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Preface

Ever since the invention of arc technology in 1870s and it's early use for welding lead
during the manufacture of lead-acid batteries, advances in arc welding throughout the
twentieth and twenty-first centuries have seen this form of processing applied to a
range of industries and progress to become one of the most effective techniques in
metals and alloys joining.

The objective of this book is to introduce relatively established methodologies and
techniques which have been studied, developed and applied in industries or
researches. State-of-the-art development aimed at improving technologies will be
presented covering topics such as weldability, technology, automation, modelling, and
measurement. This book also seeks to provide effective solutions to various
applications for engineers and researchers who are interested in arc material
processing.

This book is divided into 4 independent chapters corresponding to recent advances in
this field.

The editor expresses thankfulness to all authors for the presented materials and their
timely design, and also to the technical editor and to the book manager Mrs. Marija
Radja - for the big work on preparation and the edition of this book.

Editor

Prof. Dr. Wladislav Sudnik

R & E Center ‘Computer Hi-Tech in Materials Joining’
Welding Department

Tula State University,

Russian Federation
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Hardfacing by Plasma Transferred
Arc Process

Victor Vergara Diaz!, Jair Carlos Dutra?and Ana Sofia Climaco D'Oliveira3
University of Antofagasta, Mechanical Engineering Department

2University Federal de Santa Catarina, Mechanical Engineering Department

3University Federal do Parand, Mechanical Engineering Department

IChile

23Brasil

1. Introduction

According to the literature, the plasma transferred arc welding process which employs the
filler metal in wire form is known as Plasma Arc Welding (PAW) while that which employs
powder filler material is generally referred to as Plasma Transferred Arc (PTA), Dai et al.,
2008.

The PTA process can be considered a derivation of the PAW process. The similarities
between the two processes can be observed in Figure 1. Both welding processes employ a
non-consumable tungsten electrode located inside the torch, a water-cooled constrictor
nozzle, shield gas for the protection of the molten pool, and the plasma gas. The difference
between the two welding processes lies in the nature of the filler material, powder instead of
wire, which requires a gas for its transport to the arc region. The diagram in Figure 1 shows
the two processes with their differences and similarities.

The equipment required to carry out the deposition through the PTA plasma process is very
similar to that used in PAW. When PAW is employed the equipment must be able to drive
spooled wires of various gages and different materials, at constant or pulsed velocities. In
the PTA plasma welding process, the filler material is used in the form of a powder, and
specific powder feeding equipment is required to transport it to the voltaic arc to produce
the coating. With respect to its application for coating, the PTA process is appropriate since
it produces dilution values of the order of 6 to 10 % (Gatto, et al., 2009), much lower than
those obtained with other arc soldering process which are around 20 to 25 %. The low
distortion, the small zone affected by the heat and the refined microstructure are also
features of this technique (Zhang;, et al., 2008; Liu, et al., 2008).

In the PTA and PAW processes an inert gas is used as the plasma gas, which is forced to
pass through the orifice of the constrictor nozzle, where the electrode is concentrically fixed.
The shield gas passes through an external opening, concentric to the constrictor nozzle,
effectively protecting the weld against contamination from atmospheric air (active or inert).
On the other hand, in the PTA process a carrier gas is used to transport the filler material
through flexible tubes to the constrictor nozzle, allowing its entrance into the plasma arc in a
convergent form. The gas used for this purpose is generally argon.
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4 Arc Welding
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Fig. 1. Comparison of Plasma Transferred Arc processes PTA and PAW.

Given that the tungsten electrode lies within the constrictor nozzle of the welding torch, it is
difficult to open the arc by contact, and thus equipment called a plasma module must be
used to establish the arc opening. An electronic igniter provides voltage peaks between the
tungsten electrode and constrictor nozzle, generating a small spark in this region. Thus,
with the passage of the plasma gas a low intensity electric arc appears between the tungsten
electrode and constrictor nozzle, called the pilot arc (non-transferred arc). The pilot arc
forms a pathway of low electrical resistance between the tungsten electrode and the
workpiece to be welded facilitating the establishment of the main arc when a power source
is added.

In practice, the parameters which control the quality of the weld are the rate at which the
material is added, the gas flow rate (shield gas, plasma gas, carrier gas), the weld current,
the nozzle to workpiece distance (see below) and the welding speed.

The basic configuration of the constrictor nozzle is shown in Figure 2, where the parameters
employed in the process are indicated. The distance from the external face of the constrictor
nozzle to the substrate is called the nozzle to workpiece distance (NWD).

The recess (Rc) of the electrode is measured from the electrode tip to the external face of the
constrictor nozzle. Alterations in the arc characteristics are influenced by this factor, which
defines the degree of constriction and the rigidity of the plasma jet (Oliveira, 2001).

Oliveira (2001) studied the influence of the electrode recess of the plasma transferred arc
process fed by wire in order to identify whether the degree of arc constriction influences the
arc voltage. The results showed that, on average, a 2.4 V/mm variation in the voltage
occurred as a function of the electrode recess.
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Fig. 2. Nozzle to workpiece distance (NWD) and electrode setback (Rc) (Vergara, 2005).

In general, the maximum and minimum values for the adjustment of the electrode recess
vary according to the welding torch. The electrode recess of the welding torch PWM-300,
manufactured by Thermal Dynamics Corporation, for instance, has a range of adjustment of
0.8 to 2.4 mm.

As the electrode recess is reduced, the weld bead width increases and weld beads with
lower penetration depth are obtained. This variation in the geometric characteristics of the
weld bead is due to a reduction in the constriction effect producing a larger area of
incidence of the arc on the substrate.

The constrictor nozzle (made of copper), where the electrode is confined, has a central
orifice through which the arc and all of the plasma gas volume pass. The diameter of the
orifice of the constrictor nozzle has a great influence on the quality of the coating since this
relationship is directly related to the width and penetration of the weld bead produced. An
insufficient plasma gas flow rate affects the useful life of the constrictor nozzle since it leads
to its wear. The weld current reduces as a function of the decrease in the diameter of the
constricting orifice, due to an increase in the weld arc temperature.

The extent to which the nozzle to workpiece distance influences the coating is strongly
dependent on the electrode recess in relation to the constrictor nozzle and the diameter of
the constrictor orifice. The larger the electrode recess adopted and the smaller the
constrictor orifice diameter the greater the effect of the arc constriction, making it more
concentrated.

In the “melt-in” technique small electrode recess values are used, the arc being submitted to
a low degree of collimation, assuming a conical form. In this situation, a variation in the
nozzle to workpiece distance, even within normal limits, results in a change in the
characteristics of the weld bead, in the same way as occurs in the GTAW process. Thus, the
greater the nozzle to workpiece distance the lower the penetration and wider the width of
the weld bead due to the increase in the area of incidence of the arc on the substrate.
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6 Arc Welding

Hallen et al. (1991) reported that to obtain a good deposition yield, the nozzle to workpiece
distance should not be greater than 10 to 15 mm. At values higher than this range the
efficiency of the shield gas is significantly reduced.

The authors of this paper have also reported results in relation to the nozzle to workpiece
distance, for two values: 15 and 20 mm. The study showed that as the nozzle to workpiece
distance increases the degree of dilution decreases.

The general objective of this study was to investigate the PAW and PTA welding processes
with a view to their application in surface coating operations, particularly on hydraulic
turbine blades worn by cavitation. This research was motivated by the observation that
information is scare in relation to the benefits offered by the plasma welding process using
powder instead of wire filler material in the application of coatings. The geometric
characteristics of the weld beads, degree of dilution, hardness and microstructure were
evaluated.

2. Materials and Methods

2.1 Test bench

Initially, a test bench was assembled based on equipment previously developed at
LABSOLDA (Oliveira, 2001; Vergara, 2005) which allowed tests to be carried out on the
plasma transferred arc welding process fed by wire. On the same test bench, a similar
process fed by powder was assembled. The welding source was equipment which, via an
interface, was connected to a PC. By way of a very versatile software program almost all of
the process variables could be controlled.

Of the three gas circuits, that which received most attention was the plasma gas given its
considerable relevance in terms of the quality of the deposits. A mass flow controller was
used, in which the control is carried out electronically and the command signal is a reference
voltage. The other gas flow circuits are simply monitored by electronic flow meters,
however these are volumetric.

One of the fundamental parts of the equipment is the device known as the plasma
module, which enables any version of plasma welding to be carried out based on
conventional welding sources for GTAW or coated electrode. For the displacement of the
welding torch an electronic device (Tartilope) was used. The system component which
was integrally designed for this specific development was the powder feeding device,
which functions through a combination of an endless screw and a gas flow as the powder
carrying mechanisms. The weld torch was developed based on the plasma torch for
keyhole welding. The great advantage of this lies in its multiprocess aspect which allows
it to work with plasma employing powder or with conventional plasma. Also, the design
adaptation allows the use of constrictor nozzles with different angles of convergence for
the powder feeding. Initially, analysis was carried out on the torches to be used in this
research. It was observed that the PTA torch had a nozzle with a constrictor diameter of
4.8 mm. In the case of the PAW torch, the manufacturer provides three nozzles with
constrictor diameters of 2.4, 2.8 and 3.2 mm, which are designed according to the welding
current to be applied.

In this case, the nozzle with the largest constrictor diameter available for the PAW torch was
selected, that is, 3.2 mm.

Figure 3 shows a general view of the equipment developed, that which forms part of the test
bench for the PAW and PTA welding processes being shown in the upper part of the figure.
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Hardfacing by Plasma Transferred Arc Process 7

In this study argon with a purity of 99.99 % was used as the plasma, shield and carrier
gases. A tungsten electrode with 2% thorium oxide (EWTh-2) and with a diameter of 4.8
mm was used. The angle of the electrode tip was maintained at 30° for all of the
experiments.

Adapted PAW torch Adapted PTA torch PTA Powder Feeder

Fig. 3. Test bench assembled at the welding laboratory. 1-Welding source; 2-Adapted
plasma torch; 3-Plasma module; 4-Powder feeder; 5-Torch displacement system; 6-Digital
gas meters; 7-Electronic gas valve; 8-Gases

2.2 Constrictor nozzle in PTA process

The configuration of the constrictor nozzle developed in this study included two conduits
for the passage of the carrier gas, the role of which is to feed the powder to the plasma arc in
a convergent form. Figure 4 shows a cross-section of the constrictor nozzle. At 60° the
constrictor nozzle allows the entrance of powder directly into the molten pool, when a
nozzle to workpiece distance of 10 mm is used.
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8 Arc Welding

Constrictor nozzle

oo

10

Substrate

Fig. 4. Cross-section of constrictor nozzle showing the entrance of the powder flow into the
plasma arc. (Vergara, 2005).

2.3 Characterization

Deposits of the atomized alloy Stellite 6, Figure 5, were processed on carbon steel plates
(class ABNT 1020; dimensions 12.5 x 60 x 155 mm), using a constant continuous current.
Table 1 shows the chemical composition of the substrate. The chemical analysis of the
different filler materials was carried out by optical emission spectrometry and the results are
shown in Tables 2 and 3.

Single weld beads were deposited with the parameters indicated in Table 4 and samples
were removed for their characterization. This table gives the operational parameters for the
PTA and PAW plasma welding processes, in which there are parameters which could not
remain constant in the two process, for example: nature of the filler material (in PAW wire
and in PTA powder); wire speed (not required in PTA); carrier gas (not required in PAW);
constrictor nozzle diameter (in PTA 4.8 mm and in PAW 3.2 mm).

Initially, the weld beads were submitted to visual inspection for the presence of welding
defects, the degree of dilution was determined by the areas method using micrographs of
the cross-sections of the deposits, etched with 6% mnital. Profiles of the Vickers
microhardness, with a load of 500g, enabled the evaluation of the uniformity of the weld
beads processed, according to the procedure of the standard ABNT6672/81. The
determination of the microhardness profiles, average of three measurements, was carried
out at the center of the weld beads and in the region where they overlap. To determine the
microstructure by optical microscopy a cross-section was prepared following standard
procedures, the microstructure being revealed after electrolytic attack with oxalic acid.
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C Si Mn P S Cr Mo Ni Al
0.11 0.22 0.74 0.021 0.008 0.027 0.024 0.011 0.06
Cu A% W Sn Fe

0.016 0.015 0.026 0.065 98.6
Thickness: 12.7 mm

Table 1. Chemical composition of the low carbon steel substrate.

C Si Mn Cr Mo Ni Co W Fe
1.32 1.30 0.028 30.01 0.24 245 Bal 5.21 2.05

Hardness: 38-47 Rc; Particle size: 45 to 150 pm; Density: 8.3 g/cm?

Table 2. Chemical composition of the filler material Stellite 6 in the form of a powder (BT-
906)

C Si Mn Cr Mo Ni Co W Fe
0.9-14 2.0 1.0 26-32 1.0 3.0 Bal 3.0-6.0 2.0

Table 3. Chemical composition of filler material Stellite 6 in the form of steel (BT-906T).
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10 Arc Welding

PTA Process
Welding current A 160
Welding speed cm/min 20
Plasma gas flow rate 1/min 22;24;3.0
Shield gas 1/min 10
Carrier gas 1/min 2
Feed rate kg/h 1.4
Constrictor nozzle diameter/ convergence mm/° 4.8/30
angle mm 10
Nozzle to workpiece distance mm 24
Setback

PAW Process
Wire diameter (tubular) mm 1.2
Wire speed m/min 3.0
Deposition rate kg/h 14
Constrictor nozzle diameter mm 3.2
Welding current A 160
Welding speed cm/min 20
Plasma gas flow rate 1/ min 22;24;3.0
Shield gas 1/min 10
Feed rate kg/h 1.4
Nozzle to workpiece distance mm 10
Setback mm 2.4

Table 4. Welding variables and parameters.

3. Results and discussion

3.1 General characteristics

Figure 6 shows the external aspect of the beads where significant differences between them
can be observed. The PTA process produced a better surface finish, better dilution, better
wetting and wider width.

Figures 7 and 8 show cross-sections of the beads obtained using the two processes (PAW
and PTA) where considerable differences in the penetration profile of the welds can be
noted and Figure 9 shows the results for the geometric parameters of the beads, for the three
levels of plasma gas flow rate tested in this study: 2.2; 2.4 and 3.0 1/min. On comparing the
deposits obtained from the two processes it can be observed that the reinforcement and the
penetration are always smaller in the PTA process (Figure 9). In the PTA process there was
a significantly wider cord width, which is due to the use of a constrictor nozzle with a wider
diameter.

The data shown in Figure 9 together with an analysis of the variance in Tables 5, 6 and 7,
indicate that the welding process and plasma gas flow rate have significant effects on the
geometric parameters of the bead.

In relation to the convexity index (CI = 100*r/W), Silva et al. (2000) establishes that values
close to 30% are desirable for the relation between the width (W) and reinforcement (r) of
the weld bead. Figure 10 shows the convexity index of the weld bead for the PAW and PTA
processes as a function of the plasma gas flow rate.
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Hardfacing by Plasma Transferred Arc Process 11

Analysis of Figure 10 shows that for the three plasma gas flow rates tested the PTA process
provided acceptable convexity of the weld beads (less than 30%), a highly desirable
condition. In the case of the PAW process, the convexity index was acceptable only for low
plasma gas flow rates.
The average values for the areas of the metal deposited varied for the two welding processes
studied, as expected, due to the difference in the diameters of the constriction orifices used
in each case and the material loss according to the efficiency of the deposition process.
Figure 11 shows that in the PTA process there was loss of material. Lin (1999) observed that
losses occur mainly due to vaporization and also dispersion of the particles after making
contact with the substrate.
Vergara (2005), reports that the carrier gas flow rate influences the dispersion of the
particles. In many cases it is possible, at the end of the finishing operation, to observe
unmolten powder particles adhered to the sides of the finish. On the other hand, when the
deposition rate is very high (1.5 kg/h) in relation to the welding current (160 A) unmolten
power can be seen spread over the substrate. Vergara [9] observed that the PTA process has
a deposition efficiency of the order of 87% when a constrictor nozzle of 30° is used. Similar
results have been reported by Davis (1993), who demonstrated a range of 85 to 95 %
deposition yield for the PTA process.
The graph in Figure 12 shows the effect of the plasma gas flow rate on the degree of dilution
using the wire Stellite 6, 1.2 mm tubular diameter. The results indicate that the dilution
increases with the plasma gas flow rate possibly due to the greater pressure of the plasma
jet. Similar results were found for the PTA process, with dilution values being lower than
those achieved with the PAW process, as expected, due to the difference in the diameters of
the constrictor orifice. Vergara (2005) reports that the diameter of the constrictor nozzle
orifice has a considerable influence on the quality of the finish since it is directly related to
the width and penetration of the weld bead produced. The data in Figure 12 together with
the analysis of variance in Table 8 indicate that, in general, the welding process and the
plasma gas flow rate significantly affect the dilution. Similar conclusions have been
reported by Silvério (2003) for the alloy Stellite 1.
The good results obtained for the PTA process are associated with:
e  Wider weld beads = greater area of covering
¢ Lower dilution = deposits with composition closer to that of the filler alloy
e  Better wetting, lower convexity = reduced risk of lack of penetration/ fusion between
weld beads.

> '_.T‘“"-"s_?i'
lzlslm T

Fig. 6. Superficial aspect of Stellite 6 deposited by: a) PAW and b) PTA. Welding current =
160 A, Welding speed = 20 cm/min, Feed rate =1.4 kg/h, Plasma gas flow rate = 2.4 1/min.

b) PTA
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12 Arc Welding

Fig. 7. Cross-section of weld beads processed via PAW. Plasma gas flow rate: (a) 2.2 (1/min);
(b) 2.4 (I/min); and (c) 3.0 (1/min)

Fig. 8. Cross-section of weld beads processed via PTA. Plasma gas flow rate: (a) 2.2 (1/min);
(b) 2.4 (I/min); and (c) 3.0 (I/min).
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Fig. 9. Effect of plasma gas flow rate on geometric parameters (Width, reinforcement,
penetration).
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Fig. 10. Effect of plasma gas flow rate on convexity index.
Source of variation Sum of - Degrees of - Average of F observed  F critical
squares freedom squares
Welding process 17.85 1 17.85 1444.35
Plasma gas flow rate 2.316 2 1.16 93.67
Interaction 2.33 2 1.16 94.14 > 3.55
Residual 0.22 18 0.0124
Total 22.72 23
Obs.: Index of significance (o) = 5%
Table 5. Results of the analysis of variance for width.
Source of variation Sum of - Degrees of - Average of F observed  F critical
squares freedom squares
Welding process 4.29 1 4.29 1353.78
Plasma gas flow rate 1.33 2 0.66 209.016
Interaction 0.098 2 0.049 15.45 > 3.55
Residual 0.057 18 0.0032
Total 5.77 23

Obs.: Index of significance (a) = 5%

Table 6. Results of analysis of variance for reinforcement.
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Hardfacing by Plasma Transferred Arc Process 15

Sumof  Degrees of Average of

Source of variation F observed  F critical

squares freedom squares
Welding process 8.35 1 8.354 5323.15
Plasma gas flow rate 0.58 2 0.288 183.74
Interaction 0.37 2 0.185 118.06 > 3.55
Residual 0.02825 18 0.00157
Total 9.33 23

Obs.: Index of significance (o) = 5%

Table 7. Results of analysis of variance for penetration.

30
& 25
€ 25 23,6
£ 21,4
°
2 20
) 16,5 OPAW
o 15
% 15 12
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S 10 |
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Plasma gas flow rate (I/min)

Fig. 11. Area of material deposited in PAW and PTA processes.
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Fig. 12. Effect of plasma gas flow rate on degree of dilution in PAW and PTA processes.
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16 Arc Welding

Sumof  Degrees of Average of

Source of variation F observed  F critical

squares freedom squares
Welding process 1102.43 1 1102.43 25289.88
Plasma gas flow rate 182.16 2 91.08 2089.39
Interaction 25.93 2 12.96 297.4 > 3.55
Residual 0.785 18 0.044
Total 1311.305 23

Obs.: Index of significance (o) = 5%

Table 8. Results of analysis of variance for dilution

3.2 Microhardness and microstructure

Figure 13 shows the typical microstructures of the solidification in the center of the weld
bead. When a plasma gas flow rate of 2.2 1/min was used in the PAW and PTA processes
the microstructure was more refined. For a plasma gas flow rate of 3.0 I/min for both
welding processes the microstructure was less refined.

The microhardness profiles evaluated along the cross-section of the deposits are shown in
Figures 14 and 15 for the PAW and PTA processes, respectively.

The data in Figure 14 together with the analysis of variance in Table 9, related to the PAW
process, indicate that, in general, the plasma gas flow rate significantly affects the
hardness. On the other hand, the data in Figure 15 together with the analysis of variance
in Table 10, which relate to the PTA process, indicate that the plasma gas flow rate does
not significantly affect the hardness. Deposits obtained with the PAW process have lower
hardness values, which is to be expected given the less refined structures and higher
degrees of dilution.

Sumof  Degrees of Average of

Source of variation F observed  F critical

squares freedom squares
Plasma gas flow rate 18214.93 2 9107.463  151.9637 > 3.2381
Residual 2337.341 39 59.93183
Total 20552.27 41

Obs.: Index of significance (o) = 5%

Table 9. Results of analysis of variance for average hardness of microstructure - PAW.
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PAW PTA

a) Plasma gas flow rate = 3.0 (I/min)

b) Plasma gas flow rate = 2.4 (I/min)

- 2y

c) Plasma gas flow rate = 2.2 (I/min)

Fig. 13. Micrographs of the samples of Stellite 6 for the PAW and PTA processes. Centre of
weld bead.
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Fig. 14. Effect of plasma gas flow rate on hardness in PAW process.
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Fig. 15. Effect of plasma gas flow rate on hardness in PTA process.
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Sumof  Degreesof Averageof —p .4

Source of variation F critical
squares freedom squares

Plasma gas flow rate 2729.185 2 1364.593  2.388627 <  3.554561

Residual 10283.17 18 571.2875

Total 13012.36 20

Obs.: Index of significance (o) = 5%

Table 10. Results of analysis of variance for average hardness of microstructure -- PTA.

