55    12–17     12       2.5–5.5       1.0–4.5     0.5–3.0         1.5         0.75         0.15         0.015         0.02              —
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systems were established in this study.
Through a large number of experimen-
tal selections, the flux ingredients of
these two slag systems were optimized
and fixed (as listed in Table 1), which
ensured acceptable operationality (sta-
ble arc, small spattering and fumes,
good slag detachability) and good weld
bead quality (good appearance, no
porosity, no cracks, appropriate weld
geometry). Comparing the two slag sys-
tems, the CaF2-CaO-SiO2 type exhibited
a larger deposition rate, smaller spatter
loss, smaller fumes, and better fluidity
of slag during welding, while the TiO2-
SiO2-SrO type exhibited better slag de-
tachability. The weldability of these two
types of flux-coated electrodes was 
summarized in Table 4 for comparison.
     Figure 3 shows the appearance of
the weld beads for the two types of
electrodes. The slag of the CaF2-CaO-
SiO2 type was dark brown, but that of
the TiO2-SiO2-SrO type was light

brown — Fig. 3A
and C. After remov-
ing the slag, both
beads exhibited fine
ripples on the sur-
face of the welds.
Some small burnt-
on slags could be
found — Fig. 3B.
This indicated that

the slag detachability of the CaF2-CaO-
SiO2 type flux was not as good as that
of the TiO2-SiO2-SrO type flux — Fig.
3D.
     To evaluate the weld geometry, the
two weld beads were sectioned — Fig. 4.
It was evident that the height and pene-
tration, as defined in Fig. 4A, of the
weld bead of the TiO2-SiO2-SrO type
were obviously larger than that of the
CaF2-CaO-SiO2 type — Fig. 4B and C.
The CaF2-CaO-SiO2 flux resulted in a
wider weld bead because of its better
fluidity of slag during welding (Table 4).
     Generally, the fluidity of slag de-
pends on its viscosity at the welding
temperature, which influences the
bead profile and the weld quality via
affecting the metallurgical reactions
and metal transfer during welding
(Ref. 21). The appropriate slag viscosi-
ty provides effective protection of the
welding pool from atmospheric gases.
In the flux ingredients, the titanates,

silicates, and other acidic oxides are
commonly used to enhance the viscos-
ity of slag. For example, the basic unit
in the silica network is the silicate
tetrahedron made up of a small silicon
atom surrounded by four close-packed
oxygen atoms. The two- or three-
dimensional network forms by the
close connection between these SiO4–

silicate tetrahedrons, which increases
the viscosity of slag. On the other
hand, the fluoride and the basic oxides
(such as CaO) can decrease the viscosi-
ty of slag due to the breakdown of the
network structure (Ref. 22). Because
the atomic size of F– (1.33 Å) is similar
to the O2– (1.36 Å), the F– replaces the
O2– in the -O-Si-O- to form the -Si-F-
structure. The basic oxides break down
the network stemming from the
cations (such as the Ca2+ introduced by
the CaO) that were inserted into a spa-
tial structure created by the -Si-O- liai-
son, forming the -Si-O-Ca-O- struc-
ture. For the TiO2-SiO2-SrO type,
there is a higher level of SiO2 and TiO2

that contribute to a higher viscosity of
slag. The network structure built by
the SiO2 (and/or TiO2) confines the
fluidity of the weld pool and the trans-
verse diffusion of heat, resulting in the
deeper penetration and smaller bead
width (Refs. 16, 17, 20–23). For the
CaF2-CaO-SiO2 type, the higher level
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Fig. 4 — Crosssectional images of the weld metals: A — Sketch map
of the weld metal; B — CaF2CaOSiO2 type; C — TiO2CaF2SiO2 type.

A

C

B

Table 4 — Comparison of Weldability for the Two Types of FluxCoated Electrodes

  Type                Melting Rate      Deposition Rate        Coefficient       Spatter Loss                       Slag                     Fluidity of Slag             Fumes
                             (g/amph)             (g/amph)                of Loss         Coefficient (%)          Detachability (%)         during Welding                   

CaF2CaOSiO2         14.70                      14.20                      3.40                 1.21                                95%                             Better                    Better
TiO2SiO2SrO          13.60                      13.06                      3.97                 1.39                               100%                         Not good              Not good 
                                                                                                                                                                                                       enough                  enough
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of CaO and CaF2 leads to a lower vis-
cosity of slag, which results in a re-
verse effect, i.e., smaller penetration
but larger bead width — Fig. 4B.

