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ACTIVATED FLUX TIG WELDING OF
STAINLESS-STEEL PIPES

Article Highlights

e 20 nm TiO, nanoparticles proved effective in increasing the penetration

¢ Activated flux is effective when combined with pulse current orbital TIG welding

e The applied activated flux is effective with pulse current and without consumable
material

¢ Weld properties obtained with the activated flux comply with relevant standards

Abstract

In this work, the presence of TiO» nanoparticle-based activated flux combined
with orbital welding of seamless thick-walled pipes of stainless steel and low-
cycle pulse current was done, representing a novel combination of welding
processes parameters. Control specimens were welded without flux and con-
sumable material, and without flux with the consumable material. Experimental
welding with different welding parameters was done. Special attention was
given to characterize the flux by zetasizer method, representing a new
approach, versus the conventional approach where the nominal oxide particle
size is reported. The obtained welds were visually tested, macroanalyzed, their
microstructures examined, and their tensile and bending properties deter-
mined. The results show that the flux influences a significant increase in penet-
ration depth, up to full penetration, which has a positive effect on the increase
in the tensile and bending properties of the weld metal. Material beahvior
model was developed, based on microstructural features of the near weld-line.
Without the flux, grain enlargement occurred near the surface, while with flux, it
occurred under the weld, which can be attributed to recrystallization and a
reversed Marangoni convection.

Keywords: orbital welding, oxide coating, mechanical properties, depth
of welding.

Welding is a technology that makes the joining
of two, or more, similar or dissimilar materials. The
welded joint can be made with or without consumable
material [1]. Recently, special welding procedures
have been developed that enable the welding of
special materials in different, specific conditions. One
of the special procedures described in this paper is
the process of orbital welding, which uses GTAW -
gas tungsten inert welding or TIG - tungsten inert gas
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welding with pulse current [2]. The process is auto-
mated and gives the highest quality of the weld metal.
Orbital welding is used for welding pipes for pipelines
in the food and pharmaceutical industries as well as
for the gas and petrochemical industries [3].

To improve the TIG welding active flux, A-TIG
was developed. The application of flux in TIG was
proposed for the first time in the 1960s by Paton
Welding Institute of National Academy of Sciences,
Ukraine, by Gurevich et al. [4]. In this welding pro-
cess, a thin layer of flux is applied with a brush or
sprayed over the prepared surface to be welded.
Fluxes were fabricated by mixing, usually metallic
oxide powders with solvents, most frequently acetone
and ethanol [5-9]. In the A-TIG process, penetration is
increased, a lower electric energy consumption is
achieved, no V-preparation and consumables are
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needed. As a result, this process offers a low cost and
is time-saving [10-17]. In accordance to the results
obtained by Modenesi et a. and Dong et al., the
increase in weld penetration can be attributed to the
reversal of the Marangoni convection [11,18]. The
Marangoni convection is a surface tension-driven
convection depending on the surface tension gradient
in the fluid: fluids flow from areas where surface
tension is lower towards areas where it is higher,
which is the case with conventional TIG. The rev-
ersed Marangoni convection in A-TIG influences the
molten metal to flow towards the center of the weld
and to the bottom of the weld, causing a narrower, but
deeper weld. Another effect is the arc constriction
influenced by the presence of electronegative ele-
ments such as Si and Ti, as reported by Skvortsov
and Tanaka ef al [19,20]. Tseng and Lin [2] used
these concepts and achieved depth-to-width ratios of
1.08 in UNS S31603 stainless steel. Vora and Bad-
heka [21] tested fluxes based on Al,O3z, Co3;0,, CuO,
HgO, MoO3; and NiO on ferritic/martensitic steel. Of
these, the most effective were Co3;0, and CuO. Ven-
katesan et al. [22] studied the effect of SiO,, TiO, and
Cr,0; in different ratios, finding the mixtures of pow-
ders to be superior compared to single component
fluxes on AISI 409 ferritic stainless steel. Vora and
Badheka [21] tested micro- and nanoparticle-based
fluxes. They found that particle size of Al,O; does not
have a significant influence on penetration, unlike
SiO,. Also, there have been several attempts to
mathematically predict the A-TIG process [23].

