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Influence of Nanoscale Marble
(Calcium Carbonate CaCO;) on Properties
of D600R Surfacing Electrode

Nanoscale marble was added to the flux coating of D600R, a
newly developed hardfacing electrode for the repair of steel rolls

BY B. CHEN, F. HAN, Y. HUANG, K. LU, Y. LIU, AND L. LI

ABSTRACT

Conventional microscale marble in
the flux coating of D600R, a hardfac-
ing shielded metal-arc welding elec-
trode, was replaced by marble of
nanoscale sizes for possible enhanced
electrode characteristics. The mi-
croscale marble was substituted with
different proportions of nanoscale
marble particles. An arc characteris-
tics analyzer was used to measure the
welding current, arc voltage, and
short-circuiting characteristics of the
electrode under various welding con-
ditions. Hardness and wear resistance
properties of the weld deposit were
characterized. The results show that
the smaller marble particle sizes in
the flux coating produced lower short-
circuiting voltage, lower short-
circuiting current, and shorter short-
circuiting time. A significantly im-
proved arc stability resulted in better
welding characteristics of the elec-
trode. The nanoscale marble particles
in flux coating produced greater metal
deposition efficiency, as well as in-
creased hardness and wear resistance
of the deposit.
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Introduction

Due to their small size and large sur-
face effects, nanomaterials have unique
mechanical, electrical, magnetic, and op-
tical properties differing from traditional
materials (Refs. 1-8). These properties en-
abled nanomaterials to be used in an array
of applications, including the defense,
electronic, aerospace, and chemical indus-
tries. The introduction of nanotechnology
to welding started at the end of the 20th
century. There are currently commercial
welding consumables that contain nano-
materials. Although systematic studies on
the roles of nanomaterials during welding
process are still missing, a few research pa-
pers are available on nanomaterial-
containing welding consumables (Refs.
9-12).

In this investigation, nanoscale marble
particles were added to the flux cover of
D600R hardfacing welding electrodes,
partially or entirely substituting the origi-
nal (microscale) marble particles. The hy-
pothesis was the small size of the
nanoscaled marble particles, with an ef-
fective constituent of CaCOj3, will signifi-
cantly affect the chemical reactions in the
slag, and change the properties of the flux
coating. An investigation was conducted
on the effect of concentration of nanoscale
marble in flux coating on the welding pro-
cedural and metallurgical properties of a
hardfacing electrode. The melting charac-
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ter, which includes the melting tempera-
ture and its range, was investigated for the
experiment electrodes. The effects of
nanoscale marble on the length of flux
sleeve, stability of electric arc, formation
of weld bead, and adaptability for all-
position welding were characterized.

Experimental Procedure

The D600R is a newly developed elec-
trode for the repair of steel rolls. The core
of the electrode is HO8A steel, with a nom-
inal composition of C < 0.1%, Mn
0.3-0.55%, Si < 0.03%, Cr < 0.2%, Ni <
0.3%, S and P < 0.03%. The composition
of the flux system for D600R is kept con-
stant, except the conventional, mi-
croscaled marble was replaced with
nanoscaled particles. The composition of
the flux is listed in Table 1, and replace-
ment ratios for nanoscale marble are given
in Table 2.

A Model TL-25 hydraulic electrode ex-
trusion machine was used to produce the
experimental electrodes. No apparent ef-
fect was observed of nanoscale marble on
the extrusion behavior of the electrodes.
The flux coating has sufficient strength,
moisture resistance, and smooth appear-
ance. The electrodes were dried according
to the following sequence: at room tem-
perature for 24 h, at 50°C for 7 h, at 120°C
for 3 h, at 250°C for 2 h, and finally at
380°C for 1.5 h.

A high-temperature physical properties
measurement device (Model GX) was
used to measure the melting range of the
fluxes. The mixed fluxes were made into
cylinders 3 mm in diameter and 3 mm
high. The specimen was sealed in the test
chamber that was filled with Ar. The con-
tour of the specimen and temperature in-
dication were recorded digitally as shown
in Fig. 1. The heating current was 4-5 A,
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Fig. 1 — The contour of the specimen and temperature indication before

heating test.

Fig. 2— The specimen with its height collapsed to half of the original height

at the melting temperature.

Table 1 — Composition of Flux Coating of Electrode D600R

Flux Constituent
Marble

Fluorite

High carbon ferromanganese
Carbon ferrochromium
Ferromolybdenum
Rare-earth silicoferrite
Ferrotitanium

Sodium carbonate
Graphite

Light rare-earth oxide

Percentage (wt-%)

31
36
3
14
2
1.5
10
1.5
0.5
1

Note: The total amount by weight of the flux constituents is 100.5%; water glass: sodium silicate with density 1.49-1.51 g/cm?® and
modulus M = 2.9-3.0; electrode core wire is steel HO8A with 4.0-mm diameter; extrusion die throat-diameter is 6.8—-6.9 mm.