Chemical Composition of the
Deposited Metals and Mass
Transfer

     Although the chemical composi-
tions of the deposited metals of the
two types of electrodes met the re-
quirements of the AWS A5.11 ENi-
CrFe-9 standard (Table 3), some ap-
parent differences in the main alloy el-
ements between the two types could
be found. The Mo, W, Cr, Mn, and Si in
the deposited metals of the TiO2-SiO2-
SrO type electrode were a little higher
than those of the CaF2-CaO-SiO2 type.
The impurities, S, P, and O, were also
higher in the TiO2-SiO2-SrO type.
However, the C behaved differently.
Considering different flux coating
compositions, the real behaviors of
each alloying element can be implied
by their mass transfer coefficients that
were defined by the following equation
(Refs. 8, 13):

 = Wdepo/Wwire + Wcoat (7)

where  indicates mass transfer coeffi-
cient, Wdepo indicates the weight per-
cent of the element in the deposited
metal, Wwire indicates the weight per-
cent of the element in the core wire,
Wcoat indicates the weight percent of
the element in the coating, and  is
the ratio of the coating weight to the
core wire weight.

     In this study, the average weight of
the core wire is about 24.50 g, and the
average weight of the coating is about
21.58 g for the CaF2-CaO-SiO2 type
and about 22.17 g for the TiO2-SiO2-
SrO type. Thus,  is 88.07% for the
CaF2-CaO-SiO2 type but 90.48% for
the TiO2-SiO2-SrO type. The high ra-
tios are because the large amounts of
alloying metals were added in the coat-
ing. According to the flux coating in-
gredients (Table 1) and the chemical
compositions of the deposited metals
(Table 3), the mass transfer coeffi-
cients of the main alloying elements
could be calculated by using Equation
7 — Fig. 5.
     It could be found that the mass
transfer coefficients of Ni, W, Mo, Fe,
Cr, and Mn in the CaF2-CaO-SiO2 type
are slightly higher than in the TiO2-
SiO2-SrO type. However, that of Nb
and Si are in the reverse manner. The
higher mass transfer coefficients sug-
gest the smaller loss during welding,
while the lower mass transfer coeffi-
cients indicate the larger loss via the
oxidation, evaporation, spattering,
and fumes during welding. According
to the data shown in Fig. 5, one could
conclude that the loss of Ni, W, Mo,
Fe, Cr, and Mn in the CaF2-CaO-SiO2

type was smaller than in the TiO2-
SiO2-SrO type. But the loss of Nb and
Si in the CaF2-CaO-SiO2 type was larg-
er than in the TiO2-SiO2-SrO type.
     The loss of metals during welding
mainly depends on their oxygen affini-
ty and boiling points. The higher oxy-
gen affinity of metals and a stronger
oxidizing environment would lead to

forming more oxides that enter into
the slag. The lower boiling point of the
metals increases evaporation loss (e.g.,
Mn in this study). The oxygen affinity
of the metals was roughly ranked in
the order Si > Nb > Mn > Cr > Fe > Mo
> W > Ni through all the welding
processes (including the droplet reac-
tion, weld pool reaction, and weld met-
al solidification stages) (Ref. 24). This
order just matches the value sequence
of the mass transfer coefficients of
these elements as shown in Fig. 5.
     It was noteworthy that the ratio of
the coating weight to the core wire
weight was very high in this study
(much higher than that in the report-
ed research [Refs. 7–10, 12]) because
the alloy elements were added from
the coating. When the flux coating
contained too many metallic powders,
the molten slag became viscous during
welding. Some small metal droplets
might be enveloped by the viscous
slag, and detained in the slag after
welding (Refs. 10, 12), resulting in the
larger loss of the metals. Such a phe-
nomenon was confirmed by the obser-
vation as shown in Fig. 6.
     The size of the solidified droplets
was in the range of 0.1–2.0 mm. One
of the droplets was analyzed by EDS
analysis, which contained Cr: 26.39,
Ni: 21.22, Fe: 18.22, Mo: 13.60, W:
9.27, Nb: 6.25, Mn: 4.36, and Si: 0.69
(wt-%). Obviously, the detained metal
particles were part of the metals trans-
ferred from the covered electrode. As
the amount of the detained metal par-
ticles increased, the mass transfer co-
efficients of these metals were re-
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Fig. 5 — Mass transfer coefficients of the two types of electrodes. Fig. 6 — Macrograph of the metal droplets detained in the slag.
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duced. Due to this reason, some refrac-
tory elements, e.g., W, Mo, and Ni, ex-
hibited relatively lower mass transfer
coefficients — Fig. 5.
     In general, the basic oxides (such as
CaO and MnO) in the slag preferred to
react with the acidic oxides (such as
SiO2, TiO2, and Nb2O5) during welding
to form complexes (Refs. 12, 13, 17,
18, 20, 25):