The aim of this paper is to investigate the oxide-
based coating to increase the penetration depth in
orbital welding of thick-walled austenitic stainless-
steel pipes, by using TiO, nanoparticle-based flux.

EXPERIMENTAL

The base metal used for welding was AISI 304
(X5CrNi18-10) stainless steel in the form of pipes,
with the external diameter of 72 mm and wall thick-
ness of 5.2 mm. The chemical composition of this
material was as follows: 0.05% C, 1% Si, 1.6% Mn,
17.73% Cr, 0.01% P, 0.01% Al, 0.3% Cu, 9.7% Ni,
0.2% Mo, 0.01% Sn, 0.05% V, balance Fe. Mech-
anical properties of the pipe were: proof strength R, =
= 280 MPa, ultimate tensile strength R,, = 624 MPa
and elongation A = 65%. These pipes were cut to the
length of 80 mm using an Orbitec ORS 115 cutting
saw. After that, the pipes were cleaned with ethanol.
Afterwards, manual TIG tack welding was performed.

Before welding, the coating was prepared and
based on a 15% TiO, 20 nm nanoparticle solution in
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ethanol. The size of the particles in the liquid com-
ponent was determined by Zetasizer Nano ZS ana-
lyzer, Figure 1. The coating, having a width of 20 mm
was applied by a 10 mm brush. Shortly before mount-
ing of the pipes into the orbital device clamp, both
their ends were sealed with aluminum tape. Then, two
holes were drilled, one for the hose blowing protective
gas (argon), while the other was used to place the
probe of an oxygen analyzer (Oxy Integral) to mea-
sure oxygen content in a protective atmosphere of
argon. The probe was inserted into the two-pipe butt
weld assembly. An Orbitec OSW 115 open orbital
welding head was used, coupled to an EWM Tetrix
200 welding device. After setting and fixing the weld-
ing head, the adjustment of the distance between the
electrode and the pipe surface was done. The weld-
ing was done with a 2.4 mm tungsten-2% thoriated
electrode with a tip angle of 90°. Pipes were welded
without any root opening.
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Figure 1. Particle size distribution in the solvent.

Experimental welding was carried out on seven
samples, on five samples with applied flux (samples
1-5) and without consumable material. The welding of
the first sample (0) was carried out without coating,
while the welding of the last sample (6) was carried
out without an oxide flux but using a consumable
material. The consumable wire was MIG 19/9
ER308LSI, produced by Elektrode Jesenice, with 0.8
mm diameter and the following chemical composition:
<0.02% C, 1.95% Mn, 0.8% Si, 20.0% Cr, 10.0% Cr,
balance Fe.

Welding parameters are shown in Table 1, with
changed parameters depicted in bold. These para-
meters were calculated automatically based on the
diameter and thickness by Orbitec TIGTronic. It
should be noticed that welding sectors were as shown
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Table 1. Welding parameters

Specimen No.

Parameter
0 1 2 3 4 5 6°
Sector 1 175
. Sector 2 170
Primary (peak) current |4 [A] Sector 3 165
Sector 4 160
Background current I, [A] Sector 1-4 53
Primary current time [s] 1.59 1.59 1.59 1.59 1.20 1.40 1.59
Background current time [s] 1.59
Welding speed primary current [{{mm/min] 0
Welding speed background current l;Jmm/min] 100
Current ramp down time-downslope time [s] 30 30 5 30 30 30 30
Oxygen content in the atmosphere [ppm] <20
Pre/post gas time [s] 3/5
Torch gas flow [I/min] 12
Purge gas flow [I/min] 10 10 10 7 10 10 10

®Welding wire feeds speeds for | and for I, were 400 and 200 mm/min, respectively

in Figure 2: sector 1 from 12 to 3 o’clock (0-90°);
sector 2 from 3 to 6 o’clock (90-180°), sector 3 from 6
to 9 o’clock (180-270°) and sector 4 from 9 to 12
o’clock (270-360°/0°).

