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Abstract

The behaviour of the weld characteristic of flux-cored wires is strongly influenced by the flux. The weld metal and weldability are
determined by the flux composition and to a much smaller level by shielding gas used as well. The wide variety of components
combined with the complexity of the welding process result in intricate mechanisms occurring in the slag. The slags of the
different rutile flux-cored wires, designed for either position or standard downhand welding, were analysed in order to gain
knowledge about the complex slag mechanisms and to carry out a metallurgical characterisation. Chemical analysis, differential
thermal analysis and microstructural investigations of the slags were conducted to identify and characterise the formed phases. In
addition, the viscosities of the slags were measured and correlated with the DTA results.
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1 Introduction

Shielded metal arc welding (SMAW) is a very famous
welding process with high capabilities in respect to weld met-
allurgy, welding behaviour and welding technique based on
their special slags but with almost no economic option for
automation. That is why industry is anxious to introduce com-
parable, but highly economic processes and flux-cored arc
welding (FCAW) is thereby a process of choice.

The huge range of available stick electrodes can be conve-
niently classified into three main groups based on their coating
composition and in further consequence on their slag system
as rutile, basic and cellulosic types. Each of them gives the
electrode a distinctive set of welding and metallurgical char-
acteristics. Basic coatings provide best metallurgical proper-
ties but have a restricted welding behaviour especially in ver-
tical and overhead positions. Their main constituents are
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calcium fluoride, calcium carbonate and other alkaline car-
bonates. These substances make the resulting slag metallurgi-
cal active but more viscous and fast-freezing. Basic-coated
electrodes also have a coarse droplet material transfer. In con-
trast, rutile coatings provide a fine droplet transfer and best
welding characteristics in all welding positions. They contain
a large amount of titanium dioxide in addition to calcium
carbonate, silica and magnetite. Rutile electrodes produce a
dense slag covering which yields to a smooth, evenly rippled
weld surface and can easily be removed. Nevertheless, the
mechanical properties of the weld metals are moderate in com-
parison to basic electrodes due to their limited metallurgical
slag activity, but the welding behaviour is excellent.

In any case, the electrodes have to generate a shielding gas
during welding to secure a stable electric arc. This will be
achieved by dissociation of carbonates which are added to
the coating which limits the freedom in slag design.

FCAW combines the benefits of SMAW and Gas Metal
Arc Welding: high metallurgical activity in combination with
high deposition rates, out of position weldability and high
grades of automation. This depends on the flux design of the
particular wire. The therefore used flux-cored wires consist of
metallic tubes in typical GMAW wire diameters, which are
filled with special fluxes. The development of flux-cored
wires targets to combine the advantages of solid wires, for
instance their automation possibilities, with those of stick
electrodes, particularly their slag effects. Additionally, the
process-related existence of an external shielding gas allows
more freedom in flux design. The fluxes are composed of a
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Fig. 1 Schematic illustration of
network forming with bridging
oxygens and forming of non-
bridging-oxygen [17, 18]
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dedicated mixture of various metallic and non-metallic pow-
ders. The main functions of the metallic ingredients are to
control the weld metal chemistry and to optimise the mechan-
ical properties of the weld metal. The non-metallic ingredients
are responsible for establishing an adequate slag and to secure
a stable arc in combination with a smooth droplet transfer.
They can also provide a secondary gas shielding and support
the purification of the weld metal. The non-metallic ingredi-
ents also help to reduce spattering and control the melting
characteristics of the electrode. These slag-forming compo-
nents are added as powder to the flux, whereby basic and rutile
concepts can be established. Owing to their better welding
characteristics and positional weldability, rutile concepts have
found widespread use.

In FCAW, mainly two different kinds of rutile slags are
used. Slags for horizontal welding with viscosities increase
continuously within a certain temperature range. There are
no special temperatures, so-called break points, at which the
solidification behaviour changes significantly. Furthermore,
they possess a higher basic viscosity, which is important for
seam coverage [1]. On the other hand, slags for vertical
welding have narrow solidification temperature ranges and
supporting effects in respect to the deposited liquid metal.
Their solidification behaviour is characterised by break points
at certain temperatures and, compared to slags for horizontal
welding, they possess a lower viscosity at high temperatures
before they reach the break point temperature, which is re-
ferred to as basic viscosity. As they solidify earlier than the
liquid weld metal, they act as a formwork for the liquid weld
which is the basis for a good out-of-position weldability.

Q 2-‘

Within the scope of this paper, two rutile austenitic stainless
steel flux-cored wire concepts, one for horizontal and one for
out-of-position welding, are compared and characterised.