(CaO) + (SiO2) (or TiO2)
= (CaO•SiO2) (or CaO•TiO2) (8)

(MnO2) + (SiO2) (or TiO2)
= (MnO•SiO2) (or MnO•TO2) (9)

     For strong basic flux coating, the
strong basic oxides were dominant,
which consumed more acidic oxides
(such as SiO2, TiO2, and Nb2O5) during
welding. This tendency drove the fol-
lowing oxidation reaction to the right,
and thus consumed more Si and Nb in

the deposited metal:

[M] + [xO] = (MOx) (M = Si, Nb)     (10)

     This is why the mass transfer coef-
ficients of Si and Nb in the CaF2-CaO-
SiO2 type are smaller than in the TiO2-
SiO2-SrO type.
     For the TiO2-SiO2-SrO type flux
coating, the strong acidic oxides were
dominant, which consumed more ba-
sic oxides (such as CaO, MnO, and
FeO) during welding. This drove the
following oxidation reaction and led to
smaller mass transfer coefficients of
these metals — Fig. 5.

[M] + [O] = (MO) (M = Mn, Fe, etc.) (11)

     According to the tested results in
Fig. 5 and the above discussions, one
can immediately conclude that the
metals have a larger mass transfer co-
efficient in the strong basic slag sys-

tem if they can form basic oxides (e.g.,
Mn, Fe). In contrary, the elements
have a smaller mass transfer coeffi-
cient in the strong basic slag system if
they can form acidic oxides (e.g., Si,
Nb).
     In addition, the values of S, P, and
O in the deposited metals exhibited
similar behaviors, i.e., they all were in
a relatively lower level in the CaF2-
CaO-SiO2 type, while in a relatively
higher level in the TiO2-SiO2-SrO type
(Table 3). However, each has itself a
mechanism. The desulfurization and
dephosphorization during welding
were realized by adding Mn and basic
oxides/fluorides in the flux. The met-
allurgical processing involves the fol-
lowing main chemical reactions (Refs.
12, 13, 22):

[NiS] + [Mn] = (MnS) + [Ni]             (12)
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Fig. 7 — Optical micrographs of the deposited metals: A and C — CaF2CaOSiO2 type; B and D — TiO2CaF2SiO2 type.
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[NiS] + (MnO) (or/and CaO) = (MnS)
(or/and CaS) + (NiO) (13)

3(CaF2) + 4[NiS] = 3(CaS) + 4[Ni]
+ SF6 ↑ (14)

2[Ni3P] + 5(NiO) + 3(CaO) 
= ((CaO)3•P2O5) + 11[Ni] (15)

2[Ni3P] + 5(NiO) + 4(CaO) 
= ((CaO)4•P2O5) + 11[Ni] (16)

     The reaction products MnS, CaS,
(CaO)3•P2O5, and (CaO)4•P2O5 entered
into the slag. Because CaF2 and basic
oxides decreased slag viscosity (Ref.
22), they could improve floating of
these sulfides and complex oxides in
the welding pool. As the reactions
progress, the sulfur and phosphorus
were expelled from the melted metals.
It was reasonable that the higher con-
tents of Mn and basic oxides/fluorides
in the flux (Table 1) would eliminate
more sulfur and phosphorus, decreas-
ing the sulfur and phosphorus level in