It was verified that the PTA process generates a more refined microstructure and
consequently greater hardness than the PAW process, as also observed by Silvério (2003).

4. Conclusions

Based on the experimental results obtained in this study the conclusions are as follows:

e The PTA process produced a better surface finish and better wetting. Due to the
deposition efficiency and the difference in the orifice diameter of the constrictor nozzle
used in the welding processes studied the main results are:

e In the PTA process lower dilution values were achieved in comparison with the PAW
process.

e  Greater weld bead width was obtained using the PTA process.

¢ On comparing the deposits obtained through the two processes it could be observed
that the reinforcement and penetration are always lower in the PTA process.

e  Deposits obtained with the PAW process had lower hardness values as expected due to
the less refined structures and higher degrees of dilution.
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1. Introduction

The indirect electric arc technique (IEA) is a welding process that was initially developed to
weld aluminum metal matrix composites (MMCs) reinforced with high content of TiC
particles. Later on, its use was extended to weld MMCs reinforced with low contents of SiC
and ALO; particles and monolithic materials such as carbon steels, aluminum and
aluminum alloys. This technique is based on using the gas metal arc welding process
(GMAW). In this instance, however, fusion of the base metal is not realized by the direct
contact between the electric arc and the work pieces. Instead, the application of the electric
arc is on thin plates of feeding metal placed on top of the work pieces and aligned with the
groove of the joint. The filler wire, fed in a spray transfer mode, forms a weld pool with the
plates of feeding metal and the molten metal is instantaneously fed, at high temperature,
into the groove of the joint. The heat input supplied with the molten metal melts the side
walls of the work pieces enabling welding upon solidification. The IEA technique allows
using feeding material with the same chemical composition of the base metal. It has been
found that the microstructure obtained in the weld metal with this technique, in carbon
steels, improves the resistance to stress corrosion in hydrogen sulfide. The IEA technique
has proved to be effective in welding MMCs with low and high content of ceramic particles,
aluminum and its alloys as well as carbon steels such as API X-65 employed for transport
and storage of hydrocarbons.

The design of the IEA joint enables welding of plates, 12.5 mm thick, in a single welding
pass with a reduced heat input and thereby a reduction in the thermal affection of the base
metal. Trials to weld materials such as aluminum and MMCs with a thickness of 12.5 mm in
one welding pass without joint preparation, i.e. square edges, resulted in deficient welds
with partial penetration. Successful welding of these plates demands 3 or 4 welding passes
using a single V joint design. Conversely, the use of the IEA technique with preheating of
the joint led to welds with full penetration and without lack of fusion in the side walls in a
sole welding pass. The multipass welding procedure required for the single V groove joint
means a larger heat input which inevitably has an impact on the microstructure of the
different regions of the welded joint and of course on its mechanical performance. A thermal
balance of the IEA process revealed a larger thermal efficiency as compared to the
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traditional use of the GMAW welding process. This increase is ascribed to the fact that the
electric arc is not openly exposed to the atmosphere. Instead, it is established in a hidden
fashion within the groove formed by the feeding plates, reducing thus heat losses. This
characteristic of the IEA technique has outstanding repercussions on the microstructure and
mechanical properties of the welds. For example, degradation of the reinforcement during
fusion welding of aluminum matrix composites reinforced with SiC particles is a common
occurrence. Welding of this type of MMC with IEA did not show signs of reaction and a
larger fraction of SiC particles were incorporated into the weld metal increasing the tensile
properties of the welded joint. Also, in carbon steels, aluminum and its alloys the use of the
IEA leads to a different solidification mode and grain refined microstructures. In particular,
for an API X-65 this refinement has a profound positive effect in terms of sulfide stress
cracking (SSC) behavior. Regarding heat treatable aluminum alloys, it is well known the
overaging effect in the heat affected zone (HAZ) which weakens the strength of the alloy
and predisposes failure in this region with a very low stress. The reduced heat input of the
IEA technique also reduces the loss of strength in the HAZ of this type of alloys.

The main disadvantage of the IEA technique is that it leaves the residual feeding plates on
top of the welded joint. This would be unacceptable in most of the applications. Thus, an
additional step in the process demands removing these strips from the weld. To overcome
this inconvenient, a modification of the design of the IEA joint was proposed and tested in
heat treatable aluminum alloys. The use of the strips of feeding material on top of the work
pieces was omitted and in the upper part of the work pieces a lash was machined,
simulating the original feeding plates. The modified indirect electric arc (MIEA) technique
drew similar results than the original IEA and when compared with the conventional single
V groove joint, the behavior of the MIEA welds was better in both static and dynamic
testing.

So far, the IEA technique and its evolution into the MIEA has emerged as an attractive
alternative to weld a number of materials with peculiar microstructural characteristics that
have a positive impact in the mechanical and stress corrosion cracking (SCC) behaviors. This
chapter details a broad description of the process, emphasizing its advantages with respect
to the conventional practice of fusion welding. An overview of the findings and benefits
observed in different materials as well as the evolution of the original idea throughout ten
years of research are provided.

2. Overview of the IEA welding process

The indirect electric arc (IEA) technique is a novel welding process that has been successfully
used to join MMCs (Garcia et al, 2002a, 2002b, 2003). It is a variation of the metal inert gas
(MIG) process in which fusion of the base metal is not caused by direct contact with the electric
arc. Instead, the electric arc is established between the filler metal and feed metal, in plate
form, placed over the base metal (Fig. 1), where the feed metal plates, base metal and filler
metal all have similar chemical compositions. The plates are prepared with square edges and
with a small single-V preparation with an angle of 45° in the upper part. The IEA technique
allows using feeding material with the same chemical composition. The resultant droplets, in
the form of a spray, produce a molten pool on the plates and the liquid is fed instantaneously
at high temperature into the groove formed between the workpieces (Lu & Kou, 1989a, 1989b).
The high temperature of the liquid metal melts the parent materials, producing the welded
joint. Due to the increase of the thermal efficiency of the IEA process, complete penetration
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and uniform weld beads, in a single pass, were obtained, as well as a reduction in the heat
input and thereby a reduction in the thermal affection of the base metal compared with that
provoked by the direct application of the electric arc (Garcia et al., 2002a, 2002b, 2003).

FEED METAL ELECTRODE

¥

<
‘?;\ Filler metal
%
Ypo Feed metal Electric arc
\, [ ArTwisi
e
Weld ;
Parent composite
Parent composite melted
MELTED METAL 4 MELTED BASE
METAL
Back plate
@) (b)

Fig. 1. IEA welding process: (a) General set-up (Garcia et al., 2002); (b) Set-up for application
to 359 aluminum MMCs reinforced with 20%SiC (Garcia et al., 2007).

The fusion process of the base material is carried out by means of a liquid diffusion process,
similar that the shown in Fig. 2a, where the liquid material diffuses through the grain
boundaries, because these are areas of lower melting point than the matrix of the grains.
This phenomenon is favored due to segregation of impurities and alloying elements in
metals of high purity and alloying elements in alloys, respectively. Fig. 2b-c illustrates the
difference between the indirect electric arc and the traditional electric arc welding processes.
In the majority of the electric arc welding processes, the electric arc is established between
the electrode and the base metal. The high energy developed by the electric arc is in direct
contact with base metal and the forces generated in the weld pool affect the weld form and
solidification mode. As illustrated in Fig. 2b, the temperature gradient within the weld pool
induces a corresponding density gradient that enhances the flow and generates radial forces
(RF) and circular forces (CF). Fig. 2b shows that when materials of a higher temperature and
lower density are moving toward the bottom of the puddle, the buoyancy forces tend to rise
up the liquid flow across the center of the pool. The flow moves radially outward, the
molten metal is forced along the surface and then down the side of the weld pool toward the
bottom (Domey et al., 1995). In the IEA technique, the electric arc is established within the
feeding plates and as soon as the filler metal and feed metal are melted, liquid metal with
low density is supplied into the joint geometry at high temperature. Thus, in the IEA
process the buoyancy-driven flow is interrupted due to the presence of a deep groove and as
a result, the radial forces instead of becoming circular forces, are transformed into “drag
forces”, a combined effect of the pressure exerted by the electric arc and the gravity action,
drives the molten pool downwards into the groove formed by the workpieces, as can be
seen in Fig. 2c. In addition, the hidden arc in the IEA method suggests that the loss of energy
by radiation is suppressed and as a consequence, the efficiency of the electric arc in melting
the feed metal is increased.

Along with the stir forces generated in the weld pool, the extent of supercooling also
accounts for the mode of solidification. Although there are some exceptions, in electric arc
welding epitaxial growth is a typical occurrence, wherein the first grains of the weld pool
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nucleate directly from randomly oriented grains in the HAZ and grow toward the greatest
thermal gradient within the puddle (Domey et al., 1995). On the other hand, the
solidification in the IEA welding method is different due to the distinct generation of forces
and flow patterns in the weld pool. Fusion of the base metal is realized by the high energy of
the melt supplied into the joint geometry. The improvement of the efficiency of the MIG
welding process to about 95% using IEA may be ascribed to the better use of heat generated
by the electric arc, which is established in a hidden form and the contact with the
environment is minimum reducing thus heat losses.

Base Metal Partially Melted

Electrode Electrode

Feed material

Hoal oW poat now = = Heat flow

Base material
T
Heat flow |
(b) ©

Fig. 2. (a) Fusion process by liquid diffusion; Schematic of the MIG welding process using
(b) direct electric arc and (c) indirect electric arc (Garcia et. al, 2002).

Filler Metal Melted

a) -
: Sp= !
v U

Fig. 3. Joint designs and typical geometry of the welds obtained; a) single V groove joint,
b) IEA joint and c) MIEA joint.
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The Fig. 3 shows different joint designs and dimensions as well as the typical geometries of
the welds obtained by a) typical single V groove joint, b) IEA joint and ¢) MIEA joint. Whilst
for the single V groove joint three or more welding passes are required to fill the groove, the
IEA and MIEA joints only need one welding pass. The macrographs of the transverse weld
profiles depict the geometries of the weld beads. Macroetching of the welds also revealed
the HAZ. Roughly, it can be seen the larger thermal affection in the single V groove joint as
compared to the IEA and MIEA welds.

3. Applications of the IEA welding process

In this section, an overview of the findings and benefits observed in different materials are
provided. Between these materials are the MMCs, aluminium and its alloys and carbon
steels.

3.1 Composites

The development of MMCs was a breakthrough in materials technology in the 80’s.
Acceptation and use of new materials rely on their readiness to be joined. Sorting out the
challenges of incorporating ceramic reinforcements into molten metals and alloys was not
enough for spreading the use of MMCs. A major problem was also encountered when trying
to join this type of materials with conventional fusion welding processes. Exposure of the
Al/SiC-type composite to temperature above the liquidus of the aluminium alloys, as
typically experienced in welding, results in a severe lose of mechanical properties due to the
formation of brittle and hygroscopic aluminium-carbon compounds, mainly aluminium
carbide. In addition, fusion welding processes produce a weld pool that has poor fluidity
and solidifies with large volumes of porosity in the weld, because of the realization of
hydrogen from the melted aluminium powder, which is used to make many MMCs (Ahearn
et al. 1982). A reduction in the porosity in welds deposited by gas tungsten arc welding
(GTAW) was achieved by previous vacuum degassing for long periods of time before
welding. Nevertheless, both Al4C; and Al-Si eutectic were detected in degassed composites.
A number of authors (Cola & Lundin, 1989; Devletian 1987; Fukumoto & Linert, 1993; J
Ahearn, et al, 1982, Ellis, et al, 1995; Urena et al, 2000, Lundin et al, 1989, Lienert, et al, 1993)
reported that AlyC; is always formed in the weld metal in MMCs reinforced with SiC no
matter which of the fusion welding processes is employed to weld the MMCs (laser, electron
beam, TIG, MIG and so on), and the formation of this compound occurs according to Eq. (1).

38iC.) +4Alyy - AL,Cs +3Si, )

This reaction is not reversible and the ALCs is formed as plates in the microstructure. The
presence of the plates has two deleterious effects. First, the material becomes extremely
brittle, and second, it becomes very prone to corrosion in presence of water, leading to the
release of acetylene gas. In an extreme case, this has led to total corrosion of the weld within
a few days. In response to the problematic issue of welding MMCs, the idea of the indirect
electric arc was conceived (Garcia et al 2002) with the metal inert gas (MIG) welding process
in order to overcome the difficulties of welding MMCs. The concept is based on the fact that
experimental measurements indicate that the temperature of the droplets in the MIG
welding process with spray transfer is between 2000 to 2327 °C for aluminium and its alloys
according to (Lu & Kou, 1989, Kim et al, 1991). If a molten metal with a large overheating is
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casted into a “mould” shaped by the parent materials to be welded, the sensible heat of the
weld pool formed is sufficient to melt the side walls (the matrix in MMCs) whilst instantly
filling the groove, yielding the welded joint upon freezing. The indirect application of the
electric arc reduces the degradation of the ceramic but still the temperature of the molten
metal is large to induce spontaneous and instantaneous wetting so that continuity is seen
between weld metal and the matrix of the composites when the content of reinforcement is
large (Garcia et al, 2002, 2003) and significant incorporation of particles into the weld metal
occurs for composites with low fraction of reinforcement (Garcia et al, 2002, 2007).

The MIG welding process with IEA is a novel fusion welding method, which was
developed to join MMCs with a reduced HAZ in the base metal. In the IEA welding
method, the fusion of the base metal is not caused by direct contact with the electric arc,
instead, the electric arc is established between the solid electrode and a plate of the same
base metal, placed over the parent material. The resultant droplets, in the form of a spray,
produce a molten pool on the plates and the liquid is fed instantaneously at high
temperature into the groove formed by the base metal; Fig. 4 depicts the experimental set-
up in a dissimilar join. Experimental measurement indicate that the droplets temperature
in the MIG welding process with spray transfer is between 2000 to 2327 °C for aluminium
and its alloys according to (Lu & Kou, 1989, Kim et al, 1991). As a result of its elevated
temperature, the liquid metal melts the parent materials (the matrix in MMCs), yielding
the welded joint upon freezing.

Profiles of MMCs welds using IEA are shown in Fig.4. Irrespective of the reinforcement
content (high, medium or null), full penetration was attained in one welding pass and
uniform weld profiles are obtained with little fusion of the base materials and a
minimized heat input. The contour of the weld at the top depicts the configuration of the
electric arc, which does not impinge on the surface of the parent plates; rather, it strikes
inside the channel formed by them, as illustrated previously in Fig.1. Thus, during
welding the electric arc is hidden and the typical flashing and sputtering of the normal
MIG welding process is no longer observed when welding is carried out in any kind of
material. It is well known that in order to weld 9, 10 mm thick MMCs and 12.5 mm thick
aluminium plates, conventional MIG welding practice demands more than one welding
pass with low travel speed, which leads to a large HAZ. It is worthy bearing in mind that
most of the attempts to weld MMCs have been performed rather in thin sections or
depositing bead on plate welds.

It has been reported during MMCs welding by different welding processes, that the high
energy developed by the electric arc produces a wide HAZ accompanied by dissociation of
the ceramic particles and the formation of hygroscopic compounds (AlsCs). This was
confirmed by (Garcia et al, 2007) when welding an A359/SiC/20p commercial composite.
Fig. 5a shows jagged SiC particles within the weld metal, this feature was not seen when the
composite was welded with IEA. Fig 5b shows also the particles incorporated into the weld
metal but they retain their initial angularity meaning that significant degradation (according
to the resolution of the optical microscope) did not occur during welding with IEA. Tensile
testing of the welded joints drew a tensile strength of 234 MPa for the IEA weld (one
welding pass) as compared to 209 MPa for the weld with direct application of the electric arc
(three welding passes). This behaviour is related to a larger incorporation of SiC particles
into the weld metal and the reduced porosity for the IEA weld. The authors stated that the
degradation of the SiC particles observed in the plain weld played a minor role during
mechanical testing.
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10 mm

Fig. 4. Weld profiles obtained with the MIG-IEA technique in different MMCs.
a) Al-1010/TiC/50p (Garcia et al, 2003), b) Al-6061/ Al,Os/20p (Garcia et al, 2002),
¢) A359/SiC/20p and d) dissimilar joint.

" ap - U TN DT el
Fig. 5. Effect of the a) direct and b) indirect application of the electric arc on the SiC particles
during welding an A359/SiC/20p commercial composite (Garcia et al, 2007).

3.2 Carbon steels

Pipelines of low carbon steel welded by electric arc have been used for many years and are
widely used in the petroleum industry. However, frequent failures during operation over
the years have prompted several studies of the design, construction, operation and
maintenance of equipment and metallic structures used in this industry (Craig, 1997). Oil
and gas from Mexico contain high concentrations of H>S and CO,, these constituents induce
failures. In the oil industry, the welding processes commonly used for joining pipeline are
electrical resistance (ERW) and submerged arc welding (SAW). With these processes, wide
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HAZs are created and as a result, a high probability of cracking due to the heterogeneous
weldment exists. Studies of weld bead failures have demonstrated that these occur mainly
in the HAZ because of the variation in microstructure (grain growth), residual stresses and a
higher susceptibility to embrittlement by hydrogen. These microstructures are produced by
the thermal gradients experienced in the joint during welding. Therefore, it is very
important to develop welding processes with a narrow HAZs, this is possible with the IEA
process. The welding process has an important influence in the SSC susceptibility of
materials. The different welding processes promote different changes in the microstructure
of the welded zone; these changes affect the SCC resistance and the yield strength of the
pipeline steel.

A comparative study of SSC resistance between IEA, SAW and MIG was carried out
(Natividad et. al., 2007) through slow strain rate tests (SSRT), electrochemical tests and
hydrogen permeation measurements. The base metal used was API grade X-65 pipeline steel.
Cylindrical tensile specimens with a gauge length of 25 mm and gauge diameter of 2.50 mm
were machined from the pipeline perpendicular to the rolling direction. The specimens were
subjected to conventional slow strain rate tests in air (as an inert environment) and in the
standard NACE solution (5% NaCl, 0.5% acetic acid, saturated with hydrogen sulphide (H-S))
at a strain rate of 1x10-6 sl at room temperature (25°C) and at 37°C and 50°C. All of the tests
were performed at the open circuit potential (OCP). The loss in ductility was assessed in terms
of the percentage reduction in cross-sectional area (% RA), as follows

A - A
%RA =1 +100 )
Ay

where A; and Af are the initial and final cross-sectional areas, respectively. The index of
susceptibility to SSC (Issc) was calculated as follows

%RAAR = %RANACE
%RA AR

Issc = ®)
where % RAar and % RAnack are the percentage reduction in area values in air and in the
HS-saturated NACE solution, respectively. An Issc value close to unity indicates high
susceptibility towards SSC whereas a value close to zero indicates immunity. The fracture
surfaces were then examined using scanning electron microscopy (SEM).

Fig. 6 shows the macro and microstructures of the weldments obtained by the three welding
processes. This figure shows clearly the different zones: base metal (BM), weld bead (WB),
HAZ and fusion zone (FZ). Full penetration and a narrow HAZ are observed in
microstructure obtained by IEA process. The weld bead and HAZ is very different from that
obtained by both SAW and MIG processes. In general, the microstructure obtained with the
IEA welding process is more homogeneous than the obtained by SAW and MIG processes.
The corrosion and the SSC susceptibility of the welds are affected by the differences in
composition, microstructure, and electrochemical potentials among the different zones. A
lower electrochemical potential of the weld bead is commonly related to composition,
microstructure and distribution of inclusions (Dawson et. al., 1997). Similarly, in a study
performed by Turnbull and Nimmo, about SCC susceptibility (Turnbull & Nimmo, 2005), a
direct relation to OCPs with mechanical properties like microstructure or hardness of phases
was reported.
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The limit of hardness recommended for avoiding cracking in a sour environment is 22 Rc
(248 Hv) (NACE/ISO, 2009). Although susceptibility to SSC generally increases with
increasing hardness, some microstructures are more susceptible to cracking than others at
the same hardness. Fig. 7 shows hardness measurements obtained from a transverse section
of the weld for each welding process and it is observed that the values of hardness in the
weld bead made by the SAW process are the lowest. For the MIG process, there is no
significant difference between the HAZ and the WB hardness values. On the other hand, for
the IEA process, the hardness value of the HAZ decreases by nearly 35 HV with respect to
weld bead values. These values are within the recommended limits to avoid the fracture and
cracking of the weld bead.

Fig. 6. Macro and microstructures of the weldments obtained by (a-b) SAW, (c-d) MIG and
(e-f) IEA, (Natividad et al., 2007).
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Fig. 7. Hardness values in weldments obtained by the different welding processes.
(Natividad et al., 2007).

Fig. 8 shows the Iscc measurements on the three weldments at the three bath temperatures.
The welded joint obtained by SAW shows the highest Iscc values, which was correlated with
the hydrogen permeation results. Similarly, the Iscc measurements in the IEA case indicate a
lower concentration of both the trap sites in the metal and the susceptibility to hydrogen
embrittlement, because here the most hydrogen flux passed to the anodic cell side. Although
the high electrochemical activity generates a higher atomic hydrogen concentration, a
smaller concentration of this atomic hydrogen was trapped in the bulk. In addition, the Iscc
results were affected by the change of welded microstructure, where the IEA presented a
refined higher concentration of bainite compared with the grain coarse ferrite+pearlite
microstructure obtained by the SAW process as reported before (Turnbull & Nimmo, 2005),
and the consequent change in hardness due to the modified grain size during welding
process (Omweg et al, 2003). Some evidence of the hydrogen diffusion effect into the welded
joints is presented in the SCC fractographs illustrated in Fig. 9. The SAW weldments (Fig.
9b) show a more brittle fracture than the MIG and IEA weldments. The IEA weldment
presented a less brittle fracture (Fig. 9a) and the Iscc values show this behaviour. However,
the three welded joints do not show a completely brittle behaviour, but in general, the
fracture behaviour was closer to a quasi-cleavage fracture. The hydrogen diffusion was low
in quantity and low in permanence time into the electrolyte generating hydrogen
embrittlement, but there is evidence of the hydrogen damage to the weldments.
Additionally in this work, the IEA material was the least susceptible to hydrogen
embrittlement damage, of course, the SCC resistance was higher, and was related to the
lowest OCP activity promoted by the change in microstructure of the weldment.
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Fig. 8. Variation of . as function of temperature on the weldments (Natividad et al., 2007).