2 Slag theory

According to literature [2—-6], liquid slags show an ionic be-
haviour and consist of (I) cations such as Ca>" and Fe**, (II)
anions such as O°", F* and S* and finally (III) anion com-
plexes such as SiO4*~ and AlOs>" [7]. The anion complexes
such as SiO,*” usually form networks by bridging oxygens.
Cations like Ca** or Mg®* tend to break these networks and
form either non-bridging oxygens or free oxygen anions O
The so-called depolymerisation of a slag depends on the ratio
of non-bridging oxygen vs. anion complexes and so do most
physical properties, such as viscosity or thermal conductivity
[8]. Whereas the role of SiO, is clearly defined to be a network
former, Fe?* tends to operate as network breaker and Fe*tasa
network former and breaker [9, 10]. In TiO,-containing slags,
Ti** acts usually as a network former up to moderate TiO,
content whereas it can be both a network former and a net-
work breaker at elevated TiO, content. The role of some slag
components for the thermophysical properties of a slag is
therefore still unclear, mainly for less extensively investigated
slag systems such as welding slags.

In a very generalised form, the basicity of a slag is the ratio
between network breakers and network formers. The charac-
terisation of slags using basicity indices is well established in

Table 2  Welding parameters used for production of slag samples

Table 1 All-weld metal chemical composition of investigated flux-
cored wires Wire Voltage Current Welding Wire feed Heat
[V] min/max  speed speed input
C Si Mn Cr Ni Mo Nb [A] [m/min] [m/min] [kJ/m]
T199L R M21 3/E308LT0-4 0.03 0.7 1.5 19.8 105 - - E308LT0-4 28.3 214250 04 12.0 787.87
T199L P M21 1/E308LT1-4 0.03 0.7 1.5 198 105 - - E308LT1-4 28.3 216246 04 12.0 784.48

@ Springer



Weld World (2019) 63:293-311

295

Table 3 Comparison of the slag chemistries, extrapolated with the
Omnian method [22]

Component E308LT0-4 E308LT1-4
SiO; [m%] 10.9 3.6

ZrO, [m%] 21.5 8.3

MnO [m%] 14.6 8.5

Cr,03 [m%] 16.4 13.9

TiO, [m%)] 30.1 58.7

F [m%] 0.75 0.32

the welding industry owing to the correlation between oxygen
potential, viscosity and basicity [11, 12].

The roles of welding slags are to protect the liquid metal
and its solidifying surface from environmental effects and to
remove undesirable elements. The slag viscosity should be
high enough to protect the surface and low enough to ensure
gas permeability. Low viscosity slags are required for the re-
moval of undesired elements owing to their higher diffusion
coefficient, whereas high viscosity isolates the metal resulting
in deeper penetration [13]. That is why the development of
welding slag systems is challenging. It is evident that within
the welding slag formation process TiO, is an important com-
ponent and it is the main constituent for rutile slags.
Knowledge about the effects of TiO, in multi-component sys-
tems is derived from the SiO,-TiO, system, but the findings in
the literature are contradictory [4]. For example TiO, can be
classified as a network former [4] as well as network breaker
[14]. It decreases viscosity when present in the content range
from 0 to 5 m% owing to depolymerisation [15, 16].

Figure 1 shows a schematic depiction of the forming
networks.

There is a correlation between the structure and the physi-
cal properties of slags, which can be described using different
parameters, such as basicity indices and degree of polymeri-
sation, whereby the basicity indices are based on the ratio
between acid and basic components [9, 10, 19-21].

Fig. 2 Microstructure of
E308LT0-4 slag (left) and
E308LT1-4 slag (right)
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3 Experimental
3.1 Materials

Slags of two different kinds of austenitic 308L-type flux-cored
wires, one designed for flat TO position and one for T1 posi-
tion welding, were produced by melting down the flux-cored
wire. Afterwards, pieces of the slag were collected and inves-
tigated. As shielding gas M21 (Ar+18%CO,) was used.
Austenitic steel sheets with a thickness of 10 mm were used
as the base material. The chemical composition of the all weld
metal is listed in Table 1, the welding parameters are listed in
Table 2 and the correspondent slag chemistries in Table 3.

The slags were prepared by manual welding in flat and
horizontal position.

The chemical analysis was done using X-ray fluorescence
spectrometry. The samples were milled with ZrO, grinding
balls that were homogenised and processed to pressed pellets.
The contents were evaluated with the Omnian software
package.

3.2 Slag composition

The chemical composition of the slags was measured at low
vacuum using EDX. As this method only provides the total
amount of the elements without any differentiation between
metallic and non-metallic phases and also the oxygen content
is due to the low vacuum slightly overestimated, the software
Omnian was used to express metals and oxides under consid-
eration of the oxidation state. The chemical composition of the
main components of the two slags is listed in Table 3.

The chemical analyses of the slags are significantly differ-
ent. A comparison of the concentrations shows an obviously
higher TiO, content in the slag of the positional welding wire
than in the slag of the flat position welding wire. This is be-
cause TiO, is of vital importance regarding vertical position
welding. However, the slag of E308LT0-4 exhibits higher

¥

X

@ Springer



296

Weld World (2019) 63:293-311

10um K Elektronenbild 1

{¢))

Fig. 3 Mapping of the elements a Na, b Zr, ¢ Ti, d Si, e Cr, f Mn, g Al and h O across the area depicted in i

contents of ZrO,, MnO and SiO,, and the amount of fluorine
is more than twice as high.