the deposited metals (Table 3).
     Since the maximum solubility of
oxygen in nickel at 1573 K is 200 ppm
(Ref. 26), the oxygen in the deposited
metals basically existed in the forms of
oxides. In the flux, the deoxidizer (i.e.,
45% Si + 55% Fe, 28% Ti + 72% Fe,
Mn and 50% Al + 50% Mg, as listed in
Table 1) predominantly reacts with
oxygen to form oxides in the metallur-
gical processing. These oxides could
float in the weld pool and gather to-
gether to form slag. Due to fast solidi-
fication of the welding pool melt,
there were some residual oxides re-
tained in the weld metal, which were
the main source of the oxygen in the
deposited metal. Previously, the acidic
oxides (e.g., FeO, SiO2, MnO2, TiO2,
and Al2O3 are generally the products of
the deoxidation reactions) were found
to increase oxygen in the deposited
metals, but the basic oxide/fluoride
(e.g., CaF2 and CaO) decreased oxygen
(Refs. 8, 22, 27). Those findings are
well consistent with the results of this

study, i.e., the CaF2-CaO-SiO2 type
flux with higher contents of CaF2 and
CaO maintained relatively lower oxy-
gen concentration, while the TiO2-
SiO2-SrO type flux with more TiO2 and
SiO2 generated a relatively higher level
of oxygen (Table 3).
     The C in the deposited metal was
mainly transferred from the core wire
and the decomposition of the carbon-
ates in the flux coating during SMAW.
According to the previous research
(Ref. 11), the increase of carbonates in
the flux coating promoted carburetion
in the deposited metal. It is obvious
that the higher contents of CaCO3 in
the CaF2-CaO-SiO2 type flux coating
generated a higher C content in the de-
posited metal (Table 3), but the lower
contents of carbonates (i.e., CaCO3

and SrCO3) in the TiO2-SiO2-SrO type
flux coating resulted in a lower C 
content (Table 3).

Microstructure Characterization

     As expected, the as-solidified weld
metals exhibited dendritic morpholo-
gies that were composed of face-
centered cubic-structured nickel solid
solution along with some small inter-
dendritic precipitates and grain
boundary phases. Under an optical mi-
croscope, there was no obvious differ-
ence between the deposited metals of
the two types of electrodes — Fig. 7.
     To reveal the distribution of the
main alloying metals, some EDS line
scanning profiles across dendrites and
grain boundary were recorded. It was
found that the Fe and Cr preferred to
aggregate in the dendrite core, but the
Mo and Nb tended to accumulate in
the interdendritic zone — Fig. 8.
     On the grain boundaries, Nb and
Mo were obviously aggregated, but Ni
and Cr were reasonably depleted —
Fig. 9.
     The equilibrium distribution coeffi-
cient, k, which was defined as the ratio
of the concentration of the element in
the dendrite core to the nominal com-
position of this element, could indi-
cate segregation behavior. The k values
of Fe and Cr were larger than one, sug-
gesting that they aggregate in the den-
drite core, while the values of Mo, Mn,
and Nb were less than one, indicating
that they aggregate in the interden-
dritic zone. Special emphasis should
be put on the Nb, of which the k value
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Fig. 8 — Characteristic segregation phenomena across the dendrites: A and C — CaF2
CaOSiO2 type; B and D — TiO2CaF2SiO2 type.
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was far smaller than one, suggesting
its significant segregation behavior.
For easy reference, all the k values
were summarized in Table 5.
     The segregation behavior of several

key elements in various nickel-based
alloys has been reported in many pub-
lished literatures (Refs. 28–32).
DuPont et al. collected and summa-
rized those equilibrium distribution

coefficients in a table (Ref. 33), where
one can find that the k values of Ni,
Fe, and Cr are larger than one for
many nickel-based alloys. The k value
of Mo is in a range of 0.71–0.97, but
that of Nb is in a range of 0.42–0.58. It
is as expected that these metals in the
deposited metals investigated in this
study, shown in Fig. 8 and Table 5, be-
haved very similarly to those observed
in other nickel-based alloys (Refs.
28–33).
     The interdendritic precipitates of-
ten exhibited in granular forms. Their
sizes are mostly less than 1 m — Fig.
9A and B. The grain boundary phases
frequently appeared with continuous
or discontinuous fashion — Fig. 9A, C,
and D.
     There is no suspense that those
precipitates and grain boundary phas-
es are carbides, oxides, and/or their
mixtures. Their types could be roughly
identified by the EDS analysis as listed
in Table 6. The titanium oxides were
found in both deposited metals —
marked as 3, 4, 7, and 8 in Fig. 9 —
while the aluminum oxide was found
only in the deposited metal of the
TiO2-SiO2-SrO type — marked as 8 in
Fig. 9. The titanium and aluminum
were introduced from the flux coatings
(Table 1). A fact should be emphasized
that all the particles investigated by
EDS revealed very high niobium and
carbon concentrations as shown in
Table 6. It was reasonable to believe
that they all included NbC. Previous
research confirmed that (Nb, Ti) car-
bides and/or oxides independently nu-
cleated and grew on the surface of the
oxides (TiO2 and/or Al2O3) in different
orientations, forming a complex com-
pound in which the (Nb, Ti) carbides
appeared as a rim around the core ox-
ides (Refs. 34, 35). The grain boundary
phases could be speculated to be
Nb(Mo, Cr)C according to the EDS re-
sults (Table 6) — Fig. 9C—F.