Table 2 — Concentration of Nanoscale Marble and Electrode Properties

Flux ID Nanoscale Marble (%)  T,,(°C)
HT1 0 1110
HT2 10 1098
HT3 20 1073
HT4 25 1063
HT5 50 1082
HT6 100 1079

Melting Range (°C) Sleeve Length (mm)
80 1.73
40 1.62
24 1.10
26 1.08
38 1.15
76 1.13

and the heating rate was 10-15°C/min.
The change of contour in the specimen
during heating and melting was observed
and recorded. The effective melting point
of the fluxes was defined as the tempera-
ture at which the fluxes start to melt. This
effective melting temperature was meas-
ured when the specimen height collapsed
to one-half of the original height upon
heating — Fig. 2. The melting tempera-
ture range was defined as the temperature
between the start of the specimen collapse
and the melting point defined above.

The deposit (cladding) efficiency tests
were conducted on the low-carbon steel
plates (dimensions 400 x 50 x 10 mm).
Three electrodes were used for each test
on three plates, and the remaining length

the electrode was about 50 mm. The length
of electrode and weight of plate were
measured before welding. The remaining
length of the electrode, weight of the elec-
trode core, and weight of the test plate
were also measured after welding. The
error of measurement was below 0.1 g. The
equation for the deposit efficiency calcula-
tion was (Ref. 14)

Deposit efficiency =

deposit metal weight (g)
total weight of 3 melted electrode cores (g)
100%

X

where deposit metal weight (g) = plate
weight after welding (g) — plate weight be-
fore welding (g).

The diffusible hydrogen content in the
weld bead was measured according to
standard GB-T3965—1995, Measurement
Methods for Diffusible Hydrogen in the
Electrode Deposit Metal, which is similar to
ISO 3690. The diffusive hydrogen results
obtained using GB-T3965 are comparable
to those obtained from ISO 3690. The dis-
tribution of arc voltage probability density
is generated by the Hanoverian electric arc
quality analysis device (Ref. 17). The
bead-on-plate welding was conducted on
the Q235 low-carbon steel plate (400 x 50
x 10 mm). Each test was repeated three
times. The sampling time used was 5 s.
The density distribution of the probability
n% of arc voltage occurring randomly was
recorded for the given time.

Results and Discussion
Melting Characteristics

The effective melting point (T,,) and
melting temperature range of the test flux
coatings are shown in Table 2. The addi-
tion of nanoscale marble had the effect of
decreasing the melting point and melting
temperature range of the flux coating. As
the concentration of nanoscale marble in-
creased, the melting point and melting
temperature range increased. HT4 had the
lowest melting point (1063°C). The melt-
ing ranges of HT3 and HT4 are narrow,
being 24°C and 26°C, respectively. HT1
and HT6 have wider ranges of melting
temperature, being 80°C and 76°C, re-
spectively. A decreased melting point
makes the formation of a long flux sleeve
on the end of an electrode difficult. It was
found that the variations of the flux sleeve
length and melting point have the same
trend, i.e., the Flux HT4 (with 25%
nanoscale marble) has the shortest flux
sleeve. Maintaining similar welding condi-
tions, electrodes with shorter sleeve length
tend to produce less penetration. For a
hardfacing electrode, minimization of di-
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Fig. 3— Deposit (cladding) efficiency of electrodes vs. proportion of nanoscale

marble in flux.

nanoscale marble.

Fig. 4 — Diffusible hydrogen content in the deposit metal vs. proportion of

Table 3 — Chemical Composition of Fusion Deposit of Electrodes (wt-%, Balance Is Fe)

FluxID C Mn Si P S Cr Mo
HT1 0.49 0.95 0.34 0.017 0.005 3.58 0.50
HT2 0.55 1.09 0.22 0.017 0.005 3.74 0.53
HT3 0.57 1.12 0.32 0.017 0.005 3.85 0.56
HT4 0.56 1.06 0.32 0.016 0.005 3.71 0.50
HT5 0.52 0.97 0.33 0.017 0.005 3.42 0.48
HT6 0.53 1.00 0.34 0.017 0.005 3.54 0.49
lution due to deep penetration may be de- My,=M,-My-M,,)

sired. Nanoscale marble provides an addi-
tional method to control the penetration
through the sleeve length design.

The changes in melting temperature
and its range are believed to be caused by
two effects. First, nanoscale marble with
more surfaces will decompose more com-
pletely into CaO, which may increase the
melting point of the electrode flux. Sec-
ond, the increased surface areas may also
cause nanoscale particles to absorb arc en-
ergy more efficiently. Thus, adding
nanoscale marble may decrease the melt-
ing point of the flux. For different propor-
tions of nanoscale marble, one of the
effects may dominate. This would account
for the changes in melting point and melt-
ing temperature range.