3.3 Microstructure

The slags resulting from the welding process were exam-
ined by light optical microscopy (OM) and scanning elec-
tron microscopy (SEM). Araldite DBF was used as em-
bedding resin for the microsection analysis, and the sam-
ples were prepared using standard metallographic

@ Springer

techniques. The samples were investigated using the
Nikon MM40 light optical microscope and CLEMEX
Vision 3.5 software. The energy dispersive X-ray spec-
troscopy (EDX) investigations were performed using
QUANTA 200 Mk2 SEM with an Oxford Energy 200
detector and Inca software. SEM was used for identifica-
tion of phases and to measure the chemistry via EDX.
Mapping of the slag areas was also conducted.

The OM investigations clearly clarify the differences
between the slag systems of the wires, as shown in



Weld World (2019) 63:293-311 297

Fig. 4 SEM images of slag
E308LT0-4 with different magni-
fications: a entire cross section; b
positions of spectra

Table 4 EDX analysis results of measurement points in Fig. 4

Spectra Na,O Al,O5 SiO, K>,0 CaO TiO, Cr,04 MnO Fe 710, F Ni Cr
[m%] [m%] [m%] [m%] [m%] [m%] [m%] [m%] [m%]  [m%] [m%] [m%] [m%]
1 431 5.43 27.97 0.86 0.00 18.76 18.23 18.05 0.00 6.38 0.00  0.00 0.00
2 5.73 5.88 32.47 0.79 0.87 13.87 8.09 19.32 0.00 6.65 634  0.00 0.00
3 1.41 0.00 4.58 0.00 0.00 32.06 11.12 8.10 0.00 42.73 0.00  0.00 0.00
4 0.00 2.04 5.40 0.00 0.00 42.05 18.83 13.30 0.00 18.37 0.00  0.00 0.00
5 0.00 0.00 5.46 0.00 0.00 10.96 0.00 437 55.27 6.54 0.00 3.62 13.77

Fig. 5 Classification of slag

phases for E308LTO0-4. 308 L TO

TiO2 Cr203 Zr02 Sio2 MnO Na20 Al203 F
[m%] [m%] [m%] [m%] [m%] [m%] [m%] [m%]
31.39 14.78 19.33 10.81 13.32 3.29 272 0.72
3 crystalline phases 1 amorphous phase 1 metallic phase
crystalline | crystalline | crystalline amorpho metallic
phase 1 phase 2 phase 3 us phase phase
TiO2 [m%] 32 43 21 Si02 [m%] 37 Fe [m%] 76
Cr203 [m%] 1 19 20 MnO [m%] 22 Cr [m%] 19
MnO [m%] 8 14 20 TiO2 [m%] 16 Ni [m%] 5
Si02 [m%] 5 5 31 Cr203 [m%] 9
ZrO2 [m%] 44 19 7 F [m%] 7
ZrO2 [m%] 8
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Fig. 6 Mapping of the elements a Na, b Zr, ¢ Ti, d Si, e Cr, f Mn, g Al and h O across the area depicted in i for E308LT1-4

Fig. 2. The E308LT0-4 slag exhibited a fine crystalline
structure, embedded in a glassy matrix. The microstruc-
ture of the E308LT1-4 slag was coarse grained, including
coarsened columnar crystals in a glassy matrix. This may
explain the suitability of these slags for vertical positions
owing to the higher supporting effect by the precipitation
of these crystals.

SEM was used to characterise the distribution of the
elements, and EDX was performed to identify the chem-
ical composition.

@ Springer

3.4 E308LT0-4 type slag

The distribution of the elements via mapping is illustrat-
ed in Fig. 3. Differences in the composition based on
crystalline and amorphous phase contents were discern-
ible. Ti, Zr and Cr were mainly detected in the
crystalline-solidified area, whereas Si, Mn, and Al were
determined in the amorphous area.