Mechanical Properties

     The tensile properties of the de-
posited metals of the two types of
electrodes at room temperature did
not exhibit a substantial difference —
Fig. 10A. The two were above the min-
imum values listed in the standard
AWS A5.11 ENiCrFe-9 (where the min-
imum tensile strength is 650 MPa, and
the minimum elongation is 25%).
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Fig. 9 — Intergranular and grain boundary precipitates along with the segregation phe
nomena across the grain boundary: A, C, and E — CaF2CaOSiO2 type; B, D, and F — TiO2
CaF2SiO2 type.

Table 5 — Chemical Compositions (wt%) and the Equilibrium Distribution Coefficients

 Element                     CaF2CaOSiO2 Type                              TiO2SiO2SrO Type
                                 Co             Ccore              k                            Co             Ccore            k

       Ni                   68.78        69.98         1.02                      68.91         70.17        1.02
       Cr                   14.77        15.64         1.06                      14.91         15.97        1.07
       Fe                    6.60          6.92          1.05                       6.44           6.83         1.06
      Mo                   4.11          3.33          0.81                       4.27           3.27         0.78
      Mn                   3.62          3.22          0.89                       3.53           3.01         0.85
      Nb                    2.12          0.91          0.43                       2.04           0.75         0.37

E F
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     In addition, the impact value at 77
K of the CaF2-CaO-SiO2 type was
above 80 J, which was distinctly larg-
er than that of the TiO2-SiO2-SrO
type, the latter was below 70 J in the
impact value — Fig. 9B. Such a differ-
ence in the cryogenic impact proper-
ties were believed to be contributed
from the impurities, e.g., S, P, and O,
in the deposited metals. Since the S,
P, and O were in relatively lower levels
in the deposited metal of the CaF2-
CaO-SiO2 type than in that of the
TiO2-SiO2-SrO type (as shown in
Table 3), the impact value at 77 K of
the former was reasonably larger than
that of the latter. Although the impu-
rities are generally in very low levels,
they are detrimental to the impact
properties. For example, the S can
easily form a low-melting-point eu-
tectic Ni + NiS (melting point about
917 K); and the P can easily form a
low-melting-point eutectic Ni3P + Ni
(melting point about 1153 K). These
low-melting-point eutectic phases

tended to distribute along grain
boundaries, which deteriorate the
grain boundary strength and increase
cracking susceptibility (Refs. 12, 13).
The weak grain boundaries should
more easily initiate and propagate
cracks, leading to the lower cryogenic
impact values. The S and O could also
be trapped in the deposited metal in
the form of sulfides and oxides due to
fast solidification during welding. The
higher contents of S and O led to the
larger volume fractions and number
densities of the inclusions. It was de-
termined that these inclusions were
the sulfides and/or oxides of Al, Ti,
and Mn as indicated — Fig. 8. Al-
though there was no direct evidence
to show the effect of these inclusions
in this study, it was believed that they
were detrimental to the toughness
due to their easily debonding from
the metal matrix (Refs. 36–39). Be-
cause the TiO2-SiO2-SrO type has
higher S and O (Table 3), it is reason-
able that the deposited metal of this

type of electrode exhibits lower cryo-
genic impact values — Fig. 10B.
     Although both deposited metals ex-
hibited cryogenic impact values in dif-
ferent levels, their fractographies all
reveal the typical dimple fracture
mode — Fig. 11.
     The plastic fracture mode at 77 K
is generally favorable to the cryo-
genic application. Since the two elec-
trodes (all are in accordance with the
ENiCrFe-9 Standard) investigated
were developed for welding 9% Ni
steel for construction of the LNG
tanks, the matching in cryogenic me-
chanical properties between the weld
metal and the 9% Ni steel should be
considered. Nowadays, the Charpy
impact values at 77 K of the 9% Ni
steel are almost above 200 J (Refs.
40–42). The heat-affected zones of
the 9% Ni steel can generally reach
above 100 J (Refs. 41, 42). However,
the deposited metals of the TiO2-
SiO2-SrO type electrodes exhibited
only 66–70 J of the cryogenic impact
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Fig. 10 — Mechanical properties of the deposited metals: A — Tensile tests; B — impact tests at 77 K.