After welding, the test procedure was performed
in accordance to standard EN ISO 15614. Character-
ization techniques used were as follows: the non-des-
tructive technique (visual testing) and the destructive
techniques, mechanicals testing (tensile, bending)
and macro metallographic tests. Specimens were cut
perpendicular to the weld on locations as shown in
Figure 2.
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\\\\ L
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Figure 2. The Schematic representation of the specimen
locations for: M - macro and hardness test, T- tensile test,
B - bending test.

Weld measurements were done by standard
gauges in the most sensitive positions between sec-
tors 4 and 1 (top position M-1) and between the 2"
and 3" sector (bottom position M-6). On these posit-
ions, excess weld metal and root concavity had a

maximum or minimum value. The metallographic
examination was done after standard preparation
procedure: grinding with sandpapers, polishing and
etching with aqua regia (10 ml HNO;, 25 ml HCI and
20 ml glycerine) and examination by Leitz Orthoplan
light microscope. Tensile testing and band testing
were preformed on a WPM ZDM 5/91 tensile testing
machine. Tensile specimens T3 and T5 were mach-
ined according to EN ISO 4136 with 12 mm width.
The bend testing was done on four specimens per
sample, one from each sector, two for face bend tests
and two for root bend tests. Bending specimens were
machined to 15 mm width, according to EN ISO 5173,
also with removed excess weld metal. The bend test
to maximum bending angle of 180° was performed
with a 20 mm diameter plunger with the distance
between the supports being 30.5 mm.

RESULTS AND DISCUSSION

Macro-testing and penetration depth

The results of a macro test of the represented
specimen, along with the penetration depth indicated,
are shown in Figures 3 and 4. In Figure 3, macro
images of welds in the top position, while in Figure 4,
macro images of welds in the bottom position, are
shown. It can be seen that specimens welded without
the flux clearly do not offer full penetration, the penet-
ration reaching around the half of the pipe wall thick-
ness. In specimens welded with the flux, different
weld profiles can be observed, mainly having near-
parallel melting lines (specimens 1-3) and nearly
V-shaped (specimens 4 and 5). On the other hand,
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macro images of welds in the bottom position are
shown in Figure 4. Specimens welded without the flux
had a similar profile, however, specimens 4 and 5
clearly had lower penetration in the bottom versus the
top position. On the other hand, specimen 6, welded
with the consumable material, showed slightly higher
penetration than in the top position. In all specimens,
a typical columnar morphology can be observed.

Figure 4. Macro-images of welds in the bottom position of the
pipe.

Weld metal measurements

Weld metal measurements are shown in Table
2. Sample 2 had maximum excess weld metal at the
top position while samples 1 and 3 had maximum
excess weld at the bottom position.
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Table 2. Weld measurements

Sample Top position Bottom position
Excess weld Root Excess weld Root
metal concavity metal concavity
0.65 No 0.30 No
penetration penetration
1 -0.65 -1.80 0.60 +0.05
2 0.80 +0.05 0.60 +0.35
3 0.75 -1.8 0.80 +0.3
4 0.80 No 0.70 No
penetration penetration
5 0.55 +0.50 0.10 No
penetration
6 0.15 No 0.50 No
penetration penetration

According to the standard ASME BPE-2014 -
Bioprocessing Equipment, which is used on the weld-
ing pipes in the pharmaceutical industry, root con-
cavity of the welded joint can be up to 10% of the wall
thickness of the pipe, that is, for this pipe wall thick-
ness of 0.52 mm. The maximum measured depth of
root concavity is 0.35 mm for sample 2, which means
that samples 1, 2 and 3 satisfy this criterion (Table 2).
During welding, when the welding head passes over
the bottom position, the melt material from the outside
forms the excess weld metal, while due to the lack of
melt material on the inside, root concavity forms.

Apart from specimens welded without the flux (0
and 6) and specimens where the parameters allowed
full penetration in both positions (specimens 1-3),
specimens 4 and 5 may be of interest due to non-full
penetration in one or both tested positions. In speci-
men 4, primary current time was reduced, causing an
insufficient penetration both in top and bottom posit-
ions. On the other hand, in specimen 5, where a pri-
mary time was partially recovered, but still not to the
level of specimens 1-3, the full penetration was
achieved only in the top position, however, in the bot-
tom position, no full penetration was achieved (Fig-
ures 3 and 4).