Subsequently, the phases were characterised based on
their chemical composition via EDX measurements. The
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Fig. 7 SEM images of slag
E308LT1-4 with different magni-
fications a entire cross section; b
positions of spectra

Table 5 EDX analysis results of measurement points in Fig. 7

Spectrum Na,O Al,O3 SiO, K,0 CaO TiO, Cr,03 MnO Fe 710, F Ni Cr
[m%] [m%] [m%]  [m%] [m%] [m%] [m%] [m%]  [m%] [m%] [m%] [m%] [m%]

Fig. 1 0.00 4.02 297 0.00 50.87 33.45 5.64 3.04 0.00  0.00 0.00  0.00 0.00
Ta o 1.42 2.95 1.73 0.00 0.00 20.99 0.00 2.84 4830  2.77 0.00  0.00 19.01
3 0.00 5.35 1.27 0.00 0.00 78.17 6.78 2.64 0.00 579 0.00  0.00 0.00
4 2.62 9.48 7.72 1.40 0.64 45.13 15.62 8.79 0.00 859 0.00  0.00 0.00
Fig. 1 2.75 11.32 8.36 1.30 0.00 42.64 12.67 8.94 0.00 12.01 0.00  0.00 0.00
LE) 0.00 5.08 2.35 0.00 0.00 45.86 22.68 6.95 12.61 446 0.00  0.00 0.00
3 0.00 3.83 0.00 0.00 0.00 22.24 0.00 2.49 4734 343 0.00 1.46 19.21
4 1.35 6.10 3.16 0.00 0.00 59.39 16.73 8.49 0.00 477 0.00  0.00 0.00
5 0.00 6.32 3.05 0.59 0.00 57.23 19.18 9.10 0.00 453 0.00  0.00 0.00
6 0.00 4.80 1.60 0.00 0.00 79.00 6.68 3.10 0.00 4.81 0.00  0.00 0.00
7 6.68 18.73 22.56 3.76 0.85 23.94 5.18 7.18 0.76 3.76 6.59 0.00 0.00
phises for EORLT 308 L T1
TiO2 Cr203 Zro2 Si02 MnO Na20 Al203 F
[m%] [m%] [m%] [m%] [m%] [m%] [m%] [m%]
59.19 12.45 7.28 3.12 7.53 1.51 5.71 0.27
3 crystalline phases 1 amorphous phase 1 metallic phase
crystalline | crystalline | crystalline amorpho metallic
phase 1 phase 2 phase 3 us phase phase
TiO2 [m%] 79-81 53-60 44-48 TiO2 [m%] 30 Fe [m%] 67-72
Cr203 [m%] 67 20-27 1347 Si02 [m%] 29 Cr [m%] 1528
MnO [m%] 24 8-10 910 Al203 [m%] 24 Ni [m%] 0-6
Al203 [m%] 4-6 6-7 9-11 MnO [m%] 9
Zr02 [m%] 4-6 4-6 913 F [m%] 8
Si02 [m%] 0 0 8-9
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Fig. 9 a SEM image of
E308LTO0-4 slag; b depiction of
single phases: blue-amorphous
phase, yellow-metallic phase,
violet-crystalline phase 1, green-
crystalline phase 2, and red-
crystalline phase 3

HV | det WD
20.00 kV|DualBSD | 9.7 mm

Fig. 10 a SEM image of
E308LT0-4 slag; b depiction of
single phases: blue-amorphous
phase, yellow-metallic phase,
violet-crystalline phase 1, green-
crystalline phase 2, and red-
crystalline phase 3

et WD

HV di
20.00 kV DualBSD 9.7 mm

images and measurement positions are shown in Fig. 4.
Table 4 lists the corresponding chemical analyses of the
certain positions, which were extrapolated to the respec-
tive oxides. It can be assumed that fluoride exists as a
compound, but no indication about the nature of this
compound is given, whereas the fluoride contents are
presented in the list.

Table 6 Phase fractions of E308LT0-4 slag.

Phase Phase fraction Area fraction Error!

in Fig. 9 Reference source not
[%] found.0
[%]
Crystalline phase 1 12 3
Crystalline phase 2 45 54
Crystalline phase 3 10 5
Amorphous phase 32 38
Metallic phase 2 1
Amorphous/crystalline 48 63

@ Springer
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By comparing the results of the chemical analyses with
those of the SEM investigation, it is clear that the slag
consists of three crystalline phases (spectra 1, 3 and 4),
one amorphous phase (spectrum 2) and one metallic phase
(spectrum 5). The images show that no interlocking oc-
curred within the crystalline phases. Furthermore, the
crystalline phases are encircled by the amorphous phase,
and there are almost no contact points between the two
phases. The large crystalline areas consist of two different
crystalline phases with differing chemical compositions.
The lighter inner phase has to be formed first owing to
its position. The surrounding darker phase could be an
indication of peritectic solidification. Moreover, dendritic
structures containing all components amid the amorphous
phase are notable. Because of the position and appear-
ance, it can be assumed that this structure solidified last
from the supersaturated liquid phase, but is presumably
not of importance for position welding and viscosity.
The dark amorphous phase consists of SiO,, Al,03,
Na,0, MnO and F. Spectrum 5 is composed of chromium
and titanium oxides, iron and nickel. Figure 5 summarises
the described findings.
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Fig. 11 Depiction of DTA curves ~ PTA/(mW/mg) 308 L To
for E308LT0-4 slag 451 1exo
Peak: 15026 °C
4.0
35 Liquidustemperature
22]
3.0
Peak: 14548 °C
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Peak: 14410 °C
Peak: 1418.8 °C
2.0
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0.5 ' Cae, % Peak 1528.1 °C
Onset*: 1267.6 °C * > N.' ‘\
O 3
0.0{== = pr=eet "‘n{
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On the basis of these observations, it is expected that the
phases solidify in the numbering sequence. It is apparent that
initially, the development of the crystalline phases prefers
TiO, and ZrO, as the main components. Crystalline phase 1
exhibits the highest ZrO, contents with 44 m%. Thus, the
amount of ZrO, in the liquid phase should decrease. This
could explain the precipitation of the Cr,Os- and MnO-rich
crystalline phase 2.