With the features of the IEA process, a better SSC resistance at 25 °C was obtained in
comparison to the SAW and MIG processes. For specimens obtained by the IEA process
subjected to SSR tests, the failure occurred on the base metal and for specimens produced by
SAW and MIG processes it occurred in the weld bead and HAZ respectively. At 37 °C and
50 °C, the SCC resistance of all processes show a similar behaviour (failed in the base metal).
The higher atomic hydrogen permeation flux presented by the IEA process was promoted
by the ferrite phase from the base metal, which is comparable to the fracture which occurred
from SSRT.

A significant increase in the corrosion current (more positive OCP) was presented by the
IEA material, and was attributed to the greatest galvanic cell formation between the welded
and base metal, but this material shows superior resistance to the SCC susceptibility than
that for the MIG and SAW processes. The hydrogen permeation results and the difference in
microstructure presented by the IEA process corroborate this behaviour.

15.0kV 5.0 400x  SE 10.4 X65 250C H28 _

Fig. 9. SEM images of the SCC fractographies of (a) IEA weldment material and (b) SAW
weldment material tested at 25 °C into the NACE solution saturated with H,S, (Natividad et
al., 2007).
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3.3 Aluminium and Al-alloys

Aluminium and its alloys are important engineering materials with a vast number of
applications as structural and functional components. The shiny and attractive appearance of
these materials is due to the native oxide layer that always envelops the bulk of the material.
The aluminium oxide layer is highly compact and this characteristic prevents further
thickening of the oxide and permeation of aggressive media, making of Al and its alloys
corrosion resistant materials in a number of environments. Besides, their lightness means a
large strength/weight ratio for heat treatable Al-alloys (Davies, 1993 & Heinz et al, 1990). The
high technological relevance of Al and its alloys demands quite often joining operations. The
first barrier to overcome for successful joining is the native oxide layer which avoids
coalescence between faying surfaces. In order to succeed fusion welding with the electric arc,
direct current and reverse polarity are used to generate an ionic striking effect that dissolves
the oxide and enables mixing between molten metals. Another aspect to take into
consideration is the high solubility of hydrogen in aluminium melts. If care is not taken in
preventing sources of hydrogen during welding, this effect may lead to welds with a large
level of porosity in the weld metal. Besides, Al-alloys are prone to solidification and liquation
cracking owing to their relatively high thermal expansion, large change in volume upon
freezing as well as wide solidification temperature range (Gittos et al, 1981; Enjo & Kuroda,
1982; Kerr & Katoh, 1987; Miyazaki et al, 1990; Malin, 1995; Huang & Kou, 2004). All the above
mentioned defects may have a profound impact on the mechanical performance of the welded
joint and therefore they must be prevented. Furthermore, exposure of heat treatable Al-alloys
to the welding thermal cycles gives rise to a soft zone in the HAZ caused by overaging where
the mechanical strength may decrease up to 50% (Malin, 1995). Partial or almost full recovery
of the mechanical properties can be achieved by post weld heat treating (solutioning,
quenching and aging) but this procedure might be restricted in many instances and the
welded joint must be on service in the as-welded condition. On this context, contributions
aimed to improve the mechanical performance of aluminium alloys are desirable and valuable.

Fig. 10. Comparison of the weld profiles obtained with the direct (a-b) and indirect (c-d)
application of the electric arc with preheating of the joint (Garcia et al, 2007).
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The IEA technique developed by (Garcia et al, 2002) was applied to study the feasibility of
welding Al and its alloys by using an ER4043 filler wire. Preliminary welding trials (Garcia
et al, 2007), in plates of aluminium of commercial purity, revealed that the IEA technique
has the capability of joining plates of 12.5 mm in thickness in a single welding pass with full
penetration by preheating the plates to 50 or 100°C as shown in Fig. 10. Conversely, with the
same preparation of the parent plates but without the feeding plates, welds with partial
penetration are obtained as seen in Fig. 10. Needless to say, this problem shows why
traditionally welding of thick sections is performed by a multi-pass procedure either with a
single or double V preparation of the plates.

Microstructural characterization of the welds disclosed for the welds with direct
application of the electric arc the typical epitaxial and columnar grain growth from the
partially melted grains of the base metal whereas for the IEA welds, partially melted
grains of the base metal were found trapped within the weld metal as shown in Fig. 11.
The mechanism of this phenomenon was previously mentioned in section 2. Dragging and
survival of partially melted grains modified the mode of solidification in the weld metal
by blocking columnar growth. Thermal analysis of the IEA technique showed that heat
losses by radiation and convection are reduced since the electric arc is established in a
hidden fashion within the channel formed by the feeding plates. The authors stated that
the low ionization potential of the aluminium vapour, 5.986 eV, plays also an important
role in the IEA technique.

a)

Base /

metal

grain

Fig. 11. Optical micrographs of the base metal/weld interface: (a) in the transversal and (b)
longitudinal axes of a MIG-IEA weld (Garcia et al, 2007).

The preliminary findings suggested that if the number of welding passes are reduced, so it
is the heat input. This advantage means also a reduction in the thermal affection of the base
metal and therefore a minimization in the loss of strength in heat treatable aluminium
alloys. To prove this, plates of an Al-6061-T6 were welded with the IEA technique and the
results were compared with a single V joint (Ambriz et al, 2009). Table 1 shows the results of
the mechanical properties under tension of the welded joints in the as-welded condition. At
first sight, it is clear that the mechanical properties are lower than the base metal
independently of the joint design employed. The worst mechanical properties were,
however, exhibited by the single V-groove joint, which has approximately 37.4 and 61%
mechanical efficiency with respect to base material and filler wire respectively. In
comparison to the single V groove joint, the IEA joints exhibited a notable increase in the
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mechanical efficiency with values ranging between 48 to 55%. Nevertheless, those
efficiencies are still below the permissible limit of 57% for the 6061-T6 alloy according to the
ASME Pressure Vessel Code, Section VIII. Irrespective of the joint design and preheating
condition, the mechanical failure under tensile testing occurred in the base metal, at
different distances from the fusion line, depending on joint design and preheating condition.
The nearest failure from the fusion line occurred for the single V joint.

Preheating | Ultimate Yield . _|Failure from Efficiency Eff1c1e.n ot
. Elongation| S from base | from filler
Joint type | temperature | strength | strength (%) fusion line metal metal
°C MPa MPa ’ mm o o
Q) (MPa) (MPa) (mm) (%) (%)
ER-4043 - 190 164 - - - -
6061-T6 - 328 300 14 - - -
DEA 25 116 57 17.6 3 35.36 61.05
IEA 50 148.9 71.6 14 11-13 45.39 78.36
IEA 100 172.1 76.8 14.8 13-15 52.46 90.57
IEA 150 168 86.7 15.2 13-16 51.21 88.42

Table 1. Mechanical properties of the weldments in the as-welded condition (Ambriz et al,
2009).

Failure Zone

Feeding Metal
Weld

Tensile Test Failure Zone
Specimen

Tensile Test

Microhardness
,,,,,,,, Measurement

=

Microhardness, HV,;
a4 03 e
T T T

=
]

Microhardness, HV

a 3 10 13 20 25 30 a 5I 1|D 1|5 IID 2.5 i
Distance, mm Distance, mm

Fig. 12. Microhardness profiles for; a) the single V joint and b) the IEA joint preheated to
100°C (Ambriz et al, 2009).

Fig. 12 shows microhardness profiles along the cross sections of the welds, they corroborate
the failure zone with the variation of mechanical properties, as a result of the thermal cycle
of welding. The plots of these figures reveal, in each weld, a soft zone which matches well
with the failure zone of the tensile specimens. This behavior, which nevertheless was
expected, agrees with others (Gutierrez et al, 1996; Liu et al, 1991; Myhr et al, 2004;
Shelwatkar, 2002; Kostrivas & Lippold, 2000). Worth to point out is the fact that the depth, in
terms of microhardness, and width of the soft zone is related to the joint design and
preheating temperature. These features are obviously reflected on the tensile strength of the
welds. Note that although the IEA and single V groove are similarly “soft”, the later fails
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with a lower stress due to the relaxation of the dislocations as a result of repeated exposure
to heat. Another important aspect revealed by the microhardness profiles is the increase in
hardness within the weld metal for the IEA joint as compared to the single V groove joint.
This trend is related to the dilution rates for each joint, the larger the dilution the largest
incorporation of alloying elements into the weld metal, and to the solidification mode
inherent to every joint design. Whilst the single V groove joints exhibits the typical epitaxial
and competitive-columnar grain growth, the IEA joints solidified with a grain refined
microstructure.

4. Modified indirect electric arc (MIEA)

The main disadvantage of the IEA technique is that it leaves the residual feeding plates on
top of the welded joint. This would be unacceptable in most of the applications. Thus, an
additional step in the process demands removing these strips from the weld. To overcome
this inconvenient, a modification of the design of the IEA joint was proposed and tested in
heat treatable aluminum alloys. The use of the strips of feeding material on top of the work
pieces was omitted and in the upper part of the work pieces a lash was machined,

simulating the original feeding plates. This evolution was named MIEA (Ambriz at al., 2006,

Ambriz et al. 2008). The MIEA provided several advantages with respect to the traditional

arc fusion welding process, for instance:

i.  The high thermal efficiency that allows welding plates by using a single welding pass.
As a result, the thermal effect is reduced and the mechanical properties of the HAZ are
improved as compared to a multi-pass welding procedure,

ii. The dilution percent of the weld pool is higher; which tends to improve the hardening
effect after performing a post weld heat treatment (PWHT) (Ambriz et al., 2008),

iii. The solidification mode promotes an heterogeneous nucleation and jointly diminishes
the micro-porosity formation,

iv. The geometry of the welding profile improves the fatigue performance of the welded
joint (Ambriz et al., 2010a).

MIEA welding technique employs the same equipment that is required to weld by GMAW.

General dimensions and the schematic representation of the MIEA joint along with the weld

bead geometry obtained were shown in Fig. 3c. The dissipation of heat in this case is quite

similar to the IEA joint so that large thermal efficiency is also obtained.

4.1 Microstructure in aluminum alloys welds

In a fusion welding process, the heat input produces a fusion-solidification phenomenon,
which is different to that obtained in the solidification of an ingot. (i) In an ingot,
solidification begins with heterogeneous nucleation at the chill zone meanwhile in a weld
pool the liquid metal partially wets the grains of the parent metal and epitaxial growth takes
place from the partially melted grains of the parent metal (Davies et al., 1975). (ii) The rate of
solidification in a weld pool, which depends on the traveling speed as well as the welding
process, is by far faster than in an ingot. (iii) The macroscopic profile of the solid/liquid
interface in welds progressively changes as a function of the traveling speed of the heat
source whereas it exclusively depends on the time for an ingot. (iv) The movement of the
liquid metal in a weld pool is greater than in an ingot due to the Lorentz forces which create
turbulence within the molten metal (Grong, 1997). Fig. 13 shows longitudinal views, which
depict the direction of solidification of the welds, for a multi-pass welding and MIEA with
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preheating conditions at 50°C. The arrows indicate the displacing direction of the electric
arc.

Fig. 13. Longitudinal top view of the weld metal grain structure at the mid plane for: a)
single V groove, b) MIEA preheated at (50°C) (Ambriz, et al, 2010).

The longitudinal macrostructure for the MIEA joint, Fig. 13b, exhibit significant differences
with respect to the multi-passes single V groove joint. Irrespective of the preheating
condition, the local crystalline growth maintains an angle nearly constant in relation to the
moving heat source. The virtual non existence of changes in growth direction means that the
local and nominal rates of crystalline growth tend to be equal. This phenomenon yields a
significantly different grain structure in the weld metal for the MIEA joint as compared to
the structure observed for the single V groove joint. It leads, in fact, to a grain refining effect
which is obviously affected by the initial preheating temperature of the joint.

The MIEA joint exhibits signs of heterogeneous nucleation which promotes grain refining.
The levels of porosity in the MIEA joints decrease with preheating temperature and are
comparatively lower than that obtained in the single V groove joint. Epitaxial solidification
is also observed at the fusion line of the MIEA welds, however, competitive columnar
growth was restricted instead grain structures alike those observed in the centre of the weld
metal were present. The characteristics of solidification observed for the MIEA welds are the
result of heterogeneous nucleation which is based on the principle of the formation of a
critical radii needed to achieve the energy of formation from potential sites for nucleation
such as inclusions, substrates or inoculants (Ti or Zr) (Rao et al., 2008; Ram et al., 2000; Lin et
al., 2003). For the MIEA welds, these sites are principally the sidewalls of the joint in
conjunction with the content of Ti in the filler and base metal since the significant dilution of
base metal favors incorporation of Ti into the weld pool.

4.2 Mechanical properties in aluminum alloys welds

4.2.1 Microhardness

In order to determine the effect of the welding process in aluminum alloys, a common
practice is to perform a microhardness profile in a perpendicular direction to the weld bead,
as is showed in Fig. 14. Microhardness measurements give a general idea of the
microstructural transformations and the variation of the local mechanical properties
(Ambriz et al. 2011) produced after a welding process in aluminum alloys.
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Fig. 14. a) Microhardness profile and b) microhardness map in 6061-T6 aluminum alloy
welded by MIEA. Note that THV=9.8x10-3 GPa (Ambriz, et al, 2011).

Fig. 14a presents the Vickers hardness number profile in 6061-T6 aluminum alloy welds
obtained by MIEA. A significant difference between the hardness number of the weld
material and HAZ with respect to the base material is observed. Also, at the limit between
the HAZ and the base metal, it is noted the presence of a soft zone which is formed nearly
symmetrically in both sides of the welded joints. It should be note that the hardness
obtained in this zone represents roughly 57 % of the hardness number of the base material.
This seems to indicate that the tensile mechanical properties after welding process will be
greatly different. Fig.14b visualizes the location of the soft zone highlighted by the Vickers
hardness profile represented in Fig. 14a, by means of a hardness mapping. In this figure, the
hardness values for each zone of the welded joint are well-defined. It is clear that in the soft
zone (HAZ) the hardness number range is between 0.55 to 0.7 GPa. This soft zone results
from the thermodynamic instability of the p” needle-shaped precipitates (hard and fine
precipitates) promoted by the high temperatures reached during a fusion welding process
(Myhr et al., 2004). Indeed the temperatures reached during the welding process are
favorable to transform the B’ phase, rod-shaped, according to the transformation diagram
for the 6061 alloy.

4.2.2 Tensile properties

The individual mechanical behaviour of the base metal, weld metal, HAZ and welded
samples in as welded condition for 6061-T6 aluminum welds by MIEA is shown in Fig. 15 as
stress as function of strain graph. From Fig. 15, it can be observed that the experimental
results for the base metal are in agreement with nominal values found in the literature for
6061-T6 alloy (American Society for Metals Fatigue and Fracture, 1996). The tensile
properties of the sample obtained from the HAZ presents a 41% and a 19 % reduction of the
ultimate strength with respect to the base metal and weld metal respectively. The loss of
mechanical strength commonly referred to as over-aging, when welding a 6061-T6 alloy is a
fairly well understood phenomenon and it is explained in terms of the precipitation
sequence (Dutta & Allen, 1991). During welding, however, the base metal adjacent to the
fusion line is subjected to a gradient of temperature imposed by the welding thermal cycle.
At certain distance from the fusion line, the cooling curve crosses the interval of
temperatures between 383 to 250 °C in which the g phase, rod-shaped, is stable. It is thus
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the transformation of #” into £’ the responsible of the decrease in hardening of the o matrix
due to the incoherence of the f phase caused by the thermodynamic instability of £ in a
welding process. It is worthy to mention that the MIEA further increased the mechanical
strength of this alloy as compared to the IEA joint (Ambriz et al, 2009).
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Fig. 15. True stress-strain curves for 6061-T6 plates, weld metal, HAZ and as welded
(Ambriz et al, 2010).

4.2.3 Fatigue crack growth (FCG)

Fatigue behavior of aluminum alloys welded by conventional process and MIEA has been
investigated (Ambriz et al. 2010b; Branza et al., 2009; Seto et al., 2004). Fig. 16a presents the
crack length as a function of number of cycles for base metal, weld metal and HAZ in 6061-
T6 welds by MIEA, for AP equal to 2.5 and 3.0 kN. In general, the a-N curves showed in Fig.
16a reveal a notable difference in terms of crack length for each material as a function of the
number of cycles, nevertheless the small change in AP (Ambriz et al., 2010b). Experimental
results for a, were plotted in da/dN versus AK graphs according to Paris law:

da n

N C(AK) 4)
where C and n are constants obtained directly from the fitting curve. Fig. 16b-d, presents the
FCG data obtained for the base metal, weld metal and HAZ in MIEA, as well as the
comparison with Friction Stir Welding (FSW) data found in the literature (Moreira et al., 2008).
Fig. 16b, shows the FCG for base metal in both directions. This graph shows that the
microstructure aspect (anisotropy) does not have an important influence in terms of FCG as
could be expected, taking into consideration that yield strength in the base metal parallel to
rolling direction is higher than transverse direction. However this is not the case for the
weld metal and HAZ (Figs. 16c-d), in which the crack tend to propagate faster than base
metal. Under this scenario, the FCG behavior for base metal (L-T) was taken as a basis to
perform a comparative table between the weld metal and HAZ of MIEA and FSW. Table 2,
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presents the crack growth rate, da/dN and the stress intensity factor AK, for base metal, weld
metal and HAZ corresponding to a critical crack length in MIEA welds. For comparison
effects, values for da/dN in MIEA were taken to compute the AK in FSW.

The results presented in Table 2 indicate that, there is an important difference in AK for weld
metal and HAZ, independently of the welding process. In this way, it should note that AK
for weld metal in MIEA represents only 57% of the base metal, unlike the AK for weld metal
in FSW, which reach a 79% with respect to base metal. This means that FCG rate are higher
in MIEA weld metal than FSW, as can be seen in Fig. 16c. This behavior is totally related to
the joining processes; it means that MIEA is a welding technique based on a fusion welding
process that employs a high silicon content filler metal, which produces a self grain refining,
but a brittle microstructure in the weld metal (Ambriz et al., 2010b). On the other hand, FSW
is a solid-state joining process that does not use a filler metal (Nandan et al., 2008). Thus,
chemical composition in weld metal is similar to the base metal and microstructural
characteristics related to dynamic recrystalization tends to be better than MIEA. In contrast,
Fig. 16d shows that FCG rate in MIEA and FSW is similar in the HAZ. The stress intensity
factor relation was 64% with respect to base metal. It is noted that thermal effect produced
by the microstructural transformation of very fine precipitates needle shape B”, to coarse bar
shape B’ precipitates, has a profound impact in the HAZ crack growth rate. It confirms that,
independently of the welding process (MIEA and FSW), the crack growth conditions are
directly influenced by the temperature within the HAZ, which is normally above of the
aging temperature of the alloy, causing a hardening lost and important decrease in
mechanical properties.
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Fig. 16. a) crack length as function of number cycles, load ratio R=0.1, b-d) Fatigue crack
growth rate as function of stress intensity factor range (Ambriz et al, 2010).
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B tal MIEA FSW
ase meta Weld metal HAZ Weld metal HAZ
da /dN
1.981x10-3 | 1.0x10-3 | 1.413x103 1.0x10-3 1.413%10-3
(mm/cycle)
AK (MPa ml/2) 30.41 17.27 19.46 23.98 19.51
(da/dN)y/(da/dN)sm 1.0 0.50 0.71 0.50 0.71
(AK)i/ (AK)sm 1.0 0.57 0.64 0.79 0.64

Table 2. Comparison between MIEA and FSW based on a critical crack length. BM = Base
metal, i corresponds to weld metal or HAZ for MIEA or FSW (Ambriz et al, 2010).

5. Conclusions

The IEA technique and its evolution into the MIEA have emerged as an attractive alternative
to weld a number of materials with peculiar microstructural characteristics that have a
positive impact in the mechanical and stress corrosion cracking (SCC) behaviors. Between
these material are aluminum metal matrix composites (MMCs) reinforced with TiC, SiC and
Al,Os particles and monolithic materials such as carbon steels (API X-60 and X-65),
aluminum and its alloys, such as 6061, 2014 and 359.

With the IEA welding process, a columnar microstructure with a fine grain, more
homogeneous structure and a small HAZ is obtained. In this process, the heat transfer
developed does not affect the base metal as much as the direct electric arc process does, but
the heat input is enough to partially melt the base metal yielding a weld profile with a high
depth to-width ratio. In addition to the macroscopic features obtained, the use of this
technique might lead to obtaining a fine microstructure in the weld for metallic materials
and improved mechanical properties. The evolution into the MIEA has marked a significant
progress regarding mechanical behavior as a result of the reduced thermal affection in heat
treatable aluminum alloys.
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Arc Welding Automation

Eduardo José Lima II and Alexandre Queiroz Bracarense
Universidade Federal de Minas Gerais
Brazil

1. Introduction

It is very well known that the use of robotics in the industry increases productivity and
quality in many aspects. It is also well known that some adjustments have to be made to
grant payback for the investment and to reach the expected results. Today, the robotization
is known as an alternate technique for production, increasing qualitative and quantitative
competence of its industries. One point that has been observed in some applications is that
inadequate procedure for robot application in welding process reflects in insatisfactory
results. These procedures are excessive time expending for implementation, material loss,
reworking and poor weld quality.