Deposit Efficiency

The deposit efficiency varying with the
nanoscale marble is shown in Fig. 3. The
deposit efficiency increases with the in-
creasing portion of nanoscale marble.
When the portion of nanoscale marble is
more than 25%, the deposit efficiency
reaches a plateau with a small decrease,
until the marble is entirely substituted with
nanoscale marble. HT4 and HTS5 have the
higher deposit efficiencies, which are
110.6% and 110.7%.

When the alloy components are trans-
ferred from the coating to the weld bead,
the equilibrium is (Ref. 15)

where M, is the amount of alloy trans-
ferred to deposit; M, is the initial amount
of the alloy in the electrode (core and flux
coating); M, is the remaining amount of
the alloy in the slag; and M, is the amount
of the oxidized alloy. With more instant
generation of CO, caused by more
nanoscale marble added, the stirring effect
of the weld pool may be increased, and the
remaining amount of alloy components in
slag M; decreases. Meanwhile, the in-
creasing oxidization effect increases the
amount of alloys that are lost by oxidiza-
tion. These two potentially competing ef-
fects would determine the final amount of
alloy components transferred to the weld
pool. The chemical composition of the fu-
sion deposit of the test electrodes indi-
cates such an effect (Table 3). The
concentration of alloying elements first in-
creases then decreases with an increasing
portion of nanoscale marble in the fluxes.

Diffusible Hydrogen Content

The content of diffusible hydrogen in
the deposit metal decreases with the in-
crease of nanoscale marble in the flux —
Fig. 4. When nanoscale marble is more
than 50%, the diffusible hydrogen level
reaches a low plateau. The reason for the
beneficial effect of nanoscale marble is be-
lieved to be related to the increased sur-
face areas of the particles. More CO, is

Table 4 — Arc Stability Measured Using
Analystor Hanover

Flux ID YU, (%) 31,(%)  ZTy,(ms)
HT1 7.56 35.80 176
HT2 7.48 32.05 175
HT3 7.12 30.55 170
HT4 6.57 28.83 156
HTS5 6.57 29.72 159
HT6 6.94 29.39 156

generated by the decomposition of fine
marble (CaCOj3), and the effect of oxi-
dization is enhanced. The partial pressure
of hydrogen is reduced due to an increased
CO, partial pressure. A strong relation ex-
ists between the partial pressure of hydro-
gen and the solubility of hydrogen in the
deposit metal (Refs. 15, 16).

Arc Stability and Metal Transfer

The distributions of arc voltage proba-
bility density for the test electrodes under
the same welding parameters are shown in
Fig. 5. The probability density (n, %) is a
function that represents a probability dis-
tribution in terms of an integral. The prob-
ability for arc voltage to fall between, for
example, 4 and 6 volts, equals the area un-
derneath the curve (i.e., integration) be-
tween the 4 to 6 interval. All the
distributions of arc voltage probability
density have a similar shape of two peaks.
The left peak describes the probability
density distribution of the short-circuit
voltage for coarse drop short-circuit trans-
fer (Refs. 17-19). Therefore, the smaller
the left-peak area, the better the arc sta-
bility for the electrode.

The area of the left peak was inte-
grated from the minimum voltage to the
minimum probability value between two
peaks. This integrated probability is de-
fined as XU (%). It can be used as a pa-
rameter for evaluating the short-circuit
droplet transfer. A smaller XU means
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Fig. 5 — Voltage probability density.

Fig. 6 — Comparison of current probability distributions of test electrodes.

Table 5 — Hardness and Abrasive Wear Resistance of Test Electrodes

Flux ID Deposit Metal Hardness, (HRC) Abrasion Weight Loss (g)
HT1 58.3 0.021
HT2 59.6 0.018
HT3 60.4 0.008
HT4 62.1 0.005
HT5 61.2 0.011
HT6 60.1 0.016

less of a chance for short-circuit and ex-
plosion drop transfers. Table 4 shows the
YU for the test electrodes. HT4 has the
smallest XUg, which is 6.57%. HT4 has a
more stable arc, with less splash, and
better processing properties. While the
XU, for HT1 is the largest (7.56%), creat-
ing a greater tendency for short-circuit and
explosion drop transfer.