The comparatively high amounts of SiO, and MnO and the
low content of TiO, in crystalline phase 3 are notable. Owing
to the position and size of the phase, it is conceivable that parts

DTA /(mW/mg)

Fig. 12 Depiction of DTA curves
vop  SOELTA

for E308LT1-4 slag

Temperature /°C

of the amorphous phase were energised by the EDX
measurement.

3.5 E308LT1-4 type slag

Ti- and Cr-rich phases are found in the periphery zones of the
crystalline areas and Zr is distributed throughout. The amor-
phous phase contains high contents of Si, Na, F and K. The
distribution is shown in Fig. 6 and is similar to that for
E308LTO0-4.

Liquidustemperature

Peak 15051°C
Peak: 1436.5°C 3

Potential glass-transition-temperature |

Peak: 1454.7 °C
|

Onset*: 1217.3°C

¥ Onset*: 13404 °C

1000 1100

1200 1300 1400 1500 1600
Temperature /°C
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Principle Design

System Overview
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Fig. 13 HT-LSCM Yonekura VL 2000DX and Mirror furnace SVF 17 SP [24, 25]

Figure 7 shows the SEM images with different magnifica-
tions for various measurement points. The chemical composi-
tions listed in Table 5 belong to the spectra shown in Fig. 7.

This slag also consists of three crystalline phases and one
amorphous phase. In addition, metallic inclusions were detect-
ed (spectrum 2 in Fig. 7a and spectrum 3 in Fig. 7b). The dark
appearing crystals composed of TiO,, ZrO,, Al,O5 and Cr,04
(spectrum 3 in Fig. 7a and spectrum 6 in Fig. 7b) and are
interlocked. Further, TiO,- and Cr,Os5-rich phases are discern-
ible in the peripheral areas of the columnar crystals (spectra 4
and 5 in Fig. 7b). This configuration could indicate peritectic
solidification. The light crystal phase appears in a fine den-
dritic structure with the main components Cr,O3 and TiO,,
apart from MnO and ZrO,. Furthermore, another phase is
detectable in spectrum 1 in Fig. 7a. From the appearance,
position, and chemical analysis, this could be non-molten fill-
er material. A simplified presentation of the mentioned de-
scriptions is depicted in Fig. 8. The numeration of crystalline
phases corresponds to the assumed sequence of formation.

The E308LT1-4 slag contains significantly higher TiO,
contents in the crystalline phases compared to E308LT0-4
slag, which conforms to the chemical analyses via RFA. The

small amount of ZrO, indicates a tangential role of this com-
ponent. The TiO, content decreases with the order of crystal-
line phase formation. The higher amount of TiO, in the T1
slag compared to the TO slag is based on the higher rutile
amount in the filling.

3.6 Determination of phase fractions in slags

By using the CEMEX software, the phase fractions were de-
termined by the respective grey scale based on the higher
magnification images. Figures 9 and 10 show the SEM images
with a coloured depiction of the phases. The corresponding
results are listed in Table 6.

The amorphous phase and the crystalline phase 2 exhibit
the highest amounts of the phase fraction. Figure 10 shows the
non-uniform distribution of the phases over the cross section
and local differences in the distribution of phase 1.

3.7 Differential thermal analysis (DTA)

DTA was performed using a STA 449 F3 Jupiter and the
evaluation was carried out using Proteus Analysis software.

— Tfurnace

—Tsample

1600 4
AT=36°C

1550 4

S oo
e | " [lar=1s°c
1450 4
i AT=6°C
1400 4

1350

Fig. 14 a Heat treatment
1600 (a)
procedure for reference
measurement, b heat treatment at 1400 4
high temperatures
1200 4
1000 4
o
= 5004
P
500
4004
200 4
0 T T T T T
0 100 200 300 400 500

t[s]
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Fig. 15 Samples for HT-LSCM
measurement a before and b after
the investigations

The samples were exposed to an Ar environment in Pt/Ir cru-
cibles. A heating rate of 5 K/min was employed, and a purge
flow rate of 20 ml/min was applied. In preparation of mea-
surements, the chamber was evacuated three times to avoid
effects of the atmosphere. The samples were heated up to
1600 °C to guarantee a homogeneous, liquid slag.
Measuring occurred during cooling from 1600 to 800 °C.