The main problem detected is that the number of experts in welding “and” robotics is still
reduced and some industries are investing in robot without any planning or orientation,
believing that the robot will solve all their problems. The results have been disastrous. In
many cases even though the weld appearance is acceptable and the welding time is
significantly reduced, the weld quality is poor. The experts in robotics know very well what
they are doing. However, many of them do not have experience in welding to understand
that many features related to welding physics and metallurgy have to be considered when a
welding procedure has to be implemented. Because of this, some small and medium
industries with large potential for robotization are holding investment and/or postponing it
until its adaptation to implement the robot in their production line. It is believed however
that very soon many small industries will have their own robot.

2. The paradigm of welding automation

Since the beginning, welding is a process that depends on the welder skills. This relation is
so direct that the classification, according to the application methods, is based on the degree
of control of the activities related to welding that depends on the human interference. These
application methods are classified as manual, semi-automatic, mechanized, automatic,
robotic and with adaptive control, according to American Welding Society (AWS).

This classification can be better understood when an agent is established (Table 1) to execute
the normal activities involved to realize arc welding (Cary, 1994).

The manual welding is defined, according to the American Welding Society (AWS, 2001) as
“welding where the torch or the electrode holder are carried or manipulated by human
hands”. In other words when the tasks, related with the execution and continuous control of
the welding, are made by the hands of the human and are under responsibility of him.

www.lran-mavad.com

Slgo Cuwigs 9 lglild 22 0



48 Arc Welding
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Table 1. Application methods of welding process, adapted from (Welding Handbook, 2001).

Semi-automatic welding is defined as “manual welding with equipment that automatically
control one or more welding conditions”. The welder manipulates the torch while the
wire/electrode is automatically fed by the machine.

Mechanized welding is defined as “welding with equipment that requires manual
adjustments in response to visual observation during welding, with the torch or electrode
holder carried by a mechanical system”. The welder participation in this process consist in
adjusting the parameters as he observe the operation.

Automatic welding is defined as “welding with equipment that only requires occasional
observation and/or no observation of the weld and no manual adjustments”. The function
of the welder is only turn the machine on to begin the welding cycle and occasionally check
the procedure.

Robotic welding is defined as “welding that is executed and controlled by a robotic
equipment”. In robotic welding and automatic welding the function of the welder is to
guarantee the weld quality by performing periodic inspections of the results identifying
weld discontinuities. When those are find, maintenance and programming must be done to
fix such problems.

Welding with adaptive control is defined as “welding with equipment that has a control
system that automatically determine changes in welding conditions and act under the
equipment with appropriated action to do adjustments”. In this process, sensors are used to
detect problems and the controller performs the necessary changes in welding parameters,

“
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in real time, to produce sound welds. This type of welding is performed without
intervention and supervision of the human.

Accord to the classification presented, the stick electrode welding is a manual process since
the welder is responsible for all the activities, while GMAW is a semi-automatic process.
This is so because the arc start and maintenance and wire feeding is made by the machine
while the torch manipulation is made by the welder. When this manipulation is made by a
mechanical device the processes is classified as mechanized.

Independent of the automation degree, its focus is costs reduction by reducing the number
of people involved in the production and increasing productivity and quality of the final
product by the rational control of the process parameters. An automatic equipment may be
projected and programmed to perform a unique task (fix automation) or may be projected
for multitasks, by programming, allowing to perform distinct tasks accord with the
manufactured product (flexible automation) (Welding Handbook, 2001; Romano, 2002).

In manufacturing area, the term “automation” means that all the functions or steps of an
operation are executed or controlled, in sequence, by mechanical and/or electronics devices
replacing the human efforts, observation and decision.

The automation involves more than equipments or control by computer and may or may
not include charge or discharge of components in an operation. The automation may be
partial, with some functions or steps executed manually or may be total, where all the
functions or steps are executed by the equipment, in a certain sequence without any
adjustment by the operator (Romano, 2002).

To properly classify the automation level of a given process, the first step is to define the
activities related to it. The responsible for the execution (execution agent), for the control
(control agent) and for the sequence of activities (sequential agent) must be defined.
Additionally, it is necessary to define which activities need to be treated as isolated and
which must be included in the process operational cycle.

In the arc welding processes, the first activity to execute a weld is to specify which welding
procedure must be used. This definition is also known as WPS - Welding Procedure
Specification. Considering used material and the weld morphology wanted, the welding
parameters related to the process may then be determined. The executor, controller and
sequence specification agent of a WPS is the human. Even with a help of a computational
program to choose the best parameters or the ones that will be used for the self adjustment
of the machine, the final decision for the WPS is the human decision. Between the WPS
elaboration and the welding beginning, a time interval for procedure preparation is
necessary. Nowadays, this preparation occurs independent of the application method to be
used and human direct interference are often necessary.

There is still a lack of a good system to automatically prepare the WPS and, from its
preparation, immediately initiate the welding. Of course this system must be universal,
since among the parameters to be chosen for the WPS there are the welding processes. It is,
however, expected that such activities (WPS and welding start) be treated as isolated
activities, because of the human involvement on them. The activities related to the welding
cycle, the ones that will define the degree of automation of the process, must be the ones
that allows the instantaneous sequence of the process.

The easiest way to relate such activities is to associate them to a welding process. It is
unquestionable to say that welding with covered electrode (SMAW) is manual. To start the
arc, the welder must approximate the tip of the electrode to the base metal, touch it and
slowly and gently pull up such that the arc is established. After, he must translate and feed
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the electrode, such that the distance between the electrode tip and the weld pool is constant
(arc length) until the end. To finish, he must smoothly pull the electrode, getting it apart
from the base metal, extinguishing the arc. Spiral movements some times are also used to fill
the crater. As observed, in this operation the execution and control agent is the human. All
of the described tasks may, however, be made automatic, if needed, not necessarily for
productivity improvement, but for security reasons, as hot tapping of tubes and underwater
welding. Section 3 shows some results of the robotic SMAW.

According to the classification shown in Table 1, a typical semiautomatic process is the
GMAW. To begin the welding, after some preparation, the welder must place the torch close
to the base metal and after pushing the trigger, start the wire feeding. As the wire touches
the base metal, the arc is established and the welder must translate the torch. As the welder
translates it, the machine feeds the wire into the weld pool. To stop the welding, the welder
needs only to release the trigger. The machine stops to feed the wire and the arc is
extinguished. The arc opening and extinguishing are associated to the wire feeding by the
machine (execution agent). However, who decides the feeding start and finishing moment is
the human (controller and sequence agent), since he needs to push the trigger.

GMAW is the most suitable arc welding process to be carried by the robot. If the robot
substitutes the human welder by translating the torch with a predefined trajectory (been
classified as automatic welding according to Table 1), the improvement on repeatability is
huge, as the robot will always make the same trajectory. However, to improve the quality,
the trajectory needs to be programmed at least as good as the human does it. If the trajectory
is not well programmed, the robotic weld will never be better than the human weld. Section
4 shows a case where the trajectory study was crucial to improve the welding quality for the
robotic welding.

The execution of torch movement with a mechanical device with mechanical or electronic
control (as the robot) is a necessary condition, but no sufficient, to a welding be automatic.
In this case, the easiest way to differentiate a mechanized system from an automatic system
is to base on the concept of automatic equipment. It is either an equipment designed and
programmed to execute an unique task (fix automation) or a flexible equipment that, with
reprogramming, allows the performing distinct tasks accord to the product to be
manufactured (flexible automation) (Welding Handbook, 2001; Romano, 2002).

An industrial robot is an example of a flexible automatic system. Accord to RIA (Robotic
Industries Association), “a robot is a reprogrammable manipulator, multifunctional,
projected to move materials, parts, tools and specialized devices by programmed
movements to perform many tasks” (Rivin, 1988). The development of this type of machine
introduced an elevated degree of flexibility to the production environment.

The main condition for a welding equipment to be robotic is that it should be
programmable. The most used industrial robots for welding are the anthropomorphic with
six degrees of freedom. They are reprogrammable and multifunctional. This means that
these robots may be used to weld different parts, needing only the reprogramming for the
new part to be welded.

There are also robots designed for specific tasks. These robots are not multifunctional. A
typical case is a robot used for welding, designed to execute an unique type of weld. An
example is the robot developed to weld pipelines and will be presented in Section 5. This
robot has its movements limited to rotate around the pipe while it stays stopped. Only pipes
can be welded with this type of robot. This robot is then called “a dedicated robot”.
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Finally, to differentiate automatic system from mechanized system is a hard task. This is
because the automation may be partial or total and there is not a 100% automatic yet.
Regarding to welding systems what can be said is related to a flexible or dedicated (fix)
system.

As general rule an automatic process is more productive than a mechanized process which
is more than the manual. In welding, the gain in productivity many times is related to the
reduction in time with reworking, close arc time and preparation to begin the welding cycle.
On the other hand, also as general rule, the cost for implementation increases from manual
welding to automatic welding. Allowing to say that one disadvantage of the automatic
welding is its initial cost. Detailed studies of economical viability show that the benefits
against costs to implement such systems are becoming satisfactory.

In general, if a welding process can be mechanized it can be automatized. The question is
when a process should be mechanized and when it should be automatized. Additionally, if
this automation needs or not a robot, i.e., it is a fix or a flexible automation.

Many factors must be considered to define the best execution method for a welding process,
as type of process, part geometry, weld complexity, amount of welds and desired weld
quality.

All these factors must be considered and also the advantages and disadvantages of each
method. The more dependable way to define the appropriate method to produce a
determined part is studying the economic viability. This should be done because,
independent of the automation degree, what is seen is the reduction of manufacturing costs.
Using automatic systems this can be reached by reducing the number of people involved in
the welding, the increase in productivity and the increase in quality, through the use of
more rational process parameters. Also, with automatic systems, the history of the welding
and all the preparation also can be stored. This, together with the repeatability, allows the
traceability of welded parts.

The following sections show some examples of welding automation in different levels for
different applications.

3. Robotic shielded metal arc welding

One of the main problems with the shielded metal arc welding process is the bead weld
quality, related to its microstructure homogeneity and its physical and dimensional aspect.
These factors are directly related to the fact of such process to be, currently and
predominantly manual and even the best welder is incapable to weld with absolute
repeatability all the weld beads. This process mechanization already exists and increases the
repeatability. However it has limits with bead geometry, which is determined by the
mechanism assembly. In Figure 1 is shown a device which uses gravity to move the
electrode holder (a) along a fixed trajectory (b) as the electrode (c) is melted.

There are many applications for the manual SMAW process but two of them are more
specific and there is no other process that can be used. One application is underwater
welding, as shown in Figure 2. For a long time many tries have been made to replace coated
electrode in this type of welding, without success. It is easy, versatile and the chemical
control of the weld metal is the most acceptable. Another application is hot tapping of tubes
as shown in Figure 3. In this application, the welder has to weld a tap tube to the main line
with inflammable fluids passing inside. As the main line cannot be emptied, this is a
dangerous procedure to the welder, however it is the only way acceptable nowadays.
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Fig. 3. Hot tapping with SMAW.

Aiming the improvement of the weld quality allied to the repeatability proportionated by
the mechanization and the manual process flexibility, the process robotization appears as a
solution. However, the robotization brings the problem that, depending on the electrode
diameter and the weld current, the melting rate is not constant during all the electrode
length. This is because the welding current crosses all the electrode length, causing its
heating by Joule effect. This heating facilitates the melting of the electrode, which increases
as the electrode is consumed. Thus, if the weld is made using a constant feed speed, it will
obtain a bead with non homogeneous dimensional characteristics (Bracarense, 1994). Its
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morphology (width and reinforcement) increases as the material is deposited, since the
melting rate, and consequently the material deposition rate increases as the weld is
performed. Experimental results (Oliveira, 2000) had shown that, beyond of getting an
irregular bead and without penetration, a constant feed speed can cause the electric arc
extinction just after the beginning of the weld.

3.1 Trajectory generation

Due to this melting rate variation, this welding process cannot be programmed with the
simple teaching of an initial and a final point to the electrode holder, as in this case it would
be obtained a constant feed speed. Moreover, it is not possible to precisely calculate, before
starting the welding, the melting rate behavior, as it depends on a number of process
variables, as the electrode temperature, welding current, air flow etc.

So, to robotize the shielded metal arc welding, it is not sufficient to follow a predefined
trajectory over the groove, as in the GMAW and FCAW processes, in which the wire feeding
is automatic. In SMAW, it is necessary to make the feeding movement, in order to maintain
constant the electric arc length. As the melting rate is not constant, the feeding speed has to
be regulated during execution time.

The methodology presented by Lima II and Bracarense (2009) allows the Tool Center Point
(TCP) movement programming in a similar way as in GMAW and FCAW, in a transparent
way to the user. So, it is only necessary to program the weld bead geometry or trajectory
over the groove without caring about the electrode melting.

The electrode is considered as a prismatic joint of the robot. Considering the joint length
given by the electrode length, the TCP moves on the programmed trajectory and, at each
sampling period, the new joint displacement is calculated and updated in the robot
kinematics model. So, the diving movement of the electrode-holder is made independently
of the welding movement.

Considering the initial and final electrode holder positions shown in Figure 4 and melting
rate experimentally obtained by Batana and Bracarense (1998), Figure 5(a) shows the TCP
and electrode holder trajectories during welding. The electrode tip moves along
predetermined trajectory while the electrode holder makes the diving movement. In this
case, as the electrode is parallel to the Zp axis, the electrode holder diving movement is made
in this direction, as it moves in Xo direction. The independence among the TCP advance
movement and the electrode holder diving movement is easily stated. However, considering
now a welding angle of 45, these movements are not independent (Figure 5(b).

Fig. 4. Initial (a) and final (b) robot positions during shielded metal arc welding for a 90°
welding angle.
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Fig. 5. Tool Center Point and electrode holder trajectories for welding angles of (a) 90° and
(b) 45c.

This methodology can be extended to non linear trajectories, as in the orbital welding or
welding for hot tapping in pipelines. The operator only has to program the welding
trajectory in the same way as it is done in welding processes with continuous wire feeding.
Figure 6(a) shows the programmed TCP trajectory on the tube and the electrode holder
trajectory for 90° of welding angle and Figure 6(b) shows those trajectories for 45°¢ of
welding angle. More complex welding trajectories may be programmed by using a sequence
of linear and circular movements as in other welding processes.
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Fig. 6. Tool Center Point and electrode holder trajectories for 90° (a) and 45° (b) welding
angles in orbital welding.

3.2 Electric arc length control

Previous works (Oliveira (2000); Batana & Bracarense (1998); Quinn et al. (1997)) seeking the
robotization of the welding process with covered electrodes suggested the development of
models for electrode melting rate considering current and temperature, to determine the
speed of the electrode holder diving. Thus, making the diving movement at speeds equal to
the melting rate, the arc length should remain constant throughout the welding. However,
imperfections in the models, errors in current and in temperature measurements and other
disturbances cause small differences between the value of the calculated melting rate and
real melting rate. These differences, even if small, can cause great variation in the arc length,
since it depends on the integral of the instantaneous difference. This shows that an “open
loop control”, as used by Oliveira (2000) is not suitable for the system.
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The solution used here is to make a measurement of the arc length to determine the diving
speed and use it in a “closed loop controller”. In this case, a reference value for the arc
length is given and the error is calculated as the difference between the reference and the
actual arc length measured from the electric arc.

One solution for the problem of measuring the arc length would be to measure the voltage
in electric arc (Var), since they are directly related. In the process a constant current power
source is used. The problem is that it is not possible to directly measure the arc voltage,
because, during welding, the electrode tip, near the melting front, is not accessible. It is
possible, however, to measure the voltage supplied by the power source (Vsoure) through the
entire electrical circuit, as shown in Figure 7, which includes the voltage drop in the cable, in
the holder, in the base metal (V.1+V.2) and, mainly, along the extension, not yet melted, of
the electrode, Vejectr.

Ve
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Fig. 7. Electrical circuit of covered electrode welding

It may be considered that the sum of the voltage drop in the cable, in the electrode holder
and in the base metal (V.1+V.;) are constant along the welding since the welding current is
kept constant by the power source. However, the voltage drop along the electrode that has
not yet been melted, Ve, is not constant, due to the reduction on its length and due to the
increase of its electrical resistivity with temperature. Thus, even if the controller keeps the
Viource constant through the control of the diving speed, it does not guarantee that V. is
constant throughout the process, which does not guarantee, therefore, a constant arc length.
In this study, a model of the electrode voltage drop, as a function of temperature to
compensate for the effect of its variation was used.

The electrode voltage drop Vi, may then be modeled as:

l ectr t
Vi =Py 0

where p(T) is the electrode electrical resistivity as a function of temperature, Ly (t) is the
electrode length not yet melted, A is the area of the electrode wire and I is the welding
current. As the electrical conductivity of the core wire is two orders of magnitude greater
than the coating (Waszink & Piena, 1985), one can consider only the resistivity and cross
sectional area of it.

As the electrical resistivity p of the core wire material varies with its temperature, it is
important to know the temperature behavior along the electrode during the process. In
Felizardo (2003) the authors conclude that the longitudinal temperature profile along the
covered electrode is practically constant. Its heating is due to the Joule effect caused by the
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high electric current crossing the electrode. The conduction of the heat generated by the
electric arc to the electrode is often slower than the fusion rate, which causes the
temperature to be constant along the electrode length. Then, temperature can be measured
during welding using thermocouples (Dantas et al., 2005) placed under the coating near the
electrode holder.

3.3 Results

To validate the methodology, an anthropomorphic industrial robot, with 6 rotational degrees
of freedom was used. This robot uses a controller that allows programming from simple, linear
and circular join-to-joint movements to creation of complex programs, including changes of
parameters at run time (KUKA, 2003). These characteristics make possible the implementation
of the proposed methodology for trajectory generation and control of the electric arc length
during welding. To perform data acquisition, a modular system I/O-SYSTEM 750 from
WAGO® was used. This system communicates with the robot controller by a DeviceNet
interface. For the tests, a constant current power source, capable to supplying currents up to
2504, and an open circuit voltage of 70V was used. A drill chuck was used as electrode holder
(Dantas et al., 2005). The supply current is made through the jaw of the chuck, which is in turn
electrically isolated from de holder by a part of nylon. To enable the arc initiation in the
welding start point, it was used a composite specially developed to burn when submitted to
electric current (Pessoa et al., 2003). When the composite is burned, the arc is established and
the robot starts the movement. At the end point the current is interrupted by a fast movement
of the electrode and the arc is terminated.

Using the robot routines to define tools, the Tool Center Point models with the complete
electrode and with the melted electrode were defined (Figure 8).

Fig. 8. Complete electrode and melted electrode frames.

The proposed methodology allows welding with covered electrode of any length, diameter
and type of coating, since it performs the closed loop control of the process. Thus, the
proposed methodology was validated with rutile type covered electrodes (E6013) of 4mm in
diameter, and with basic type covered electrodes (E7018) of 3.25 mm diameter. The welding
current ranged between 150A to 180A as indicated by the manufacturer. Plates and tubes of
carbon steel were used for linear and non-linear (circumferential) welding trajectories.
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During the process, it was possible to observe that although the robot can keep the mean
voltage constant, the arc length increases significantly at the end of the weld, as discussed
above. To compensate this effect, the model of the electrode voltage drop in function of its
length and temperature was used to correct the feedback signal used by the controller. For
this, tests were made to obtain the curve of temperature versus time. Thermocouples type K
were used for monitoring temperature during welding (Dantas et al., 2005).

Welding tests were then made using this compensation. The reference voltage (V) was set
to 21V. Figure 9 shows the voltage on the electrode (Ve) as a function of time. Despite the
voltage drop compensation in the electrode varies of only 0.5V, it was observed that the
length of the arc remained constant throughout the execution of the weld, reinforcing the
need for such compensation.

0.6
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0.2

Electrode voltage drop (V)

0.0 T T T T T
0 10 20 30 40 50 60
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Fig. 9. Electrode voltage drop during welding.

To prove the repeatability achieved with the automation of the process, several beads on
plate were performed using the E6013 electrodes with 4mm diameter, welding current of
175A, reference voltage of 21V and welding speed of 2.5 mm/s. Figure 10 shows the
appearance of the welds. Despite the spatter problem it is possible to observe that all the
welds are identical, demonstrating the repeatability obtained with the robotization of the
process.

0 1|umm

Fig. 10. Beads on plate performed by the robot using E6013 electrodes, demonstrating the
repeatability of the process.

Aiming to demonstrate the flexibility of the used methodology with respect to the variety of
electrodes, tests were made using E7018 electrodes of 3.25 mm in diameter. The best welds
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were obtained using current of 150A, speed of 2.5 mm/s and the reference voltage of 26.5 V.
Figure 11 shows the appearance of welds.

‘HII|HH|
0 10mm

Fig. 11. Welds made using E7018 electrodes demonstrating the flexibility and repeatability
of the process.

As can be observed, the welds are more uniform and with less spatter than the ones
obtained with E6013 electrodes. It is important to note that the E7018 electrodes, despite
producing best quality welds, have greater difficulty in manual welding. In the experiments,
however, these electrodes did not present any operational difficulties in relation to E6013
electrodes, but was necessary to conduct some additional experiments to adjust the
reference voltage as the voltage of the electric arc varies considerably with the change of the
electrode coating.

To demonstrate the generality of the developed methodology for the trajectories generation,
an orbital welding on a steel tube with 14 inches diameter was conducted. The welding
started in the flat position, going downward in vertical position with the electrode in an
angle of 45°, pulling the weld bead. E7018 electrodes were used with a current of 130A,
welding speed of 5.5 mm/s and reference voltage of 18V. Figure 12 shows robot positioned
with the electrode at the arc opening and after its extinction.