The distributions of welding current
probability density for the test electrodes
are shown in Fig. 6. The rising part on the
left portion of the curves shows the distri-
bution of welding current probability den-
sity for the moment of the end of short
circuit and the re-ignition of the arc. The
next portion of the curves shows the dis-
tribution of welding current probability
density for the period of the stabilized arc,
which has the maximum probability den-
sity. The rest of the curves represents the
period of short-circuiting. It has the maxi-
mum current when the molten drop con-
tacts the weld pool. The higher the curve
intersects with the current axis (horizon-
tal), the higher the short-circuit current
(Refs. 20, 21). All the distribution curves
for the electrodes share a similar shape
and the probability density decreases after
162 A. The short-circuit current probabil-
ity densities ( ZI;) above 162 A for test
electrodes have been calculated and
shown in Table 4. The sum of short-circuit
current probability density Xl for HT4 is
28.83%, much smaller compared with oth-
ers. It shows that less short-circuit transfer

and explosion transfer exists for HT4 and
it has better arc stability. Flux HT'1 has the
maximum Xl (35.80%), so it has worse
arc stability. The reason for HT4 to have
shown a lower short-circuit current than
other fluxes, especially HT3, is not clear.
One reason may be that the small varia-
tions in the arc length during testing have
affected the arc voltage and current.

The short-circuit time 7 is the time
from the contact of the liquid drop with
the weld pool to the detachment. The
larger molten drop has the longer short-
circuit time. Thus, the short-circuit time
reflects the size of the liquid drop. Among
the frequency distributions of short-circuit
time T, a threshold of 2.05 ms has been
used to separate the short-circuit proba-
bility distribution (Ref. 18). The short-
circuit time 7 < 2.05 ms corresponds to
fine droplet transfer in the slag bridge,
while the short-circuit time 7] > 2.05 ms
corresponds to coarse droplet short-circuit
transfer. The total short-circuit time 77,
defined as the accumulated short-circuit
time for 7, > 2.05 ms, can be used as an
arc stability parameter. The shorter the
T, the more stable the welding arc. The
T, data for all electrodes are calculated
and listed in Table 4. The largest X7} is for
HT1 with 175.9 ms, while all the X7 time
for the electrodes with nanoscale marble
added are shorter than HT'1. Flux HT4 has
the shortest X7, which is 155.5 ms. Thus,
the nanoscale marble can shorten the
short-circuiting time.

Deposit Metal Properties

The microstructure was observed using
an Olympus™ BX51M microscope. Spec-
imens were prepared according to stan-
dard metallographic preparation method.
It was found that there was no significant
difference in the microstructure of the de-
posit metal. The structure is needle
martensite, retained austenite, and some
carbide — Fig. 7.

In Table 5, the average hardness num-
bers and wear resistance results are listed.
Flux HT4 has the highest hardness, while
HT1 has the lowest. The averaged hard-
ness of the deposit metal with nanoscale
marble added is slightly higher than that
with microscale marble. The distribution
of hardness is more uniform throughout
the deposit metal with nanoscale marble
added. The difference between the maxi-
mum and minimum hardness values is 7
HRC for HT1, while the difference is only
3 HRC for HT®6.

The abrasive resistance tests were con-
ducted on a Model MM-200 continuous
sliding dry abrasion machine. The deposit
metal from test electrodes was machined
into 1-mm-diameter, 15-mm-high pin
specimens. The pin specimen slid against
the outer surface of a 40-mm-diameter
cylinder made from a 0.45%C steel, ma-
chined and quenched to a hardness of
HRC 60. During the test, the pin specimen
was held stationary with its rotational axis
perpendicular to that of the 40-mm steel
cylinder, which rotated at 200 rev/min, and
aload of 98 N was applied to the pin spec-
imen. The abrasive wear test did not in-
volve a lubricant. The test procedure was
the following: The pin specimen was first
wear tested for 15 min; then it was re-
moved from the machine, cleaned, dried,
and weighed for the initial weight. The
specimen was then tested for 120 min. The
tested specimen was cleaned, dried, and
weighed for the postwear weight. The
abrasive resistance was evaluated by
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Fig. 7— The as-deposited microstructure. A — Electrode with HT1 coating (microscale marble); B — electrode with HT6 coating (100% nanoscale marble).

4% Nital etch.

weight loss. The weights of the sample be-
fore and after the abrasion test were meas-
ured on an analytical scale, with a precision
of 0.0001 g. Each measurement was re-
peated at least three times, and the average
value was reported. The variation between
the readings in weight was + 0.0002 g.
Shown in Table 5, the increase of nanoscale
marble in the coating improves the abrasive
resistance of the deposit sample. Specimen
HT4 has the best abrasive resistance and
HT1 with zero nanoscale marble has the
worst wear resistance.

Conclusions

The introduction of nanoscale marble
(calcium carbonate) has a significant in-
fluence on the properties of D600R
shielded metal arc welding electrode flux.
The stability of the electrical arc, content
of diffusible hydrogen in the deposit
metal, and deposit efficiency are improved
by replacing the conventional (micro-
scale) marble with nanoscale marble in the
electrode flux coating. The nanoscale mar-
ble improves the hardness and abrasive re-
sistance of the deposit metal. The
optimum proportion of the nanoscale
marble seems to be between 20 and 25%
for both the arc stability and deposit metal
properties.
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