3.8 E308LT0-4 type slag

The DTA curves are shown in Fig. 11. A number of phase
transformations occurred between 1260 and 1503 °C. It is not
completely clear whether this is a solid-liquid transformation,
a solid transformation or an evaporation of liquid components.
The last peak occurred at 1502 °C, which represents the
liquidus temperature. The first phase transformation starts at
1267 °C. From the SEM/EDX investigations, it can be as-
sumed that this involves the glass-transition temperature of
the amorphous phase. According to Angell and Sichina [23],
the thermal capacity is decreased during the cooling of glasses
when the glass transition temperature is exceeded. Thus, the

endotherm signals above 1267 °C signify a glass transition.
Peaks occur between 1410 and 1460 °C. Owing to a partial
overlap, it is conceivable that the peaks at 1441 and 1454 °C
belong to one peak. Apart from investigations in argon atmo-
sphere, measurements in nitrogen were performed, which is
illustrated by the dotted line.

3.9 E308LT1-4 type slag

The E308LT1-4 sample shows a distinct solid-liquid transi-
tion. During this transition, three different crystalline phases
precipitate with DTA-signals overlapping, which is assumed
based on the OM and SEM investigations. The liquidus tem-
perature is 1454 °C, and the onset of the phase transitions was
determined to be at 1427 °C. A further onset was identified at
1340 °C, which could indicate the glass transition tempera-
ture. The curve is depicted in Fig. 12.

The E308LT0-4 and E308LT1-4 samples exhibit a further
increase in the curve after the liquidus temperature is reached,
which is characteristic for most slag systems owing to a reac-
tion between the crucible and the slag.

Fig. 16 Start melting of
amorphous phase at 520 £+ 10 °C;
and situation result at 1290 +

10 °C

U LA 2
Melting onset of

amorphous
phase

Liquid amorphous
phase amid solid
crystalline phase
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Fig. 17 Depiction of dissolution
of crystalline phases

R Sy
T=1422+10°C | s

S
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3.10 High-temperature laser scanning microscopy
(HT-LSCM)

A Yonekura VL 2000 DX high-temperature laser scanning
confocal microscope equipped with an SVF 17 SP mirror
furnace (Fig. 13) was applied to directly observe the local
interface migration on the surface of the sample (5 mm in
diameter and 1 mm in height) during the cyclic phase trans-
formation experiment.

To avoid oxidation on the surface of the sample, high-
temperature laser scanning confocal microscopy (HT-
LSCM) experiments were performed under a high-purity
Ar 6.0 atm in Al,Oj3 crucibles. The experiments included
heat treatment with extended hold times between 1430
and 1600 °C, as shown in Fig. 14. A reference tempera-
ture measurement was performed beforehand using a type
S thermocouple, designated as Tgample-

At temperatures below 1450 °C, there were deviations of +
10 °C between the actual and measured temperatures. Above
1400 °C, the measured values were higher than the actual
ones. The difference increased with increasing temperatures.

The temperature intervals are sufficient to ensure melting
of the samples. The appearance before and after the investiga-
tion is shown in Fig. 15.

All samples show discrepancy of the transition tempera-
tures in the DTA values. It is conjectured that amorphous

@ Springer

T=1431+£10°C

phases do not possess a liquidus temperature but exhibit a
glass transition temperature. Identification of the glass transi-
tion temperature is precluded; therefore, the amorphous
phases can be identified as the liquid phase when the viscosity
falls below a certain level.

3.11 E308LT0-4 type slag

The investigation reveals a clear distinction between the crys-
talline, amorphous and metallic phases. The crystalline phases
cannot be differentiated more accurately due to their small
phase sizes.

A liquid phase appears at a comparatively low temperature
0f 520 °C owing to the heating. This could not be determined
via DTA. The other phase transitions exhibit a deviation of
50 °C compared to the DTA values. The size of the melting
interval shows good conformity (cf. 90 and 106 °C). The
following phases are observed:

e 25-1325 °C: Clearly visible liquefaction of amor-
phous phase fractions, surrounded by solid crystalline
phases. Furthermore, a change in the appearance of
the crystalline phases is detectable. This suggests pos-
sible minimal liquidation of the crystalline phases at
temperatures below 1000 °C. Phase transitions in the
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T=520+£10°C

Fig. 18 HT-LSCM images

solid are conceivable. The associated images are  3.12 E308LT1-4 type slag
shown in Fig. 16.

e 1325-1430 °C: Dissolution of the crystalline phases,  Also in this case, the images of slag E308LT1-4 clearly distin-
clearly recognisable between 1422 and 1431 °C. The slag  guish between crystalline, metallic and amorphous phase frac-
is completely liquefied at 1431 °C (Fig. 17). tions. Furthermore, crystalline phase 1 can be differentiated from
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Fig. 19 E308LT1-4 slag
appearance at 1350+ 10 and
1420+ 10 °C

T=1350+10°C

T=1420 £ 10°C

e

No indication for liquid phase

Liquid phases vincinity of
crystalline phase 1

the remaining crystalline phases. A further distinction between ~ * 1440-1570 °C: When the temperature reaches 1440 °C,

crystalline phases 2 and 3 cannot be made (Fig. 18). crystalline phases 2 and 3 dissolve until 1570 °C, as
The transition temperatures are divergent to those deter- shown in Fig. 20.

mined via DTA. The differences are between 50 and 100 °C.