(b)

Fig. 12. Robot positioning (a) before arc opening and (b) after arc extinction.

Fig. 13. Welds made on tube with E7018 electrodes.

www.lran-mavad.com

Slgo Cuwigs 9 lglild 22 0



Arc Welding Automation 59

Figure 13 shows the appearance of two welds made on the pipe with the same welding
parameters, demonstrating the repeatability of the process.

The results show that is possible to automate an intrinsic manual process, bringing
reliability and repeatability to it. Also it can be applied when the task is dangerous to be
performed by the human welder.

4. Robotic GMAW

Before deciding for the automatization of a process using welding robots, various factors
such as definition of the goals to be reached (production volume increase or quality
improvement), necessity of improvement in the adjustment between the parts, among many
factors must be verified (Bracarense et al., 2002).

This section shows the cooperation between University and Industry in the welding of
scaffolds used in civil construction. The company wanted to use robots to improve the
production, but was in doubt about the weld beads quality and the economic viability. The
production line of scaffolds used manual welding and did not control the welding sequence
nor the deposition rates. The University was then contacted to study the viability of using a
robot to carry through these operations.

4.1 Scaffold welding study

Among many scaffold types manufactured by the company, the tubular scaffold was the
one studied. These scaffolds are manufactured in three different models, with 1,0m by 1,0m,
1,0m by 1,5m and 1,0m by 2,0m, as shown in Figure 14.

(@) (b) ©
Fig. 14. Scaffold models manufactured by the company: 1,0m x 1,0m (a), 1,0m x 1,5m (b) and
1,0m x 2,0m (c).

In the manual process, before the welding, the scaffold joints are arc spot welded using
Shielded Metal Arc Welding. Two operators work in this procedure: while one places the
tubes on a jig, the other spot welds the joints in other jig. A great variation in the arc spot
welding times is observed. For an average of 39,6s for arc spot welding of a complete
scaffold, a standard deviation of 11,1s was obtained (Pereira & Bracarense, 2002).

Initially some problems, such as differences in tubes lengths (Figure 15a) and cut finishing
(Figure 15b), beyond lack of parallelism in its extremities (Figure 15c) have been stated.
These problems would compromise the robotic welding, since, although the manual welder
perceives such differences and compensates them during the welding, the robot is not
capable to make it, as its movements are based on a previous programming. To make
possible using the robot, some modifications had been carried through in the cutting process
in order to minimize such problems.
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©)
Fig. 15. Problems in the tubes preparation: difference in length (a), difference in the
extremity sections (b) and lack of parallelism (c).

Aiming to define the size of the robot to be specified, simulations had been done using
commercial software (Figure 16). The scaffold of 1,0m x 2,0m was considered in this
simulation, because its bigger dimensions among the others to be produced. A MOTOMAN
SK6 robot was considered the model since it was the one to be used in the laboratory.

Fig. 16. Computer simulation of scaffold welding process.

The use of a simulation software allowed, beyond verifying if all the joints to be welded
would be inside of the workspace of the robot, to verify if it would be possible to locate the
tool with desired orientation in all the points to be welded, that is, if all the points would be
inside of the robot dexterous workspace (Craig, 1989).

Then some welds had been carried through in the laboratory at the University within the
objective to study the best welding parameters to be used (Figure 17).
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Fig. 17. Tests at University laboratory for verification of the welding parameters.

Through tensile test, it was verified that the welds made using the robot are stronger than
those manually welded (Pereira and Bracarense, 2002). Additionally, it was verified that the
rupture occurs far from the HAZ (Heat Affected Zone), confirming the higher quality of the
welds made by the robot. It was also stated that there was not any visible modification in
the weld bead after the tests. Accepting the viability of using robots for the scaffold welding,
the company decided to acquire a robotic welding cell.

4.2 Robotic cell conception and development

The Company acquired a KUKA KR16 robot, similar to MOTOMAN SK6, but with a wider
workspace. The layout of the cell, projected by the University, consists of three jigs located
around the robot (Figure 18). In this cell the operators can mount or remove two scaffold
while the robot welds another in the third jig.

jig2

H o H

jig 1 jig3

Fig. 18. Robotic cell conception.

The construction and installation of the robotic cell was supervised by the University and
carried through the Company, which has resources to produce doors, gratings, tables and
jigs (Figure 19).

Fig. 19. Installed robotic cell.
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As it was conceived, with three jigs, the robotic cell allows getting a work cycle of practically
100%. Considering that the robotic arc spot welding process is faster than the manual
scaffold assembly, it is possible to the robot to weld two scaffolds while two operators
remove the welded scaffold and assembly new ones in the two other jigs.

4.3 Arc spot welding program development

Considering the problems observed in the tubes preparation, it was opted to initiate
programming the arc spot welding of the scaffold to posterior manual welding by the
operators. An operator would be trained on the robot programming and would follow the
development of the arc spot welding program. This operator would be also responsible for
determining changes in the cutting process, guiding the other employees to adapt it to the
robot.

As commented before, the arc spot welding was originally made manually using SMAW.
With the robot, the arc spot welding would be made with GMAW (Gas Metal Arc Welding),
being, therefore, unnecessary to remove the slag after arc spotting, before welding of the
joints.

The 1,0m x 1,5m scaffold has 6 joints to be welded. The complete arc spot welding consists
on 12 spots with approximately 10mm, being 2 spots on each joint, as shown in Figure 20.

Fig. 20. Points to be arc spot welded in 1,0 x 1,5m scaffold.

To program each spot, it was identified two positions (one oscillation) for the robot program
(Figure 21). The electric arc is opened in position 1, moves to position 2 and extinguish the

electric arc.

@) (b)

Fig. 21. Positions used to program each arc spot welding: position 1 (a) and position 2 (b).

N

However, due to differences in the tubes lengths and lack of parallelism in the cuts, still
present in its preparation, it was not possible to obtain a good repeatability in the spot
welding. In some points occurred lack of fusion, being necessary manual rework.

It was opted then to program the arc spot welding using 3 oscillations with the torch
moving twice to each position: after opening the electric arc, the robot would move from
position 1 to position 2, back to position 1 and, finally, back to position 2, extinguishing the
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electric arc. This way, it was possible to almost get a utilization of 100% in welds, although
the lack of repeatability in the preparation of the tubes.

With this procedure, the arc spot welding program with 12 welds lasts on average 55
seconds. Considering three operators doing assembly of scaffolds on the jigs, the robot was
capable to arc spot weld 520 scaffold per day.

4.4 Program optimization

This program, although efficient, was not productive, as the human operators are capable to
arc spot weld the same number of scaffolds in less time. It was then performed a study to
optimize the robot programming aiming to reduce the time cycle, without compromise the
arc spot quality.

Initially, it was opted to reduce the number of torch movements on each spot, from three to
two oscillations. To avoid problems caused by differences on the tubes, it was necessary to
adjust the weld parameters, increasing the voltage, keeping the current constant, to increase
the bead width without increasing the heat input.

Some tests were done to verify the arc spots quality, resulting in satisfactory joints (Figure
22). Even using only two torch oscillations, it was obtained almost 100% of good welds.

Fig. 22. Arc spot welded joint.

The average cycle time was reduced to 47 seconds, resulting in a daily production of 610
scaffolds.

Considering that this number was still low, it was opted to develop a new configuration of
arc spot welds. In this case, instead of using two spots on each joint, the program was
changed to make two spots in the inner joints and only one spot in the outer ones, as shown
in Figure 23. This way, the number of arc spots to be make in each joint decreased trom 12 to
8 spots.

—
>—

i U

Fig. 23 Arc spot welds configuration using only one spot in the outer joints.
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Figure 24 shows a spot in one of the outer joints.

Fig. 24. Outer joint spot.

The average cycle time was reduced to 31 second, resulting in a daily production of 920
scaffolds, over the company expectation that was of 900 scaffolds per day. However, those
scaffolds presented a low flexural stiffness resistance, which could cause deformations
during the transport and posterior welding.

It was then used a new spots configuration, in which the inner joints have only one weld
spot, while the outer ones have one or two, alternatively, as shown in Figure 25. The average
cycle time was not changed as the number of spots is also 8, maintaining a daily production
of 920 scaffolds.

‘ <
i U
Fig. 25. Arc spot welds configuration to increase flexural stuffiness resistance using only 8
spots.

Figure 26 shows an arc spot weld made in one inner joint. It was observed a significant
increase in the flexural stiffness resistance. However, it was still lesser than using 12 arc spot
welds. It was then used a new configuration, as shown in Figure 27. This new configuration,
in theory, would increase the resistance as it locates the isolated spots in points with less
flexor moment.

Fig. 26. Weld spot in one inner joint.
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i i
Fig. 27. Alternative configuration of arc spots to increase flexural stiffness resistance using 8
spots.

As foreseen the new configuration produces scaffolds with a greater stiffness resistance, if
compared to the previous configuration.

The next step was to program the complete welds; however, the repeatability of the tubes
preparation was not adequate to the robotic welding process. Some tests showed that it is
possible to weld tubes with joints with almost 3mm of gap by changing the welding
parameters in order to obtain wider beads (Fig. 28a); however, if the gap is greater than this
value, it is not possible to obtain adequate beads (Fig. 28b).

Fig. 28. Weld obtained changing welding parameters for small gaps (a) and great gaps (b).

This work shows that a robotic system is not always able to solve practical problems, as its
programs just repeat the previously programmed trajectory and parameters. To solve this
problem it would be necessary an adaptive control system to measure the gap and change
welding parameter for each joint.

5. Development of a robot for orbital welding

Manufacturing of oil and gas lines is made through the union of metallic pipes, which
length, in average, changes from 12 to 14 meters, in order to produce lengthier ducts. Figure
29 shows pictures obtained in a pipe work performed in Brazil. Figure 30 shows the welding
procedure. The process used to weld these pipes is called circular or orbital welding. As can
be seen in the figure, in Brazil the welding of pipes is all manually carried through with the
GTAW process (Gas Tungsten Arc Welding) and coated electrode - SMAW (Shielded Metal
Arc Welding).

The manual welding is not just ergonomically improper to the human been because the
pipes are welded in loco and near to the floor but also it does not guarantee the desired
productivity and repeatability. The great challenge then was the development of a robot for
the orbital welding of pipes aiming to better comply the work with requirements. This
process has as operational characteristic the fact that each welding bead is composed by 4
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different welding positions. The positions are the plain position, the over-head position, the
ascending vertical position and the vertical descendant position. In each one of them the
optimal welding parameters are different and a robot must to self adjust to them.

Fig. 30. Pipeline manual welding procedure.

As commented before, the definition of a robot is a “reprogrammable multifunctional
manipulator designed to move materials, parts, tools or specialized devices through variable
programmed motions for the performance of a variety of tasks”. From this definition, it can
be said that the devices for the orbital welding shown in literature up to now (Blackman and
Dorling 1999; Yapp and Blackman 2004) are not robots, because they do not allow the
programming of trajectories or parameters of welding. For these reasons, it is said that the
currently process of orbital welding is mechanized, not robotic.

Weld pipes in loco using anthropomorphous industrial robots would be possible, however
impracticable, due to the great weight which would have to be dislocated to each new
pipeline bead. The device developed and that will be presented here, in such a way, makes
possible the programming of trajectories, so as programming the welding parameters for the
orbital welding of pipes. Therefore, such device can be called a robot due to its capability of
being completely programmable and automatically carrying through all welding activities:
opening and closing the electric arc, moving the welding torch (controlling the welding
speed, the torch angle and stick-out) and controlling the welding current and the electric arc
voltage. However, incapable of being completely multi-functional (it could not be used for a
generic task, being limited to movements around of the pipe), such mechanism can be
defined as a “robot designed to special tasks”.

The development of the welding started with some tests been performed by a qualified
welder using GMAW and FCAW processes in order to obtain optimal orbital welding
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parameters (Soragi, 2004). Beads on pipe were made in the four welding positions - flat,
overhead, vertical up and vertical down. For every sample produced, metallographic tests
were performed to determine the bead quality and the best welding parameters. An
anthropomorphous industrial robot was also used to check the repeatability and weld
quality in the four positions.

From the obtained results, best parameter tables were generated indicating the optimal
parameters (voltage, current, welding speed, torch angle and stick-out) for each welding
position mainly with tubular wire. In the intersection or where the welding changes from
one position to other the parameters were interpolated in a small interval to avoid
discontinuities and heterogeneity of the bead.

It was observed, however, that the optimal parameters for the descendant vertical welding
substantially differ from those at vertical up, flat and overhead. Choosing to weld all around
the pipe would introduce then unnecessary difficulties in the regions where the parameters
must change from one position to other. It was opted then to perform welding only in the
following sequence: overhead, vertical up and flat. Thus, the robot must weld one side of
the pipe, extinguish the arc, go down to the other side and perform the other bead in the
same sequence. This, of course, has the inconvenience of having electric arc extinguished.
However, it allowed using short cables to connect the robot to the controller and to the
welding machine.

In order to change parameters during the welding process, it was necessary to know the
position of the robot in relation to the flat position. This positioning can be provided by a
sensor that informs the inclination where the robotic system is at every moment (the
inclinometer).

The robot was projected and constructed with 4 degrees of freedom: movement around the
pipe, torch angle, stick out and torch lateral motion. Figure 31 shows these 4 degrees. As the
robot has to weld pipes near the floor, it needs to be compact. Many versions were studied.
Figure 32 shows the first and the 6th version.

Translation

Angular

Lateral

Fig. 31. Degrees of freedom of the robot.
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Fig. 32. Versions of the robot (a) the first and (b) the 6th.

In order to drive the movement around the pipe and to control its speed, a DC motor was
selected, driven by PWM (Pulse Width Modulation). For the stick out, inclination and lateral
motion it have been selected step motors which although its reduced dimensions, provide
high torque. Moreover, for these movements, position control must be precise, what makes
the step motors the perfect choice. The robot controller is implemented in a PC in which
digital output and input boards were added in order to make possible to drive and control
the robot axles, as well as the welding machine. During the program execution, the
controller generates set point values to the speed of the first axle and position of the three
following axles. The values of welding speed, the torch angle and stick out are informed
through the parameters look-up table. Thus, for each position of the robot around the pipe
(which is read from the inclinometer sensor), it is possible to generate the set points with the
optimal values for such parameters.

Knowing the reference values, the controller implements the speed control of the movement
around the pipe. The speed measuring is performed by means of an encoder located in the
axle of the driving motor. Using the encoder pulses frequency, the real speed of the robot is
determined with precision. When some error between the reference and the real speed
exists, the driving voltage of the driving motor is modified so that the error heads to zero.
After calculating the new driving voltage, an analogical signal is generated through a D/A
board and sent to the PWM which amplifies the signal power and drives the DC motor.

In the case of this robot, the controller must be as robust as possible, as many factors have
influence in the system dynamics: the traction in the chains, the robot position (flat,
overhead, descendant vertical and ascendant vertical), the pipe diameter etc. On the other
hand, in the positioning control of the step motors are used drivers that feed the coils in the
right order, so as to put them into motion according to the signal sent by the PC.

The conventional welding source was modified in order to have two independent wire
feeders allowing simultaneous use of two robots. Originally, the weld font had a
potentiometer to adjust the welding voltage. Each one of the feeders has a potentiometer to
adjust the welding current (wire feeding speed). Both potentiometers were manual. So, the
operator would have to regulate voltage and current before starting the welding.

To the robotic process, however, it is needed that the welding parameters (current and
voltage) be regulated by the robot itself. Thus, an electronic board was developed to work as
the interface between the robot controller and the welding machine. The values of current
and voltage to be used are determined by means of the parameters look-up table, in
accordance to the robot position around the pipe. The digital values for regulation of the
welding font are determined by means of a calibration curve from the welding power
source.
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Figure 33 shows a weld bead made by the robot. It can be observed the homogeneity of the
bead, even where the welding position is modified. This is achieved by the gradual variation
of the parameters of the table during the welding.

Fig. 33. Weld bead.

The orbital welding process robotization brings enhancement in the final product quality,
considerable increase of the repeatability, reduction of rework and reduction of the weld
execution time. At the very least, the robot is capable to reproduce the work (the weld bead)
of the best human welder, through the use of the same parameters contained in a reference
table. Moreover, it is possible to optimize such parameters, in order to increase the quality
and to reduce the weld execution time through the welding speed increase.

The use of the robot in the welding with GMAW and FCAW revealed to be extremely
viable. It was shown that the bead aspect did not suffer great variations from a welding
position to another one, if a gradual change of the parameters (voltage, current, welding
speed, torch angle and stick-out) is executed. In pipes with larger diameters, it is still
possible to use two robots simultaneously, decreasing even more the closed arc time, which
consequently increases the work factor.

6. Conclusions

This chapter discussed the many levels of automation of the arc welding processes, from the
manual process (with no automation) to the adaptive control. To implement the automation
of a process and to decide which level should be implemented, some aspects need to be
studied as financial viability and number and variability of welds. If it is an extremely
variable process, it should be considered no automation at all, as the setup and
programming would take more time than the welding itself. On the other side, if it is a
repetitive process with an adequate preparation of the parts to be welded, a robotic system
with a preprogrammed task would guarantee repeatability and productivity to the process.
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Automatic Pipeline GMAW Process
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Kermanshah University of Technology, Pardis, Kermanshah,
Iran

1. Introduction

Pipeline welding is one of the most significant applications of GMAW process. Automatic
welding for pipelines has been developed from early 1970’s. In these systems the welding
robot moves around the two pipe's seam and welds the pipes by arc welding machine.
Depending on the pipe thickness, weld process is repeated in several passes while the seam
is filled of weld mass. The automatic pipeline welding systems has been recently paid more
attention [1, 2].

In order to achieve sufficient performance in the process, the input parameters must be
chosen correctly [3]. Welding parameter designing is a complicated step in the GMAW
process, because of the large number of parameters and complexity of dynamic behavior.
This complexity is particularly intensified in automatic pipeline systems, because of the
complex seam geometry, wide range of the angle variations and strict quality requirements
[1].

The most important input parameters in the automatic pipeline GMAW process are:
welding current, arc voltage, travel speed, wire feeding speed, Contact Tube to Workpiece
Distance (CTWD), welding position (angle), gas type, pipe type/thickness and seam
geometry [4, 5]. The output parameters of the process are usually defined as either
mechanical properties or weld bead geometry [6]. Weld bead geometry method considers
the relationships between the input parameters and weld bead dimensions (penetration,
width, reinforcement height, and width to penetration ratio and dilution [3, 7, 8].
Appropriate melting of the seam walls is certainly one of the most important conditions to
achieve a proper dimension in fusion zone. A fusion zone with a sufficient width is
necessary to prevent from some defects like lack of Fusion (LOF) [9, 10]. Having a direct
contact between the arc and seam walls and receiving enough energy to the walls led to
suitable wall melting and appropriate fusion zone [11, 12].

Some criteria such as heat input are related to the total energy which is given to the weld
region without considering the amount of energy required to melt the wire. Principal
parameters to calculate the heat input value are: welding current, arc voltage, travel speed
and welding efficiency [11, 13].

During the welding process, part of the arc energy is spent to melt the wire [12]. Seam
geometry also plays an important role in the amount of arc energy that directly reaches the
walls. However a more general formula is not yet introduced.
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In this paper WHI introduced as a new criterion, which is related to the arc energy that
directly reaches the walls considering the both required energy to melt the wire and seam
geometry. This criterion has the capability to be used for designing the welding parameters
and for welding analysis applications. Section 2 contains theoretical parts to achieve WHI
criterion, which includes wire melting energy (section 2.1), WHI formula (section 2.2), and
wall geometry calculations (section 2.3). In section 3 two experimental tests are performed
using the fabricated automatic system [15] in order to validate the obtained results from the
presented formula.

Value (unit) Symbols Nomenclature
e A Molten area for wire (fron;

view,
(mm) Aose  Torch oscillation amplitude
500 (J/kg.cC) Cst Specific heat for steel
7800 (kg/m3) dst Steel density
(J/ mm) E; Heat input
Energy density for steel
7.7 (/ mmd) Ey 8y Y fmel ting
(J/mm) Ey Wire melting energy
(J/mm) Ewant Wall energy
(J/mm?2) Ewa WHI
24(?;112; Fy Heat of fusion for steel
V) 1% Arc voltage
(A) I Welding current
- n  Arc radiation lost coefficient
(m/s) Ws Wire feed rate
(m/s) T; Travel speed

(mm) r Wire radius

Wall cross length with
(mm) I molten metal and arc (front

view)

(mm) la Arc length
(mm) I Seam floor length (ﬁ.*onj

view

(mm) I,  Side wall length (front view)
27 (°C) To Heat of environment
1510 (°C) Tist Melting point for steel
(mm) R radius of the seam shape
ey v Wire volume per travel
v speed

(mm) Wa Arc width
(deg) a Wall angle
(deg) 0 Arc angle

Table 1. Variables and material properties.
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2. WHI theory

In this section, firstly the required energy for melting the wire is calculated and the wall
length of the groove face in contact with the arc is computed as well, remaining arc energy
on the seam walls is named WHI.

2.1 Wire melting energy

Weld metal area (cross section, in front of view) is a function of wire radius, wire feeding
speed and travel speed. The deposition rate (wy/Ts) is usually considered to be fixed for
designing of welding parameters. Therefore the molten metal cross section (A) is counted as
an assumed parameter in design procedure.

2 Wy
T M)

s

A=y

The amount of heat input over the length unit of travel axis is computed considering the
radiation energy [11].