Metalographic examination

Microstructures in the weld joint are shown in
Figures 5 and 6, in the bottom position. In Figure 5,
microstructures near the weld melt line close to the
specimen surface are presented. Also, the dendrite
weld metal microstructure is shown, present in both
specimens, the result of the solidification process that
occurs after the tungsten-based electrode passes
over the material. It can be seen that austenitic grains
in specimen 0 are larger than those in specimen 4,
which is marked by arrows. On the other hand, micro-
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Figure 6. Microstructures near weld melt line under the weld: a) specimen 0, b) specimen 4.

structures under the weld, near the melt line, show
different behavior. Namely, enlarged grains are pre-
sent in specimen 4, as marked by arrows.

Tensile testing results

The results of tensile testing for two sections:
T-3 (designated as -1) and T-5 (designated as -2) of
all samples are shown in Table 3, in as-welded con-
ditions.

Table 3. Results of tensile testing, failure location. weld metal

Sample Tensile strength Ry, [MPa]
0-1 260
0-2 331
1-1 581
1-2 582
2-1 597
2-2 584
3-1 573
3-2 594
4-1 472
4-2 438
5-1 564
5-2 533
6-1 371
6-2 427

Based on the results shown in Table 3, it can be
seen that the highest value of tensile strength was

obtained during welding when the oxide coating was
present. The lowest value of tensile strength was
obtained for sample 0 without the oxide coating
during welding, since the penetration was the lowest,
proved by weld dimension measurements and macro
imagery. In all specimens, the fracture occurred in the
weld metal.

Results of bend testing

The results of bend testing are shown in Table 4
and Figure 7. No sample developed a crack when
bent over the weld face. When the specimens were

Table 4. Bending test results

Sample Sector Bend over Observation
0 1,2 Face Pass
3,4 Root Fail
1 1,2 Face Pass
3,4 Root Pass
2 1,2 Face Pass
3,4 Root Pass
3 1,2 Face Pass
3,4 Root Pass
4 1,2 Face Pass
3,4 Root Fail
5 1,2 Face Pass
3,4 Root Pass
1,2 Face Pass
3,4 Root Fail
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examined over the root, some of them developed a
crack or opened but did not fully fractured. This was
expected since in some samples no full penetration
was achieved: samples welded without oxide coating
(0 and 6), as well as welded with the oxide coating in
sample 4.

a)

Figure 7. Bend testing results of specimen: a) sample 1, sector
2 (B-4), without fracture; b) sample 6, sector 3 (B7), with
fracture.

When bending over the root of the weld metal,
the situation is different because, as can be seen from
Table 4 for samples 0, 4 and 6, the test is not satis-
fied, i.e., there was a sample opening. The samples in
which no full penetration was achieved did not pass
the bending tests. Also, the results of the bend test
are in agreement with tensile test results, both being
inadequate.

Material behavior model and weld effectiveness

The material behaviour model is shown in Fig-
ure 8. Enlarged grains near the surface in the speci-
men welded without the flux and under the weld in the
specimen welded with the flux is the result of different
molten metal flow when the weld is performed without
and with the flux. This is proving theoretical explanat-
ions of an increased penetration with A-TIG. Enlarged
grains generally appear due to recrystallization, that
is, increased heat transfer from the weld pool towards
the base metal. In specimen 0, obviously, the heat is
transferred more intensively towards weld surface,

Weld metal efficiency

100.0%

90.0%
80.0%
70.0%
60.0%
50.0%
40.0% 47.4%
30.0%
20.0%
10.0%
0.0%

93.2% 94.6%

meaning the flow is from the weld centre towards the
melt lines. When the molten metal starts to flow
downwards, it had already passed its heat to the base
metal. In specimen 4, the flux causes the reversal of
the material flow (reversal of Marangoni convection)
and the recrystallization occurs at the bottom of the
specimen. When the flow reaches the sides, the mol-
ten metal has already given much of its heat.

a)U b)

Figure 8. Material behavior model: a) without the flux;
b) with the flux.