Following phases were observed:

3.13 Viscosity
* 25-1420 °C: The appearance of solid phases change.
Transformation of solid phases is conceivable. The viscosities of the ‘liquid’ slag were determined using an
* 1420-1440 °C: First liquid phases occur at 1420 °C, as  Anton Paar Physica MCR 301 rotational viscometer (Fig. 21).
shown in Fig. 19, but possible liquid phases at lower tem- ~ The melting was carried out in Mo crucibles using Ar atmo-
peratures cannot be excluded. sphere at temperatures between 1550 and 1650 °C. After

Fig. 20 Depiction of dissolution
of crystalline phases between
1440 and 1570 °C for E308LT1-
4.

@ Springer



Weld World (2019) 63:293-311

307

T=99+10°C [

T=1571£10°C
. >

- =

Fig. 21 HT-LSCM measurements for E308LT1-4.

applying the correct melt level, the samples were cooled in the
furnace and supplied to the viscometer.

The heating and cooling of the samples were conducted
in an induction furnace using the Linn High Therm fre-
quency generator. The crucible was implanted in a

T=1300+10°C

graphite element. The software RheoPlus was used for
controlling and analysing the obtained data. Ar was
passed by the bottom and top sides of the furnace at 200
and 60 l/min, respectively. The most important compo-
nents are illustrated in Fig. 22.
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Viscometer

protective gas supply

induction furnace

camera
protective gas supply

Fig. 22 Experimental setup with viscometer including furnace and
agitator

The measurements were conducted with a cooling rate of
10 K/min. To ensure a constant temperature the sample was
held for 10 min and then cooled continuously, while the vis-
cosity was recorded. The rotation speed of the agitator was
30 U/min.

It has to be mentioned that the necessary remelting and
cooling of the slag as part of the measurement cause a certain
change in the slag composition compared to the origin slag
resulting from the welding process, but as earlier investiga-
tions have shown, these influences are minor.

Fig. 23 Viscosity versus 10°
temperature based on a cooling
rate of 10 K/min

Differences between the slags for the TO position and T1
position welding are obvious in terms of the viscosity. The
curve shapes versus temperature are different and shown in
Figs. 23 and 24.

3.14 E308LT0-4 type slag

Figure 23 illustrates the measurement of the viscosity versus
temperature based on a cooling rate of 10 K/min.

The curve of viscosity starts with a basic viscosity of 21 +
0.5 mPas at 1675 °C. Subsequently, the viscosity suddenly
increases from 40 to 75 mPas at 1495 °C, which indicates
precipitation of the crystalline phase. The slag viscosity is
largely constant between 1490 and 1483 °C. Further increases
in the viscosity between 1480 and 1400 °C are detectable,
which indicate the precipitation of more crystalline phases.

3.15 E308LT1-4 type slag

Figure 24 shows the viscosity measurement for
E308LT1-4 versus temperature based on a cooling rate
of 10 K/min. The viscosity starts with a basic viscosity
of 14+0.5 mPas at 1675 °C and reaches 21 +0.5 mPas
until the break temperature at 1540 °C, where a sudden
increase to 2100 mPas occurs within 3 °C (1540-
1537 °C). Subsequently, the viscosity increases to the
maximal measurable value of 200 Pas. The shape of
the curve is typical for slags used for vertical welding
and the sharp increase indicates the precipitation of the
crystalline phases within a very narrow temperature in-
terval. The fast solidification of the slag enables welding
in vertical position. The further increase in viscosity after
the break point can be attributed to the higher remaining
melt viscosity and the slight decrease is caused by the
replenishing melt.

10°
Z
£ 10°
>
g 0
>
10°
10"+
1700
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Fig. 24 Viscosity versus 10°
temperature based on a cooling
rate of 10 K/min
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4 Discussion

The investigation showed that different phases exist within the
different kinds of rutile slags. Apart from amorphous phases,
various crystalline phases with varying compositions and me-
tallic spatter were found. They mainly consist of TiO,, ZrO,,
MnO and Cr,O3. Comparisons with the constituents of binary
and ternary systems indicate that the liquidus temperatures of
the single constituents are higher than those of the slags. These
findings suggest a dissolution of the phases in the course of
heating, which explains the behaviour and appearance of the
slags when compared to those in case of melting. This was
also confirmed by HT-LSCM investigations. Thus, the solu-
bility levels are exceeded during the cooling of the liquid
slags. Therefore, certain crystalline phases precipitate from
the slag. Hence, the slags have to be considered as an entire

system, within single phases that precipitate in certain stability
ranges. The crystalline precipitates are noticeable by a viscos-
ity increase due to the lower content of the remaining low-
viscosity melt. This behaviour could also lead to a sudden
viscosity increase during cooling.