E =no @)

The mass of Tmm? steel is equal to 7.8 x 10~ kg . Therefore melting of Tmm3 steel (with 300°K

primary temperature) needs approximately 7.7] energy according to eqn. (3).
Est = 1079 dstcst (Tmst - TO) + 1079 dst&t (3)

The volume of the molten wire poured down inside the seam along I; mm of the travel axis
is obtained using eqn. (4)

Vw = Alt (4)

The value of the required Energy for melting the wire poured inside the seam (versus travel
axis unit (J/mm)) can be computed as below:

Ew = Estvw (5)

2.2 WHI formula
Arc energy is spent to melt both the filler wire and the walls (eqn. 6). Therefore the
remaining energy which directly contacts and melts the walls is named “wall energy” (Ewan).

Ei = Ew + Ewull (6)

Energy density with respect to the seam wall length is computable through dividing the
energy of the wall by the seam wall length (/) (front view). Therefore WHI can be defined as
the below equation.

wall (7)
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So WHI can be shown by welding parameters as below:

77% —7.7nr? @s
Egg = ®

!

2.3 Wall geometry
The front view of the arc and bevel for the welding of the first pass in a U-type bevel can be
seen in fig.1.

nesale

wrlet rostlee

Fig. 1. A schematic view of the arc, melting wire area and seam walls
The arc width (Fig. 1) is calculated using eqn. (10) [14].

W, =21, tan(g) )

The wall length involving with the arc edges is calculated by eqn. (10-13).

Wﬂ%ﬂ{ =1,,sin(a) (10)
W, -2R

=8 11

“ " 2sin(a) b

I, =7R (12)

1=21,+1, (13)

For the other passes (except for the root pass), front view of the arc and seam (for U-type
seam) is like Fig. 2.

Seam walls length (front view) involving with the arc edges is computable using eqn. (14-
15).
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Fig. 2. A schematic view for melting area in the second pass

o = Wl.z—_lh (14)
2sin(ar)
1=21, +1, (15)

If there is torch oscillation amplitude (see Fig. 3) the effective arc width can be computable
by eqn. (16) [15].

W,=A,. +2l, tan(g) (16)

Fig. 3. Seam and arc with nozzle oscillation amplitude
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If the effective arc width is too much compared to the melting wire area, some of the wall
energy will be lost over the seam without any involving with the molten metal. Furthermore
if the center of the oscillation and the seam centerline are not identical (see Fig. 4(left)), the
fusion area in the both sides, will not be same.

A schematic view and a real test result are shown in Fig. 4. In this figure the center of the
oscillation and the seam centerline do not coincide, additionally, the oscillation amplitude is
too much, hence Fig. 4(right) has been resulted in the experiment.

Tiwch

Pood-cenier x

¥ Y Torch Cenier

Fig. 4. Unsymmetrical and extra amplitude of arc width compared to molten wire area,
schematic view (left), real test result (right)

3. Experimental results

3.1 Setup

The automatic pipeline welding system used in the experiments [15] has been shown in Fig.
5. The welding progresses downward semi-circularly from top (0°) to the bottom (180°) of
the pipe on each side. The solid wire was ER70S-6(SG3), having diameter of 1 mm, the
shielding gas is the mixture of Argon and CO, by 82/18 proportion.
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Fig. 5. Automatic pipe line welding system in the experiments (made by Novin Sazan Co.)

The pipe material is API 5L x65 HSLA steel with the thickness of 20.6 mm and the outside
diameter of 32 inches. A U-type joint design is used according to fig6. Seam area is about
130mm?, that is filled with several weld passes.

”]___, -

4 _*_ U 2 ﬂ j M

!
]mm zmnz "- R 2 ‘#mm
I j.u:lm )

Fig. 6. Joint configuration in the experiments

3.2 Experiments

Ex. 1: WHI value has been chosen equal to 32.3 J/mm?2the other parameters have been
computed as the first row in Table 2 (only root pass parameters are shown). These
parameters implemented on the system. Longitudinal cross section of the weld metal (front
view) is shown in Fig. 7 (left), moreover root pass reinforcement (from inside the pipe) is
shown in Fig. 8 (left).

V(V) I(A) Wimm/s) T¢mm/s) A(mm?2) L@mm) EiJ/mm) WHI(J/mm?)
Ex.1 244 276 251.7 14 15.1 8.84 393 323
Ex.2 22.6 255 166.7 14 9.3 7.54 337 35.2

Table 2. Welding parameters for two experimental tests
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The molten base metal area is about 66mm?2. This area is highlighted in Fig. 9 (a). this area
has been calculated by computer and image processing algorithms using MATLAB.

Base metal molten area over to total molten area (summing of base metal and melting wire
area) is defined as relative molten area, is about 34% for this example (Ex. I).

Fig. 7. Front view of the weld sections, 32.3]/mm2 WHI and 393 ]/ mm heat input according
to Ex. Iparameters (left); 35.2]/mm2 WHI and 337 J/mm heat input with Ex. 2 parameters
(right)

i "..,.’..,..-.'-.f._,.:-f_;u' %
) o S F i

R s it L2

Fig. 8. Back view of welds from inside the pipe; for Ex.1 (up) and for Ex. 2 (down), Ex. 2 has
more penetration than Ex. 1 related to the more WHI
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Ex. 2: WHI value has been selected equal to 35.2 J/mm?, and Parameters are calculated
according to the WHI value. Welding parameters are shown in the second row of the Table 2
(only for root pass). Comparing parameters of Ex. 1 and Ex. 2 indicates an important point:
WHI increases but total heat input decreases because of the decreasing of the wire feeding
rate (in Ex. 2 than Ex. 1). Cross section and back view (from inside the pipe) is shown in Fig.
7(right) and Fig. 8(right) respectively. Molten base metal area (walls molten area) is
estimated to be about 105 mm?, which is shown in Fig. 9(b). Relative molten area is also
estimated to be about 45%. Because of the more WHI (despite decreasing the heat input),
fusion zone and penetration has been increased.

(a) . " (b)

Fig. 9. Fusion zones of metal base in Ex. 1 (32.3]/mm2 WHI) (a), and for Ex. 2 (35.2]/mm2)
(b)

4. Conclusion

In this paper WHI was introduced as a new criterion for designing of the welding
parameters and welding analysis. This criterion calculates some of the heat input that is
directly given to the walls from the arc. This formula considers the effects of the both
required wire melting energy and seam geometry on the input energy. It was shown that
WHI has a more correlation with fusion zone area compared to the heat input formula. In
the other view the obtained results can be extended to the other welding processes and
other applications. However WHI has a good feature in welding parameters designing to
achieve some appropriate welding properties like the fusion zone.
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1. Introduction

The welding process is used by many manufacture companies and due to this wide
application many studies have been carried out in order to improve the quality and to
reduce the cost of welded components. Part of the overheads is employed in final
inspection, which begins with visual inspection, followed by destructive and non-
destructive testing techniques. In addition to cost raise, final inspection is conducted when
the part is finished only. When a defect occurs during welding, it can be reflected in the
physical phenomena involved: magnetic field, electric field, temperature, sound pressure,
radiation emission and others. Thus, if a sensor monitor one of these phenomena, it is
possible to build a system to monitor the weld quality.

For the automation and control of complex manufacturing systems, a great deal of progress
came up in the last decade, with respect to precision and on-line documentation (bases for
the quality control). With the advent of electrically driven mechanical manipulators and
later the whole, relatively new, multidisciplinary mechatronic engineering, the need of
information acquisition has increased. The acquisition is, in many cases, distributed through
the system, with strong interaction between the robot and its environment. The design
objective is to attain a flexible and lean production. The requirement of real time processing
of data from multisensor systems with robustness, in industrial environment, shows the
need for new concepts on system integration.

A Multisensor system represents neither the utilization of many sensors with the same
physical nature nor many independent measurement systems, but mainly sensor fusion, the
extraction of global information coming from the interrelation data given by each sensor.
Some examples are the estimation of the slope of any surface using two or three individual
sensors, the simultaneous acquisition of the parameters of the automatic welding process
MIG/MAG ("Metal Inert Gas/ Metal Active Gas") or the direct observation of the welding
pool related to the control of current, voltage, wire speed and torch welding speed.
Technology advancements seek to meet the demands for quality and performance through
product improvements and cost reductions. An important area of research is the
optimization of applications related to welding and the resultant cost reduction. The use of
non-destructive tests and defect repair are slow processes. To avoid this, online monitoring
and control of the welding process can favor the correction and reduction of many defects
before the solidification of the melted/fused metal, reducing the production time and cost.
With continuing advancements in digital and sensor technology, new methods with
relatively high accuracy and quick response time for identification of perturbations during
the welding process have become possible. Arc position, part placement variations, surface
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contaminations and joint penetration are key variables that must be controlled to insure
satisfactory weld production (Chen et al., 1990).

The techniques related to welding process optimization are based on experimental
methodologies. These techniques are strongly related to experimental tests and seek to
establish relations between the welding parameters and welding bead geometry. The
introduction of close or adaptive control to welding processes must be done by monitoring a
variable or set of variables which can identify a process disturbance. For each practical
implementation of an adaptive system to a welding process one should identify the
“envelope” or the set of monitoring variables. These variables must be used as a reference
value in the process control, making the system control start with a parameter adjustment
(welding current, voltage, etc.) to guarantee bead characteristics close to desirable values.
The welding parameters vary in accordance to base material, type of chosen process, plate
dimensions and welding bead geometry, so the adjustment of the reference value of a
monitored variable will depend on the establishment of a set of optimized parameters which
provide a welding bead with desirable specifications.

Researches related to adaptive systems for welding seek the improvement of welding bead
geometry with direct (if based on monitoring sensors) or indirect monitoring techniques.
The indirect monitoring systems are the more used, looking to link elements such as
welding pool vibrations, superficial temperature distribution and acoustic emissions to size,
geometry or welding pool depth (Kerr et al., 1999). The most used approaches in welding
control are infrared monitoring, acoustic monitoring, welding pool vibrations and welding
pool depression monitoring (Luo et al., 2000).

Aiming to optimize human analysis during the defect identification process, many
researches were conducted to develop alternative techniques for automatic identification of
defects considering different classes of signals such as plasma spectrum (Mirapeix et al.,
2006), ultrasonic (Fortunko, 1980), computer vision (Liu et al. 1988), etc.

Three levels of “on-line” quality control have been adopted by the industry (see Fig. 1). In
the first level, it should be able to automatically detect “on-line” bad welding joint
production. In the second level, it should be able to search and to identify the fault and
which are the reasons for the fault occurrence (changes in welding process induced by
disturbances in shielding gas delivery, changes in wire feed rate and welding geometry, etc).
In the third level, it should be able to correct welding parameters during the welding
process to assure proper weld quality (Grad et al., 2004). The conventional parameters are
usually used to detect and to identify defects. Moreover, the non-conventional parameters,
at the present, are not used enough to evaluate the welding quality. They are some non-
contact methods for welding monitoring process as acoustical sensing (Drouet, 1982;
Mansoor, 1999; Yaowen, 2000; Tam, 2005, Poopat, 2006, Cayo, 2007, 2008, 2009),
spectroscopy emission (Lacroix, 1999; Alfaro, 2006; Mirapeix, 2007), infrared emission
(Nagarajan, 1992; Wikle, 1999; Fan, 2003) and sensoring combination (Alfaro et al. 2006).

2. Case studies

2.1 Spectroscopy

The science responsible for the study of the radiation emission is called spectroscopy. The
physical phenomena consist on a photon emission in a determined wavelength or frequency
after the absorption of some energy. Atoms, ions and molecules can emit photons in
different wavelengths, but a wavelength is related only to one atom or ion or molecule. This
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can be compared to a fingerprint. Thus, with this property it is possible to know what
chemical element, ion or molecule is found at the reading area.

It is possible to improve a non-destructive and on-line weld defects monitoring system
through the radiation emitted by the plasma present in the electric arc. Some spectral lines
involved in the welding process are chosen and their intensity is measured by a
spectrometer sensor. One objective is to evaluate whether the spectrometer is capable of
sensing disturbances in the electric arc. Another goal is to determine change detection
techniques able to point those disturbances.

ON-LINE WELDING QUALITY CONTROL

N L

Quality Control Levels Conventional Parameters Non-Conventional
Monitored Parameters Monitored
T I I
Welding Defects . Luminosity, Infrared emission,
Levell Detection > Arc voltage, welding current. ) acolstical pressurs
L 1 T
Arc voltage, welding current, Emission spectroscopy
Welding Defects : shielding gas flux rate and . - 7 g
Levelll — Identification chemical composition, speed | infrared emission, acoustic
; pressure
welding, etc.
L T
On-line Correct Arc voltage, welding current,
Welding Parameters shielding gas flux rate and : .
' to assure proper — chemical composition, speed g o sl
weld quality welding, welding position etc.

Fig. 1. On-line Welding Quality Control Levels.

Two analyses can be made with this information: qualitative and quantitative. In a
qualitative approach, one is concerned in what elements are found on the plasma. And as a
quantitative study, the objective is to evaluate some information extracted by the spectral
taken. Therefore, a spectrometer could be applied as a sensor in a manufacturing process,
such as welding, to detect the presence of some chosen elements or substances, like Iron,
Cooper, water, grease; or to monitor significant changes of the energy emitted by some
elements.

For example, in a stable GTAW the spectrum of the electric arc is stable as well. The amount
of shielding gas, vaporized and melted steel, and other elements found at the electric arc are
quite constant; therefore, if reflects on a stable spectrum. If a quantity of any element
changes it will reflect on higher or lower emission energy. If different elements are
introduced on the process, it will raise the energy of those elements.

An ordinary factor applied as a quantitative evaluation is the calculation of the plasma
Electronic Temperature. Another that can be applied is the intensity of radiation emitted by
some spectral lines. The Electronic Temperature can be calculated with different techniques,
one is the relative intensity of spectral lines, of the transition from the level m to r of one line
and from j to i of the other line, given by Equation 1 (Marotta, 1994)
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T E, -k,
KBlln[Em.I/'[.Amr.gm.i[i] (1)
E;-1, -A;-8; 2,

Where: E is the energy level, KB is the Boltzmann constant, I is the spectral line intensity, A
is the transition probability, g is the statistical weight and A is the wavelength. These values
can be found at the (NIST, 2010), except for the intensity, given by the sensor.

2.1.1 Change detection

The key idea behind change detection techniques is given by its name. It is to evaluate a
signal and if there is an appreciable change in its behavior (frequency, magnitude or abrupt
peaks), the system must be capable of detecting it. These perturbations can be defects on the
welding process and a schematic diagram is given in Figure 2 (Gustafsson, 2000).

Fo [ rimer | Be | DI ) S ] iz | & | Theoling | fa
Drata Defect

Fig. 2. Change detection diagram flux.

The blocks are explained separately. However, it is important to present the applied model
first. The model proposed for the spectrometer reading is showed in Equation 2.

yt:Ht+vt (2)

The signal given by the sensor (yt) is the radiation emitted by the plasma (6t) added by a
noise (vt). The noise is a random variable with normal distribution with zero mean and
variance R. Firstly, there is the filter block. It estimates the radiation intensity (6t) found in
the reading model, Equation 2, and calculates the residual (et). The next block calculates the
distance. It is the difference between the sensor reading and the estimation. It is based on the
residuals or it can be the value itself. A statistic test (gt) based on the distance is given in the
third block. Finally, gt is compared to a threshold (h) to decide if there is a disturbance in the
plasma. If the value is lower than the reference, it is assumed that the welding process is
normal. Although, if the statistic test value is greater than the threshold, it is possible that a
defect had occurred.

There are many change detection algorithms. It will present three of them. One widely used,
Cusum LS Filter (Gustafsson, 2000), other developed by (Appel, 1983) and another here
proposed, which applies steps from different algorithms. The Cusum LS Filter, Equation 3,
presents a Least Square filter to estimate the radiation intensity, é[. The distance, sy, is given
by the residuals, &, and the statistic test, g, is given by a cumulative sum. The factor o is
subtracted at each time instant ¢ to avoid false alarms. Its value is chosen by the designer.
And finally, the comparison of the statistic test to a threshold 5. If its value is greater than £,
an alarm is set and its instant, f,, is recorded, the statistics tests are reset and t, becomes t.
The input parameters are i and o. With the values of the alarm instants, it is possible to
indicate the defects position, once the weld speed is constant.
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Filter Distance measure
N 1 t A
= Zyk t =Y =6 ®)
r— ZL() k=ty+1
Thresholding
Averaging alarm: t=t,
gV = max(g,‘l)1 +s0 - 0',0)

. 1) 2) o _ 5,2 _
o if g’ >h or g >hq g’=g"=0

g¥ = max(g,(_zl) + st(z) - o‘,O)

ty=t

The other algorithms are based on sliding windows. There are two different proposals. A
scheme can be seen in Figure 3. One proposal, first scheme, presents the idea to compare
two models (two filters). Both models present the notation of Equation 2. The slow filter,
that estimates M1, uses data from a very large sliding window. The fast filter estimates M2
by a small window. Then, two estimates, 6, and 4, with variances R, and &,, are obtained. If
there is no abrupt change in the data, these estimates will be consistent. Otherwise, an alarm
is set.

Model M,

Yo Yo s Vg y,,LH — '
- )

Y
Model M

yla y2, trto ytLa yt L+l o> yt
H_/

Model M;

Fig. 3. Schemes for sliding windows.

An algorithm that adopts this scheme is the Brandt's GLR, proposed by (Appel, 1983). The
algorithm is given by Equation 4. The variable ¢ is the estimation of 9, L is the size of the
sliding window, R is variance estimation and ta is the alarm time instant. Input parameters
are L, hh and, if the estimations do not converge, R; and Ro.

The other proposal, given by the second sliding window scheme, presents two Kalman
Filters, Equation 5. One filter estimates the data in a sliding window, Model M; and the
other estimates the past data at time t-1, Model M. The factor K is the filter gain and the Ps
is the covariance matrix. For the distance measurement it was chosen the Brandt algorithm,
Equation 4. The statistic test and thresholding are based in the CUSUM LS Filter, Equation 3.
The algorithm parameters input are i1, cand R.

Filter - Model M1 Filter - Model M2
m__ 1 5 0 1 5
6" = : z Yk 6,7 = 7L Z Yk “)
t—t, k=ip +1 t=L Th
~ 1 ¢ ~ 2 5(2) 1 4 A(2) 2
RD =~ . e Ry =——- Y — 6
ot k:%ﬂ (yk ! ) t-L k;& ( )
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Figure 4 shows the results of the experiment based on the variation of the shielding gas
flow rate for the CUSUM LS Filter algorithm, the Figure 5 shows for the proposed
algorithm and Figure 6 for Brand Algorithm. The welding parameters chosen were the
industrial standard ones. The spectral line chosen was Argon 460.9 nm. The algorithms
were capable of detecting fine changes. The ellipses indicate where initially the rate had
changed.

The results suggest that a spectrometer can be applied as a sensor for detecting disturbances
in the electric arc during welding. These disturbances can be related to weld defects. The
radiation emission was analyzed instead of the electronic temperature, once the interest was
only in signal changes, not in its absolute value. Bearing that in mind, the computational
effort is lower. The change detection technique can be applied to point out disturbances in
the sensor signal. The algorithms chosen to analyze the signal with the selected spectral lines
presented satisfactory performances; the best being obtained using the CUSUM LS Filter
was for gas flow variation. Other parameters and different elements (or ion) wavelengths
can be applied. More than one spectral line can be monitored with different algorithm input
parameters to ensure disturbance detection. The selection of the spectral line to be
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monitored depends on the welding process, weld parameters, weld material and defects or
disturbances to be monitored. Using this system, only the regions indicating defects will
have to be inspected and reworked, therefore, shorter working hours and lesser
consumables will be requiring, thus reducing production costs.

Spectrometer Signal
10 T T T

*  Normalized
~———Filtered
5 4

Intensity

Length {mm)
Change Detection

Test statistics
Test statistics
— ——Threshold

a0 100 120 w o 160
Length (mm)
Experiment

Fig. 4. Gas flow variation - CUSUM LS Filter.
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———Filler2

Intensity

Length (mm)
Change Detection

Test statistics
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Fig. 5. Gas flow variation - proposed algorithm.
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Spectrometer Signal
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Fig. 6. Gas flow variation - Brandt algorithm.

2.2 Infrared monitoring

During the welding process, the high temperature associated with the arc and appropriate
thermo physical properties such as thermal diffusivity cause strong spatial temperature
gradients in the region of the weld pool. Convection in the weld pool, the shape of the weld
pool and the heat transfer in both the solid and liquid metal determine the temperature
distributions in the plate and on the surface. For an ideal weld with stable conditions, these
surface temperatures should present repeatable and regular patterns. Perturbations in
welding penetration should be clearly identifiable from variations in the surface
temperature distribution (Nagarajan et al, 1989).

Infrared emissions indicate the heat content of the weld. For example, deeper penetration
tends to correlate with increased heat input (caused by higher current or slower weld
speed). Greater heat input results in higher temperatures and increased infrared emissions
(Sanders et al., 1998). The temperature may be monitored by a pyrometer, but depend on the
kind of sensor is using, due to the slow response time of the system and the presence of an
intense thermal signal from the welding focused area (saturation problems). According to
(Sanders et al., 1998), a better indicator is the infrared energy emitted by the weld, including
both the contributions from the weld pool and plasma.

It is necessary to carry out the temperature measurement with a sensor that doesn't
introduce defects during the welding process. It is for this reason that non-contact
temperature sensors are more suitable. An infrared thermometer measures temperature by
detecting the infrared energy emitted by all materials which are at temperatures above
absolute zero, (0 Kelvin). Arc welding is intrinsically a thermal processing method. To this
end, infrared sensing is a natural choice for weld process monitoring. Infrared sensing is a
non-contact measurement of the emissions in the infrared portion of the electromagnetic
spectrum.
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The infrared monitoring techniques for weld pool are: area scanning and point monitoring.
Area scanning provides a bidimensional view of the surface temperature distribution
profile, making possible a complete analysis of the heat transfer process during welding
(Nagarajan, 1989; Chen, 1990). Considering that we are dealing with bidimensional images,
the application of area scanning demands a better computational structure (hardware and
software), requiring a longer processing time (Venkatraman et al., 2006). On the other hand,
the point monitoring technique demands little computational structure, requiring a shorter
processing time, which makes it more appropriate for controlling in real time (Chin, 1999;
Wikle, 2001). A recent study presented the adaptive control of welding through the infrared
monitoring of the weld pool using point sensors (Aradjo, 2004). The most basic design
consists of a lens to focus the infrared (IR) energy on to a detector, which converts the
energy to an electrical signal. This configuration facilitates temperature measurement from a
distance without contact with the object to be measured (Merchant, 2008).