A B

Table 6 — Chemical Compositions of the Intergranular and Grain Boundary Precipitates as Marked on Fig. 9 Analyzed by EDS on SEM (wt%)

     No.                  C                    O                    Ni                    Cr                       Fe                   Mo               Mn                 Nb                       Ti                 Al

       1                17.11                –                 14.13               6.54                   1.79                 4.64             1.39              54.4                      –                  –
       2                17.73                –                   5.70                3.09                   1.40                 5.39             0.59             66.10                     –                  –
       3                11.08              6.99                8.50                5.68                   1.14                   –                1.19             57.08                  8.34               –
       4                11.42              6.51                3.05                4.77                      –                      –                   –                63.62                 10.63              –
       5                13.70                –                   7.20                7.98                   2.43                 7.10             1.31             60.28                     –                  –
       6                17.51                –                 12.50               8.78                   3.23                 4.23             2.42             51.33                     –                  –
       7                12.75              5.82                8.46                5.83                      –                      –                1.81             54.88                 10.45              –
       8                 8.43              10.70               8.33                6.95                   2.12                   –                2.73             51.79                  6.50            2.45
       9                18.23              2.10                5.73                5.73                      –                   7.70             1.64             58.87                     –                  –
      10                9.74               7.59               10.67               5.92                   2.02                 6.93             3.19             50.41                  3.53               –
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values. In view of this consideration,
the CaF2-CaO-SiO2 type electrodes
should be recommended for welding
9% Ni steel.

Conclusions

     The nickel-based alloy covered elec-
trodes (in accordance with the ENi-
CrFe-9 Standard) with two different
types of flux coatings were investigat-
ed in terms of their weldability, weld
quality, mass transfer, microstructure,
and mechanical properties. According
to the experimental results, the fol-
lowing conclusions could be made:
     1) In comparison, the strong basic
CaF2-CaO-SiO2 type exhibited a larger
deposition rate, smaller spatter loss
and fumes, and better slag fluidity
that resulted in a wider weld bead but
smaller penetration. The alkalescent
TiO2-SiO2-SrO type exhibited better
slag detachability.
     2) The mass transfer coefficients
(from the covered electrode to the de-
posited metal) of Ni, Cr, Fe, Mo, W,
and Mn of the CaF2-CaO-SiO2 type
were evidently larger than that of the
TiO2-SiO2-SrO type, but that of Nb
and Si were in a reverse manner. The
metals exhibited the larger mass

transfer coefficients in the strong ba-
sic slag system if they could form basic
oxides. In contrast, the elements ex-
hibited the smaller mass transfer coef-
ficients in the strong basic slag system
if they could form acidic oxides. In ad-
dition, the impurities S, P, and O were
in the relatively lower levels in the de-
posited metals of the CaF2-CaO-SiO2

type electrodes because of the higher
contents of CaF2 and CaO in the slag.
However, the C behaved differently
due to the higher contents of CaCO3 in
the CaF2-CaO-SiO2 type flux coating.
     3) The as-solidified microstructures
of the deposited metals of the two types
of electrodes were very similar. The
equilibrium distribution coefficients of
Ni, Fe, and Cr were larger than one,
while that of Mo, Mn, and Nb were less
than one. In particular, that of Nb was
only 0.43 (for CaF2-CaO-SiO2 type) or
0.37 (for TiO2-SiO2-SrO type). These
findings were very similar to those ob-
served in other nickel-based alloys.
     4) The tensile properties of the de-
posited metals of the two types of
electrodes at room temperature were
very close. The Charpy impact values
at 77 K for the CaF2-CaO-SiO2 type
were in the range of 81–83 J, but that
for the TiO2-SiO2-SrO type were in the
range of 66–70 J.
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