The high contents of TiO,, ZrO,, etc., in the crystalline
phases result in a reduction of these oxides in the remaining
liquid melt. In contrast, the amount of the other components
increase, which promotes a liquid phase at low temperatures.

The E308LT1-4—type slag has high contents of TiO, and
Cr,O3 which induce higher crystalline contents in the solidi-
fying slag. Therefore, lower amounts of SiO,, MnO, F, etc.
occur as a result of the smaller proportion of the amorphous
phases.

The occurrence of the various phases in the investigated
308L-type slags is schematically shown in Figs. 25 and 26,

Fig. 25 E308LT0-4 type slag: . I . = — . — = 10°
solid phase precipitation 308 L TO b N ; F
behaviour in relation to the
viscosity change 100 - L 108
§ S460A
N R - 10" @
< S3->S4+K3 o
s E,
S 504 >
2 = 10° %
c $26:>83+K2 8
2 @2
© , =
®© = 10
S
S16S2+K1
0 -
- 10"
1 1 1 1 v
1700 1600 1500 1400 1300 1200
= fraction solid phase (T from DTA) TI°C 81, 82, 83, 84...slag liquid
= fraction solid phase (T from HT-LSCM) [ ] K1, K2, K3...crystalline phases
= measured Vviscosity A...amorphous phases
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Fig. 26 E308LT1-4 type slag:
solid phase precipitation
behaviour in relation to the

viscosity change 100 o .-

= 10°

10°

10

50 |81 > S2+K1+K2+K3)|

fraction solid phase [%]

10°

viscosity [mPas]

102

1]

K3 | |K3[f10'

— T 1
1700 1650 1600

1 v 1 1 " v 1 M
1550 1500 1450 1400 1350 1300

= fraction solid phase (T from DTA)
== = fraction solid phase (T from HT-LSCM)
measured viscosity

S1, §2.. slag liquid
K1, K2, K3...crystalline phases
A...amormphous phase

T[°C]

based on DTA measurements. The red dotted lines indicate
HT-LSCM measurements. As it can be seen in the diagrams,
the HT-LSCM measurement lines exhibit a lower slope. This
is probably due to the use of entire slag pieces.

This comparison demonstrates that the knowledge of the
existence of certain phases in solidifying slags, their fraction
and precipitation temperature ranges enables a good estima-
tion of the viscosity behaviour. The large crystalline phases
grew together massively and require more time for dissolution
compared to the powder used for DTA investigations.
Furthermore, exact attribution of transition temperature to
the dissolution of phase is complex. Thus, the temperatures
measured from DTA are more plausible. Other deviations re-
sult from the cooling nature of viscosity measurements.
Therefore, effects of nucleation and growth of certain phases
are integrated.

1550°C | Slag (1) | 1500°C
—)I Crystalline phase 1 | -
= =
5 [Stag ) z
@ —>| Crystalline phase 2 | -
Slag (1)
R0 >|I Crystalline phase 3 %—

| Slag (1)
| Amorphous phase |

Fig. 27 Scheme of phases occurring in 308L-type welding slags
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5 Summary

The slags of the two different high-alloyed flux-cored
wires of type 308L differ in their chemical composition
and their proportion of crystalline and amorphous phases.
The E308LT1-4—type slag for vertical welding consists of
10-20% of amorphous phase, whereas E308LT0-4—type
the slag for horizontal welding has 32% of amorphous
phase. Furthermore, all slags have the three crystalline
phases, but with varied composition and different solidifi-
cation temperature ranges. So E308LT1-4 type slag solid-
ifies within a smaller temperature range. Combined with
the higher amount of crystalline phases, this leads to a
tremendous increase in viscosity. The amounts of certain
crystalline phases of the E308LT1-4 type slag are small.
Thus, it can be assumed that they do not play a crucial role
in the viscosity of the slags. The investigation pointed out
that the precipitation of a high amount of certain phases
take place within a short termperature range in order to
ensure position welding.

The DTA findings in respect to the precipitation tempera-
tures of the different phases in the slags during cooling are
summarised in Fig. 27. Moreover, the break and liquidus tem-
peratures can be defined to be within a certain range (Tgear =
TLiquidus + 50 °C).

It has to be mentioned that these two examples of flux-
cored wires for stainless steel electrodes are not represen-
tative for all such state-of-the-art flux cored electrodes.
They differ for instance in containing components like
titanium and zirconium dioxide. Thus, they may exhibit
other welding characteristics.
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