To make a correct measurement with this class of sensors, it is necessary to focalize the area
that is going to be measured; this is possible by knowing the focal distance of the lens.
Figure 7 shows a focal distance for one infrared sensor. In this case, a focal distance has a
length of 600 mm and a radius of 4 mm (waist radius).

a=0 mm a=600 mm

M=4 mm

Fig. 7. TL-S-25 Infrared Sensor focusl.

2.2.1 Failure detection

This study compares two algorithms for defect detection. The first one used is the
conventional Kalman filter together with the Mahalanobis distance calculus to evaluate the
presence of failures. In the second, the linear regression Kalman filter-LRKF and the
generalized likelihood ratio test (Appel et al., 1983) are used to determine the distance
between the autoregressive model and the signal read.

2.2.2 Change detection

This is a statistical technique that can detect abrupt changes in signals. Since welding is a
stochastic process (Alfaro, 2006), some properties and algorithms can be applied. It consists
basically on the flux of Figure 2.

Under certain model assumptions, adaptive filters take the measured signals and transform
them to a sequence of residuals that results in a white before the change occurs (Gustafsson,
2000). If there is no change in the system and the model is correct, then the residuals are a
sequence of independent variables with zero mean and known variance. When a change
occurs, it can reflect on some variation in the mean, variance or both values that makes the
residuals greater. The main point is to establish how great is this value to assume that a
change had occurred. The statistical test decides whether the deviation is significant or not.
The evaluation is usually made on four situations, change in the mean, change in the

1 Calex Electronics Ltd
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variance, change in correlation and change in signal correlation. In this work the evaluation
was made on the mean and it is based on the residuals.

The stopping rule is based on the distance measurement. Many change detection algorithms
make a decision between two hypotheses:

Hy:E(s;)=0,
H,:E(s)>0 ©

This rule is achieved by the value calculated by the low-pass filter s, and compares to a
threshold. If the value is greater, an alarm is set.

2.2.3 Kalman filter

A simple description of the infrared signal behavior as a discrete temporal series can be
made in terms of an autoregressive model (AR) of order m. The present sample value is
represented by the linear combination of m past samples incremented by a parameter of
uncertainty. For a temperature registry of a component z[t], According to (Pollock, 1999) the
model AR of order m is given by Equation (7):

Z[t]= ia,—z[t—ihg[t] )
i=1

where ai = {al, . . ., am} are the coefficients of model AR and &[t] is the noise component to
represent the inaccuracy of the signal reading during welding. It is supposed that the
sequence g[1 : t] = {e [1], ..., € [t]} is independent and identically distributed (i.i.d) Gaussian
with mean E{e [n]} = 0, variance E{(e[n])2} = 02.

From the observation of different statistic characteristics in the noise residues and the
presence of defect in a model AR of order m, it is possible to establish a recursive estimation
system using a stochastic filtration technique to observe and track the temperature interval
in which the gaussianity of the sequence is preserved. One of these tools is the Kalman filter.
The state vector is given by Equation (8) (Jazwinski, 1970):

x[k] = A[KJx[k — 1]+ w[k] ®)

where x[k] is the state vector of dimension n, A[k] is a square matrix of state transition, w[k]
is a sequence of dimension n of Gaussian white noise of null mean. The observation model
is given by Equation (9):

2[k] = H[kx{k] + v[K] 9)

in which z[k] is the observation vector of dimension m, H[k] is the measuring matrix and
v[k] represents Gaussian white noise of null mean. It is supposed that the w and v processes
are non-correlated and also:

E{w[k]w[i]T}:{oQ[k], if k=i

, if k=i (10)
. |RIK], if k=i
Efelkelil'} =1 i ki
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In this system, the initial state x[0] is a random Gaussian variable of mean x[0] and matrix
of covariance P[0]. x[0] is supposedly non-correlated to the w and v processes. The basic
problem of the Kalman filter is to obtain an estimation J?[k‘k] of x[k] from the measurement
{z[1], z[2], . . ., z[K]}, in order to minimize a metric of mean square error. This metric is given
by the trace of the a posteriori error covariance matrix as presented in Equation (11):

PIK|K] = E{(x{k] - K| KT) (x{k] - K] K1)} (1)

Fortunately, this estimation problem presents a recursive solution. This solution is given in

two stages. First there is a prediction stage (between observation Equation (12, 13)), in
which:

X[k k—1]= Alk]Jx[k - 1|k -1] (12)

P[k|k - 1]= A[k]P[k - 1|k - 1]A[K]" + Q[k] (13)

Then, there is the correction stage in which the actual observation is used to correct the
prediction *[x|k - 1] :

&[k[K] = &[k|k — 1]+ HIK(Z[K] - H[KIZ[k|k - 1]) (14)
P[k|k] = P[k|k —1]- K[k]H[k]P[k|k - 1] (15)
in which:
T T -l
K[k]= P[k‘k ~1]H[K] [H[k]P[k\k ~1H[K]" + R[k]] (16)

is named Kalman gain.

The main idea concerning the defect identification is related to the use of a statistic test that,
jointly with stochastic filtration, verifies if the infrared samples properties are related to the
estimation of the model AR given by the Kalman filter. If the test fails, it is supposed that the
actual sample correlates with the presence of defect.

The comparison between the infrared signal sample and the recursive estimation consists in
the Chi-square probabilistic hypothesis through the Mahalanobis distance (Duda, 2001).
Such a distance is a natural measurement that indicates, in a probabilistic sense, how much
of the registry of the actual sample is compatible with the estimated infrared signal model,
estimated by the Kalman filter.

Figures 8 and 9 show an experiment in which the defects were introduced through the
presence of water during the welding process. Figure 8 shows an analysis done with the
generalized likelihood ratio test, and Figure 9 shows an analysis done according to the
Mahalanobis distance. In Figure 8 we observe four clearly detected defects, it is observed
that the last two defects remained on the limit of the Stopping Rule and two more anomalies
were detected around 108 and 110 mm. In just one of them (108 mm) a variation in the form
of a bead is observed.
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Pyrometer Normalized Temperature
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Fig. 8. Plate with water defects and change detection analysis.

Figure 9 shows an analysis according to the Mahalanobis distance. It is observed that the
distance to the region where there is no presence of defects (constant temperature) is located
below the threshold proposed by the statistic test. During the presence of the defect, the
residue between the real sample Z[k] and the sample estimated by the AR coefficient
increases at such a rate that the distance Z[k] surpasses the established threshold where the
defect presence is verified. We should also note that this test could not detect the anomalies
presented around 105 mm.
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Fig. 9. Current Plate with water defects and Mahalanobis distance.
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Infrared weld pool monitoring in the GTAW process provides information about
penetration depth. It also shows that infrared signal variations in DC are related to weld
penetration depth, while AC portions of the output can be correlated with surface
irregularities.

Together with a change detection algorithm, the system monitors the residual of the
regression algorithm, looking for changes in the mean. The proposed method maintains a
regression model where residuals are filtered by a Kalman filter. A Mahalanobis distance
algorithm monitors significant changes in the output of the Kalman filter. The Kalman filter
has a good performance in detecting real changes from noisy data. The simplicity of the
proposed algorithm permits its implementation in systems for monitoring, detection and
localization of events in real time.

2.3 Acoustic sensing

By monitoring arc voltage and welding current allowing the detection of the arc
perturbations during the welding process and depending of its profile, these perturbations
can be interpreted as defects on the welded joints. The on-line detection and localization of
the defects reduces the severity and time consuming of the quality control tests. Most of the
commercial equipment for arc voltage and welding current monitoring use sensors based in
voltage divisors and Hall Effect and they are installed directly on the welding process. The
sensors connected directly on the welding process present two considerable disadvantages:
The stability on the welding process, due to its high sensibility, can be interfered by the
sensors with electrical connections altering the electrical arc impedance and generates
undesirable arc instabilities and the electromagnetic arc interferences alters considerably the
measure makes by the sensors. The electrical arc generates physical phenomena like
luminosity, infrared radiation electromagnetic fields and sound pressure. It is known that
the specialized welders use an acoustic and visual combination for the monitoring and
control of the welding process (Kralj et al.,, 1968). In the end 70 years’ measurement of
electrical arc voltage was successfully carried out by acoustical methods (Drouet, 1979,
1982). The welding arc sound represents the behavior of the electrical parameters of the
welding arc, consequently this fact make possible monitoring the stability of the welding
process through the sound. The arc sound of the GMA welding in the short circuit transfer
mode can represent the extinction and ignition sequence of the arc voltage and therefore it
opens the possibility to detect acoustically perturbations in the welding arc (Cayo, 2008).
The main advantage of the sound monitoring system lies on the fact that there is no need to
have electrical connections to the welding process since the sound is transmitted from the
welding arc to acoustic sensor through the air. This fact make eases the installation of the
sensor and reduces the possibility to alter the electric parameters of the welding process and
reduces the influence of the electromagnetic field on the acoustic sensor. It can be found in
literature some acoustical monitoring systems for GMA welding process, but it not yet are
used in the industry (Mansoor, 1999; Grad, 2004; Poopat, 2006; Cayo, 2007). In the present
work was developed a weld defect detection technique based on the welding stability
evaluation through sound produced by welding electric arc.

2.3.1 Welding electrical arc and acoustical signals
The relationship between sound pressure, sound pressure level and spectrum frequency
profile behavior with the arc voltage and welding current have been studied. The sound
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pressure is a longitudinal mechanical wave, produced by the difference of pressure in a
medium that can be solid, liquid or gaseous; in this work the transport medium is the air.
The metallic transference in the welding process produces changes in the air volume on the
electric arc environment. This change produces pressure variations that are airborne
transported and sensing by the microphone. The sound pressure from electric arc is a
consequence of amplitude modulation of arc voltage and welding current (Drouet, 1979,
1982). This relation is expressed by the equation (17).

The sound pressure level - SPL also called as equivalent continuous sound pressure level, is
a comparative measurement with the microphone sensitivity. It is defined as twenty times
the logarithm in base ten of the ratio of a toot-mean - square sound pressure during a time
interval to the reference sound pressure. The equation (18) expresses the sensibility function.

Ak V(1).1(8)
B dt

Where, Sa (t) is the sound signal (V), V () the arc voltage (V),
I(t) welding current (A) and K the geometric factor.

t+AL
SPL = 20. Log{ = j P2(&)dé& / ] (18)

The relation between the microphone pressure response and its sensibility is given by the
equation (19) and therefore the SPL in function of the sound pressure is given by the

Sa(t) 17)

equation (20). Relating the equation (17) and (20) results the equation (21) that expresses the
SPL in function of the arc voltage and welding current.

__S5©)
P(§) = 19)
t+AL 2
SPL= ZOLog[\/l | (55}5‘5)3] dé/a] (20
AL « « 2
SPL =20.Log| 20 \/Alt [ [d(k‘/(d?l(e‘))] de /70 1)

In which SPL is the sound pressure level, V the arc voltage, I the arc current, K the
geometrical factor, Po the reference sound pressure (20 uPa), ¢ is a dummy variable of time
integration over the mean time interval, t the start time of the measurement, At the
averaging time interval, S the sound signal.

For the spectrum frequency profile analysis it has been used the continuous Fourier
transformy; it is a linear transformation that converts the acoustic pressure signal from time
domain to frequency domain.

This transformation is made using the Discrete Fourier Transform - DFT and it is expressed
by the Eq. 22.
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1 & i27kn /N
N z n)e! (22)

The octave frequency fractions analysis allows to evaluate the frequency strips behavior
instead of any frequency. A frequency octave is defined as an interval among two
frequencies where one of them is the double of the other. The octave band limits are
calculated by Eq. 23, to 25. After obtaining the acoustic pressure spectra S(k), is obtained the
octave frequency strips G(n) from Eq. (26).

fo =2'f (23)

f L, = 2]:5/2 )

fun _ zm/2an (25)

O 2
(fu, — 1, )f(k):fu,

Where m is the octave band fraction, fc, central frequency of the n band, fi, the inferior limit
of the n band and fu, the superior limit of the n band.

2.3.2 Quality control in the GMA welding process

The quality control study in the welding processes is a main subject of many researchers.
The evaluation task of weld quality is not trivial, even for the experienced inspector. This is
particularly true when it comes to specifying in quantitative terms what attributes of the
weld affect its quality and in what extent. Different types of discontinuities have been
categorized for this purpose, such as cracks, porosity, undercuts, microfissures, etc. (Cook,
1997). Generally, good quality GMA welds are uniform and contain little or no artifacts on
the bead surface. Furthermore, the bead width is relatively uniform along the length of the
bead (Cook, 1995). To reaches the standard weld quality is fundamental maintain continuity
on the welding stability and this happens when the mass and heat flow of the end
consumable electrode until fusion pool through arc maintains uniformity in the
transference; possible discontinuities and/or upheavals in the transference could originate
weld disturbances. The stability of the short circuit gas metal arc welding process is directly
related to weld pool oscillations. Optimal process stability corresponds to maximum short-
circuit rate, minimum standard deviation of the short-circuit rate, a minimum mass
transferred per short circuit and minimum spatter loss, (Cook, 1997; Adolfsson, 1999; Wu,
2007). In the present work, the welding stability was evaluated using the sound pressure
through the acoustic ignition frequency (AIF) and sound pressure level (SPL) signatures.
The metallic transference on the short circuit mode in GMA welding (GMAW-5?) is
characterized by a sequence cycles of ignition and extinction arcs. The Figure 10 - a show the
behavior of arc welding current and voltage signals as well as the welding arc sound and

2 Gas Metal Arc Welding in short circuit transfer mode
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the resultant signal using the equation (1). The sequence cycles of the welding metallic
transference is replicated in the electrical measured signal as well as in the welding arc
sound. The arc ignition produces a great acoustical peak and the arc extinction produces a
small amplitude acoustical peak. Although, it is possible to observed a delay ‘At" on the
similarity signal of calculated and measured arc sound (see Fig. 10 - b). Some studies in
psychoacoustic have determined that while the delay of welding arc sound signal does not
exceed 400 ms, the sound will be a good indicator of welding process behavior (Tam, 2005).
In our case the At delay measured was approximately 0,6 ms, this value undertakes the
reliability to monitoring the welding process behavior.
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Fig. 10. (a) Welding Signals (b) Sound pressure calculated and measured.

The welder uses his experience and ability to learn and know acoustical signatures from
quality welds. The figure 11 shows the measured and calculated SPL (using the equation 5)
with its respectively sound pressure signal. It can be observed that the shielding gas flux is
sensed by the sound signal, but as the SPL calculated is only function of welding current and
arc voltage, this sound signal is not taking into the account. It can be obtained others
information from the SPL sound pressure like the arc welding ignition and extinction average
frequency, the average period of the transferences cycles and its standard deviations.

The measurement of ignition and extinction average frequency from welding arc is a
method for evaluate welding stability (Adolfsson, 1999). As it was explained before, the arc
sound pressure follows the arc ignition and extinction sequence (Fig. 10 - b). The acoustic
amplitude pulses produced by the arc ignitions are greater than acoustic amplitude pulse
produced by the extinctions (short circuits). These acoustical impulses sequence occurs
together with chaotic transients and noise oscillations and in order to reduces it and to
obtain only the ignition and extinction average frequency, the envelope sound signal was
extracted from acoustic sound signal (see Fig. 12).

The envelope sound signal was obtained using a quadratic demodulator. Squaring the
signal effectively demodulates the input by using itself as the carrier wave. This means that
half the energy of the signal is pushed up to higher frequencies and half is shifted towards
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DC. The envelope can then be extracted by keeping all the DC low-frequency energy and
eliminating the high-frequency energy. However, the statistical filter called “kalman filter”
was used due to the sound pressure have a stochastic behavior and were low-pass filters is
needed with an elevated order, this order produce a pronounced delay and deformation in
the envelopment signal. This statistical filter instead of letting pass low frequencies, it
follows the statistical tendency of the squared signal obtaining in the envelopment sound
pressure (Cayo, 2008). In Figure 12, the 150 ms moving window data was extracted from the
sound pressure signal. From envelop sound pressure signal is calculated the arc ignitions for
each moving window data. An ignition takes place whenever the envelop sound pressure
signal surpasses the ignition threshold established (k = 0,2).
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Fig. 11. Measured and Calculated SPL.
1,5+
— 1 ¥
- N 1
0,5 { A
m -
=2 - - L — - - — - =Rk = J4 N -
=y
oy} 0
=
I 0,5
= -0, |
g | | | !
< Arc Sound
Envelope Sound
_115 _I | : : | | 1 1 1 | 1 1 1 1 1 1
8,75 6,80 6,55 6,90

Tirme (5]

Fig. 12. Acoustical Pressure and its envelope Signals.

2.3.3 Weld bead quality profile identification

Previous to the interferences detection, many weld experiments for finding the optimal set
of the welding parameters was carried out. The satisfactory parameters selection allows
reaching the maximum stability in welding, but to reach that was necessary chooses the
adequate arc voltage.
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The figure 13 - a, illustrates the relationship between the short circuit frequency calculated
by the arc voltage and arc sound and in figure 13-b is showed the respective standard
deviation. The average short circuit frequency obtained from arc voltage and the arc sound
pressure show a similar result. Moreover, in both short circuit frequency and standard
deviation have some differences between calculating methods, but this differences are
minimal and the acoustical method to calculate these statistical parameter can be considered
as reliable. To choose the arc voltage value that generated the best quality bead (continuity
and uniformity on the bead ruggedness) following related research (Adolfsson et al., 1999)
that concluded that the best quality is reached basically when the short circuit rate is
maximum and its standard deviation is minimal was discover some unexpected results. The
arc voltage that generates the maximum short circuit rate (17,5 V) is not the weld with the
better quality inside the weld run experiments (Fig. 12). Considering the arc voltage that
generates the minimal standard deviation from short circuit rate obtained from arc voltage
(23,0 V) is not the weld with the better quality and considering the minimal standard
deviation obtained from arc sound also is not the weld with the better quality. The visual
inspection of the bead set shows that the weld bead run with the voltage range between 19,0
V and 20,5 V can be considered as the best quality weld bead inside this set.
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Fig. 13. Short Circuits vs Arc Voltage.

In order to chosen the arc voltage value that generates the best weld bead quality was
carried out a second statistical analyze. The Figures 14 - a, illustrate the relationship
between the transference cycle period average obtained by the arc voltage and arc sound
at the same different arc voltage values analyzed previously. In this case the results
obtained by the electrical and acoustical methods show a narrow similarity with
differences of milliseconds. The arc voltage that generates the least transference cycle
period average was also 17,5 and comparing with the weld bead quality shows not the
best. The transference cycle period uniformity is measured by its standard deviation as
show in the figure 14 - b. This standard deviation distribution has more uniformity than
the short circuit frequency standard deviation and the arc voltage that generates the
minimal value into standard deviation distribution (20,0 V) also generates the weld bead
with more geometrical ruggedness and uniformity and can be considered as the best
quality weld bead. Consequently, the remaining weld run experiment for interferences
detection will carry out using the welding parameters showed in table 1 with arc voltage
adjusted to 20,0 V.
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Fig. 14. Transference cycle Period .vs. Arc Voltage.

2.3.4 Acoustical profiles to interferences detection

The general approach used to evaluate GMA welds was examining the variation of weld
profiles, sampled across the weld bead in a sequence of locations. A high quality weld
would generally yield small variation in the weld profiles, while low quality weld profiles
would vary substantially, as irregularities and various discontinuities are encountered in the
distinct profile scans (Cook, 1997). The initial weld profiles tested were the arc sound
ignitions frequency, the average sound pressure level and the power spectral density using
the continuous and octave fraction frequency domain. The figure 15 - a, shows the AIF and
15 - b, the SPL weld profiles signal behavior. These profiles were tested on welding runs
with and without presences of disturbances. Both profile signals were determined using a
moving windows signal applied on the arc sound pressure signal. The moving window was
fixed in 150 ms considering that the data sample rate was 20 kHz.
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IGN (Igniw)

= ===~ Disturbance #1

[ [ !

6O — - — — - — i i s Rl IO Disturbance #2 | |
| I !
| | )
8

| Disturbance #3

a) Ignition Frequency - AIF b) Sound Level Pressure - SPL

Fig. 15. Time Profiles to welding arc sound.

Signature analysis of the short-circuiting frequency by using time - frequency analysis
method was applied to welding arc sound. On this signal there are two regions
(undisturbed - UR and disturbed - DR regions). On these regions a spectral analysis was
made at continuous and an octave fractions frequency. When the welding entered on the
interfered region the spectra frequency varies its magnitude on the overall frequency. The
spectra frequency magnitude varies on the two analyzed regions; there are approximately
dominant frequency components at 2 kHz.

The octave fraction spectra also have greater amplitude inside this band frequency, but it
does not show frequency bands signatures that vary pronouncedly to disturbed sound
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signals. As there are not signature bands in fraction octave analysis, the continuous
frequency versus time behavior was analyzed. The figure 10 shows the spectrogram for
welding runs with induced interferences on the plate. The amplitude variations on the
sound spectra imply that there are signature variations on the time domain. The welding arc
sound have many chaotic transients between impulses, these fluctuation have a stochastic
nature. Fourier analysis is very effective in problems dealing with frequency location.
However, there are severe problems with trying to analyze transient signals using classical
Fourier methods (Walker, 1997). This is the principal reason for not distinguishing clear
signatures frequencies on the arc sound spectra that can identify disturbances. The
signatures on the time domain describe in figure 15 shows pronounced signatures when the
welding enters to interfered regions.