Samples welded using an oxide coating have a
tensile strength two times higher than the samples
welded without coating. The important fact is that in
the samples welded with the application of the oxide
coating, the tensile strength is similar. The depth of
penetration has an important influence on the result of
tensile testing. Weld efficiencies in samples 1, 2 and
3 was over 90% of the tensile strength of the base
metal (Figure 9). Samples 4 and 5 have a lower effi-
ciency, due to non-optimal shortened primary current
time.

The approach shown in this study offers several
novelties. A very fine 20 nm nano TiO.-based flux
was used in combination with an automatic orbital
welding device aimed at welding pipes. The applic-
ation of a zetasizer particle distribution test proved
that the smallest particles present in the flux are of
between 0.29 and 1 pum size, proving that there is a
significant agglomeration present. Finally, the com-
bination of A-TIG welding with low cycle pulse current
used in orbital welding is not conventional.

R
MWM . 100%
m bm
93.5%
87.9%
72.9%
63.9%
3 4 5 6

@ Sample

Figure 9. Weld metal efficiency.
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CONCLUSIONS

Based on the results, the following conclusions
can be drawn:

e By adding the oxide coating in orbital weld-
ing, the weld metal shape changes due to the effect of
the Marangoni effect. The results of the Marangoni
effect are the increasing of depth of penetration for
more than 100% compared to welding without the
oxide coating, while at the same time significantly
reducing the width of the weld metal.

e A-TIG flux containing TiO, nanoparticles do
not have an adverse effect on the mechanical pro-
perties of the weld metal. After welding, weld metal
effectiveness reaches 94% of the tensile strength of
the base metal

e The optimized orbital welding technology can
be used to weld austenitic steel pipes with weld dim-
ensions complying with ASME BPE-2014 - Bioproces-
sing Equipment.

e A-TIG based on TiO, nanoparticles can be
used to enhance the performance of orbital low-fre-
quency TIG pulse welding.
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ZAVARIVANJE CEVI OD NERPAJUCEG CELIKA
TIG POSTUPKOM SA AKTIVNIM PREMAZOM

U ovom radu, izvr$eno je ispitivanje uticaja premaza baziranog na TiO, nano-Cesticama,
kombinovanog sa orbitalnim zavarivanjem besavnih cevi od nerdajuceg celika sa prime-
njenom niskociklicnom strufom zavarivanja, sto predstavija inovativnu kombinaciju para-
metara zavarivanja. Kontrolni uzorci su zavareni sa premazom, bez premaza i bez pre-
maza sa upotrebom dodatnog materijala. Izvrseno je eksperimentalno zavarivanje sa
razlicitim parametrima zavarivanja. Posebna paZnja je posvecena Kkarakterizacifi pre-
maza upotrebom uredaja zeta sizer, Sto predstavija polpuno nov pristup, u odnosu na
konvencionalni pristup prikazivanja nominalne velic¢ine Cestica. Dobijeni zavareni spojevi
su ispitani vizuelno, izvrSeno je makro-ispitivanje, ispitane su mikrostrukture, kao i ispiti-
vanje zatezanjem i savijanjem. Ispitivanja su pokazala da primenjeni premaz znacajno
povecava dubinu uvara, sve do pune penetracije, sto ima pozitivan efekat na povecanje
zateznih i savojnih karakteristika metala Sava. Na osnovu dobijenih rezultata metalo-
grafskih ispitivanja zone neposredno pored linjfe topljenja, dat je model toka tecnog
metala. Bez premaza, uvecanje austenitnog zrna se javija neposredno ispod povrsine
osnovnog materijala, dok se sa premazom, uvecanje zrna pojavijuje ispod metala sava,
Sto fje moZe pripisati rekristalizaciji i promeni smera Marangonifeve konvekcife.

Kiljucne reci: orbitalno zavarivanje, oksidni premaz, mehanicke osobine, dubina
uvara.
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