2.3.5 Interferences monitoring and detection

The disturbances detection was made using a limit control based on the third standard
deviation method. This control shows optimal results in the disturbances detection of both,
electric arc voltage and welding current monitoring signals (Cook, 1995, 1997). As already
explain, the signature signals analysis was made on the 150 ms moving window. The
equation (27), (28) and (29) represents the average, standard deviation and disturbances
control limits for each moving window data respectively.

— 13 1
X ==y X =—(xp o X,) 7)
ni5 n
14—
Si= |- 2%~ x) (28)
ni3
Control _Limits = Py +3xSp (29)
Where
X; Average parameter of the i analysis moving windows (150 ms)
Xi data i from the moving window
n Data component number from analysis moving window
S; The standard deviation for the i analysis moving window data,
X The j component data from analysis moving window data,
Py Average established for each parameter,

Sp The standard deviation established for each acoustical parameter without

In order to validate the disturbances detection method and base on the acoustics GMAW-S
signal, a total of forty welding runs were carried out. The average short circuit numbers per
seconds obtained from arc voltage and the arc average ignition numbers per seconds
obtained from sound pressure show a similar result as shown in figure 16 - a. These results
were obtained in the first weld experiments group without induced disturbances. The
minimal standard deviation 16 - b confirms that the arc sound pressure can well represent
the behavior of the GMAW-S metallic transference.
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The initial time profiles have temporarily instabilities [Figures 15 (a) and (b)]. In order to
avoid these initial instabilities influence in the quality control evaluation, the analysis region
is established from second 2 to second 18. From the figure 17 and 18, (a), (b) and (c)
respectively, are showed the acoustical parameters behavior and it can also be observed a
baseline and two threshold levels, one superior and another inferior. These established
limits are three times the standard deviation on the average of each parameter in stable
conditions welds (without the presence of disturbances). When the parameters are within
these two threshold limits are no apparent disturbances in the welds. Therefore, when the
parameters exceed the established threshold limits implies in having detected some
disturbance that possibly could originate some weld defect. Figure 17 (a) and (b) show the
AIF and the SPL behaviors, respectively obtained from the acoustical of arc without induced
disturbances. In the Figure 17 (c) is showed the aspect of the welding bead and even
appearing oscillations on the signal, it does not exceed the established threshold limits.
These oscillations appear due to stochastic behavior of the acoustical pressure emitted by
the electric arc of the welding process and do not necessarily represent disturbances
presence.
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Fig. 17. Parameters without Disturbance.
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The Figure 18 (a) and (b) show the AIF and the average SPL per moving window
respectively. Both graphics were obtained from the acoustics of a welding arc with induced
disturbance originated by the arc length variation. The Figure 18 (c) shows the visual aspect
of the weld bead. The instabilities only occurs when the weld bead pass through the
beginning, end and the holes of the added plate, respectively. In Figure 18, (a) and (b) can
also be observed that the ignitions frequency and the SPL do not present oscillations that
exceed the established threshold limits, before and after the weld bead pass throughout the
interference region. When the weld passage throughout the interference region, abrupt
changes of signal level are produced in each parameter. These instabilities exceed the level
control previously established. When the CTWD length varies, the arc length varies too,
these variations produce instabilities in the arc ignition. It can also be observed that the
parameters return to inside threshold limits even without leaving the disturbance region
due to the arc reaches a new level of stability.
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Fig. 18. Parameters with disturbance.

Ignition Frequency (Ign/W)
3
b
i

Fig. 19. a) Ignition Frequency

www.lran-mavad.com

dlge amwsie 9 Bl gl g2y



Sensors for Quality Control in Welding 103

Time (s)

b) Sound Pressure Level

Width (mm)

Weld Length (mm)

c) Weld Bead with Disturbance 2
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Fig. 20. Parameters with Disturbance 3.

In the Figure 19 (a) and (b) is showed the acoustical stability parameters behavior for a weld
bead with a disturbance induced due to grease presence in the welding trajectory (see Fig.
19-c). When the welding run pass the disturbance region, instabilities in the arc ignitions
was observed and unexpected upheavals in the metallic transference cycles occurs forming
weld bead deposit interruptions in all welding trajectory. Initially, when the weld run reach
the grease do not take place oscillations in the ignition frequency due to the grease borders
are evaporate caused by the thermal welding cycles. In the AIF parameter can be observed
that the interference is noticeable as a chaotic decrement, however this behavior overcame
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slightly the control limits (see Fig. 19-a). The average SPL parameter has little abnormal
variations when the weld run pass on the interference. The induced interference generates
structural discontinuities in weld bead but only in AIF parameter is most evident that the
SPL parameter. The Figure 20 (a) and (b) show the AIF and SPL parameter behavior in
welding experiment without shield gas. In this case the induced perturbations were
localized in two regions on the weld bead. These interferences have led to porosities
formation (see Fig. 20-c) and higher spatter level. The AIF parameter has incremented
suddenly and this behavior is showed in both instabilities and exceeds the control limit
established. The AIF were incremented because the absence of the shield gas causes
contamination in the arc welding environment originating the incomplete metallic
transference, increasing the short circuit and ignitions rate. This increment noticeable in the
AITF is also noticeable in the SPL, nevertheless these variations do not exceed the threshold
limit control.

3. Conclusions

Signals of the arc voltage and sound pressure were tested for monitoring the welding
process. As both signal have the same behavior, it can be concluded that the sound pressure
can be used for welding monitoring. From sound pressure were calculated two parameters:
AIF and SPL. The monitoring of the GMAW-S process by digital analysis of acoustical
welding parameters enable to detect disturbances related to phenomena that take place in
welding arc and can influence its stability. This fact shows that the arc acoustics is a non-
intrusive potential tool that could be used for the weld quality evaluation.
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1. Introduction

In the last decades, powder metal (PM) iron-based alloys have been extensively used as
structural parts in mechanical components due to their good balance between ductility and
tensile strength, low cost, high performance, flexibility of manufacturing, good magnetic
properties and corrosion resistance. Consequently, such PM components have emerged as
an effective alternative for replacing machined parts, castings and forgings in many
engineering applications. However, continued efforts are demanded for obtaining optimum
combination of properties to withstand various service conditions.

When replacing forged, cast or machined parts, weldability is one of the important
requisites expected of P/M parts in actual service conditions like in structural and
automobile applications. This is due to the fact of many of these parts occasionally need to
be joined to one similar part or dissimilar material as integrated components. The welding
of dissimilar metal is generally more challenging than that of similar metals because of
considerably difference in the physical, thermal, electrical, mechanical and metallurgical
properties of the parts to be joined. In order to take full advantage of the dissimilar metals
involved, it is necessary to produce high quality joints between them.

The welding of powder metal parts is different from welding of cast, rolled and forged parts
due to the presence of porosities in their microstructure. The nature of the porosity is
controlled by several processing variables such as green density, sintering, etc. In particular,
the fraction, size, distribution and morphology of the porosity have a profound impact on
mechanical behaviour, especially in components under welding conditions.

Fusion welding methods have been successfully used to join powder metal parts and are
more related to the welding of medium and high density powder metal parts. Welding
process such as gas tungsten arc welding (GTAW) and gas metal arc welding (GMAW) have
been often cited as feasible possibilities to join PM structural parts. However, very little
experimental information about welding parameters used, more adequate filler metal, etc.,
is available on the application of these welding process to join PM components.

This chapter will present a review of the main characteristics of the PM parts which
differs them of the materials fully dense materials as it pertains to joining and the
weldability of powder metal iron alloys using the pulsed gas tungsten welding process
with filler metal.
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2. Benefits of the powder metallurgy

The variety of materials, complexity of components and advances in manufacturing process
make powder metallurgy (PM) an established process for the production of structural parts
in mechanical components.

In conventional PM process (German, 2005; Jenkins & Wood, 1997; Lenel, 1980; Thummler &
Oberacker, 1993; Schatt & Wieters, 1997) the part is made by four basic production steps
including mixing elemental or alloy powder, compacting, debinding and sintering. The
compacting step may be subdivided into three steps, namely powder filling, powder
compacting and green compact rejecting. Normal concerns for powder filling are powder
particle flow, filling height, powder particle packing and powder particle segregation.
During the compacting step, some phenomena including particle deformation, cold welding
at points of contact and interlocking between particles occur. Concerns for powder
compacting are friction between powder particles and between powder particles and die
walls and density distribution of the compact. According to author (Middle, 1981), due to
these friction effects during the compacting, the density distribution of the PM part after
sintering may be very uneven and may produce a irregular shrink and, consequently, the
nucleation and propagation of cracks in the thermal affected zone of the material subjected
to fusion welding.

During the rejecting the compact from the die (spring back), the compact volume expansion
to release stored residual stress is the most important factor. If the spring back occurs too
fast with high magnitude, it will cause undesirable deterioration of the compact.

Debinding and sintering, in general, are carried out in the same furnace. Parameters that
influence both processes, including temperature, time and furnace atmosphere have to be
optimized. The optimum conditions for debinding and sintering of a certain type powder
metal part in the specified furnace are important for obtaining a good metallurgical bond
between the powder particles and, consequently, a PM part with good mechanical resistance
(German, 2005; Jenkins & Wood, 1997; Lenel, 1980; Thummler & Oberacker, 1993; Schatt &
Wieters, 1997).

The PM process typically uses more than 95% of the starting raw material in the finished
part and only minor machining is required. Because of this, PM process is an energy and
material conserving process as well as cost effective in producing simple or complex parts at
very close final dimensions in production rates which can range from a few hundred to
several thousand parts per hour. PM process also may be sized for closer dimensional
control for both, higher density or strength (Metal Powder Industry Federation [MPIF],
2004).

The versatility of PM is applied in numerous industries, including automotive, aerospace,
electrical and electronic equipments, agricultural equipments and power tools. PM parts
design serve these industries in a wide range of engineering applications which fall into two
main groups: In one group are parts of difficult-to-fabricate materials by other
manufacturing process such as tungsten and molybdenum, porous bearing, magnetic parts,
etc. Another group consists of PM ferrous components increasingly attractive in replace
machined parts, castings and forgings. In this group there are more material systems and
requires to meet the requirements of more demanding applications.

The benefits of the PM process may be summarized as follows:

e  Eliminates or minimizes the machining

¢ Eliminates or minimizes scrap losses
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¢ Maintain close dimensional tolerances

e  Permits a wide variety of alloy systems

e  Produces good surface finishes

e  Provides materials which may be heat-treated for increased strength or increased wear
resistance

e  Facilitates manufacture of complex or unique shapes which would be impractical or
impossible with other metalworking processes.

e  Suited to moderate-to high volume component production requirements

e  Offers long-term performance reliability in critical applications

e Cost effective

e  Provides controlled porosity for self-lubrification or filtration

3. Weldability of ferrous PM materials

3.1 Influence of the porosity

The most prominent microstructural feature of a PM component is its porosity, which affects
virtually all its physical properties and, consequently, its weldability. The nature of the
porosity is controlled by several processing variables such as green density, sintering
temperature and time, alloying additions, and particle size and type of the initial powders.
In particular, the fraction, size, distribution and morphology of the porosity have a
profound impact on mechanical behaviour, especially in components under welding
conditions (Chawla & Deng, 2005; Sudhakar et al., 2000).

Firstly, the pores act as thermal insulators which slow the transfer of heat, affecting
considerably the thermal conductivity of the PM material to be joined. As the change in heat
transfer naturally affects the welding parameters, the welder needs constantly to adjust
them to assure the good quality of the weldment. Also, since the amount of porosity reduces
the thermal conductivity, the cooling rate of the material also slows, reducing the hardening
tendency (Hamill, 1993; Kurt et al., 2004; Kumar et al., 2007).

The thermal expansion is another important physical characteristic which is influenced by
the porosity. Potential changes in the porosity volume fraction during welding, due to
smaller particle melting or filler metal infiltration, can result in excessive shrinkage or
growth. As a consequence, subsequent cracking can occur in the heat affected zone (HAZ)
or in the fusion zone (ZF) of the PM base metal.

Porosity can also cause erratic fluctuations in welding performance as well as other welding
defects because of entrapped oxides or impurities within the structure. These oxides and
impurities may be originated from lubricant residues and quench oils.

3.2 PM welding process

The selection of the welding process more suitable to join PM parts should be made taking
an account the requirements desired such as strength, environmental factors, appearance
and the porosity volume. According to the literature (Hamill, 1993; Jayabharat et al., 2007),
fusion welding processes are used successfully to join ferrous powder metal parts with high
density (> 7.0 g/cmd) once these high density PM parts typically have the same weldability
as forged, rolled or cast materials. Indeed, research of Hinrichs et al showed that it is
possible to obtain good quality dissimilar weldments of low and medium carbon PM steels
joined with forged steels using the most common fusion welding processes. The researchers
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also showed that in the case of the welding of PM high-strength low-alloy (HSLA) steels,
procedures such as pre-heating and hydrogen control should be adopted to guarantee the
success of the joining.

Low and intermediate density PM parts (< 7.0 g/cm?) should be joined using welding
processes which minimize the volume of molten weld metal such as resistance projection
welding, friction welding and brazing,.

The reason is that the low fracture resistance of these PM materials, caused by the small
number of bonding between the particles, does not allow that these absorb the residual
stress produced by the high densification that occurs in the heat affected zone and shrinkage
of the weld metal, resulting in subsequent cracking in or near the weld interface.
Additionally, when choosing the brazing process to join the low or intermediate density PM
parts, a special attention should be paid to the capillary force o f the pores once the porosity
near the joint wicks the copper brazing filler metal into the pores, leaving an insufficient
amount of filler metal to establish the satisfactory weld strength. To overcome this problem,
the PM parts must be copper infiltrated before brazing (Hamill, 1993; Jayabharat et al.,
2007).

4. Pulsed GTAW process

The Gas Tungsten Arc Welding (GTAW) is a fusion welding process, where arc is produced
between non-consumable tungsten electrode and base metal. This process provides suitable
results in many situations because of its ability to control the welding parameters (heat
input, travel speed, feed rate and type of filler metal) during the welding and subsequent
weld metal and HAZ hardness. The higher control of the heat input in this process
compared with other fusion welding processes may be mainly attributed to the fact of the
welding arc does not suffer direct interference of the metal transference during welding.
Pulsed GTAW involves cycling of the welding current from a high level to a low level at a
selected regular frequency. Thus, pulsing the current introduces additional operational
parameters, which include peak current, base current, peak pulse time and base pulse time
(Pawan et al., 2011). Figure 1 shows the representation for the pulsed current.

Welding
current [

Ktimewabase
e peak time ase time - % of welding

L c_il,'[:le HHIME ———— current

i i

=— Current =

Fig. 1. Representation of the pulsed current.
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Pulsed GTAW is frequently used for welding of several materials as heat input can be
precisely controlled. Also, this process is strongly characterized by the bead geometry
control, which plays an important role in determining the mechanical properties of the
weldment (Juang & Tarng, 2002).

In contrast to continuous current welding, in the pulse mode the heat energy required to
melt the base material is supplied only during peak current pulses for brief intervals of time
allowing the heat to dissipate into the base material. With this, it is possible to achieve the
maximum penetration without excessive heat build-up (Juang & Tarng, 2002).

As a result of all mentioned above, it is possible to obtain weldments with a narrower HAZ
as well as reduction of segregation of alloying elements, of residual stress and of the hot
cracking sensitivity (D’ Oliveira et al., 2006; Wang et al., 2006). Current pulsing also results
in periodic variations of the arc forces and in an increase of the melt pool agitation leading
to additional fluid flow, which lowers the temperature in front of the solidifying interface.
This temperature fluctuations leads to the continual changes in the weld pool size and shape
favouring the growth of new grains (Pawan et al., 2011).

As a consequence of this grain refinement in the fusion zone, an improvement of the
mechanical properties, such as tensile and fatigue resistance is achieved. Therefore, through
the use of pulsed parameters, it is possible working with high current peaks without
increase the average heat input to the base material, which enables itself as a good choice for
welding powder metals alloys.

4.1 Weldability study of iron based powder metal alloys

According to the literature (Hamill, 1993), a unique conventional GTAW application
involving welding of PM parts was the replacement of a casting for two welded PM
components together for use in a commercial truck differential. It was found that the welded
PM components exhibited higher and more consistent strength values than a bolted gray
iron casting along with providing a 35% cost savings compared with the previous method of
manufacture. However, there was not enough information about the welding procedures
(parameters, heat input, gas shield flow, etc) used to carry out the welding.

This topic therefore intends to provide to the readers experimental information about
welding of iron based PM alloys using the pulsed GTAW.

The materials involved in this study were three different iron based powder metal alloys
whose compositions and features are given in table 1. As mentioned before, these alloys are
the largest and the most effective alternative PM parts group for replacing castings, forged
and machined parts, mainly in the automobile industry.

Chemie al composition Raw maierial
B'M alloys fwt-% )
Fa Mi F Forarder Particls size Apparent
Fe 100 - - mnge (L density
(glent)
Fe-Hi 9600 40 - S ponge on Al-150 28-31
Cathoned mckel 3 -
Fe-H1-P 9575 4.0 025 Pre-alloved Fe-F = d4 -
[20wrt-%% B

Table 1. Specification of the powder metal alloys.
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In order to obtain the PM alloys, the powder metal were first mixed with lubrificant (zinc
stearate) in a ball mill according to the chemical compositions of the alloys given in table 1
to produce a homogeneous mixture of ingredients. After that, the mixed powder of each
alloy was compacted to about 90% relative density in a press (green compact) and then
sintered in a pure hydrogen atmosphere according to the thermal cycle shown in Figure 2 to
complete the metallurgical bonds between powder particles.

1400

Sintering

1200 -

1000 -

8
=4

Cooling down

Temperature (°C)
&
(=]

&
=

N\

Lubrificantremoval

8
=

0 T T T T
0 100 200 300 400 500

Time (min)
Fig. 2. Thermal cycle of sintering.

The powder metal samples (dimensions: 100 mm x 20mm x 7 mm) produced were welded
in the butt joint, flat position with three different filler metals (AWS R 70s-6, AWS R 309L,
AWS R Fe-Ni) using four passes weld by a manual pulsed GTAW process. The pulse
welding parameters used were the same to the three different alloys and were chosen after
preliminary tests that guaranteed an arc stability and lower heat input. A flow rate of argon
(99.99% purity) of 7 1/min was used as a shielding gas. The travel speed was adjusted to
give an adequate penetration and weld bead contour. These welding parameters are given
in table 2.

Pammeters
Peak murrent B ase mirent Peal: tirne EBase time Filler matal
(I 1a) [Te) [ Ta)
Alloy [fmps) [fmps) (=) (5]

Fe 140 20 0.40 0.40 AWE R TE A (E LA now)
Fe-Hi 140 20 0.40 0.40 AWE RG-S (E LE now)
Fe-M1 140 20 0.40 0.40 AWE B Feldi (E 3,25 ma)

Fe-Hi-P 140 20 0.40 0.40 AWE B Feli (8 3,25 mni
Fe-Hi1-P 140 20 0.40 0.40 AWE R SEL (E 2,4 mom)

-as: Argon, Shielding gas flowr rate: 7 imin, DCEW polarty, Backing shielding gas flow rate: 10 Unun
Table 2. Pulsed GTAW parameters.
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After welding, the test samples were transverse sectioned, polished with Al;O; and etched
with 2% nital (HNOs + alcohol). Microstructural examination of the specimens was carried
out using standard optical microscopy and scanning electronic microscopy (SEM). Vickers
hardness values were taken across the transverse section using a 10 Kg load. The tensile test
samples geometry is shown in Figure 3 and these were in accordance with ISO 2740
standard.

R c b c
o —— L ——— e
. i W

Lc - R,
Ld
Lt

b c Le Lq Lt w Ry R,

5.70 81.0 89.7 8.7
+0.02 b+0.025 32 +0.5 +0.5 +0.2 b i

Dimensions in (mm)

Fig. 3. Tensile test samples geometry.

4.1.1 Microstructural characterization of the weldments

a. Powder metal pure Fe and Fe-Ni alloy

As shown in Figures 4, 5 and 6, no difficulty concerning to the weldability of 7-mm
thickness samples of powder metal pure Fe using filler metal of mild steel and Fe-Ni alloy
using filler metal of mild steel and Fe-Ni alloy (60% Fe-40% Ni) was observed.
Metallographic examinations showed the presence of small pores in the base metal of the
alloys randomly distributed in a ferritic matrix. Meanwhile, no porosity and shrinkage
cracks were observed in the weld metal and heat affected zone of the weldments. This may
be mainly attributed to the high density after sintering (> 7.0 g/cm?3) and, in lesser extension,
to the small size of the pores.
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116 Arc Welding

Fig. 4. Macrograph of weld of 7 mm powder metal pure Fe using filler metal of mild steel.
The black lines outline the fusion zone. Etching: 2% nital. Magnification: 15x.

Fig. 5. Macrograph of weld of 7 mm powder metal Fe-Ni alloy using filler metal of mild
steel. The black lines outline the fusion zone. Note the good mixing between the filler metal
and base metal. Etching: 2% nital. Magnification: 15x.

www.lran-mavad.com

dlge amwsie 9 Bl gl g2y



Weldability of Iron Based Powder Metal Alloys Using Pulsed GTAW Process 117

Fig. 6. Macrograph of weld of 7 mm powder metal Fe-Ni alloy using filler metal of Fe-Ni
alloy (60%Fe-40% Ni). Etching: 2% nital. Magnification: 15x.

Figures 7, 8 and 9 showed that the powder metal pure Fe and Fe-Ni alloy did not evidence
significant changes of hardness profile in the HAZ in comparison with base metal for the
filler metals used in this study, which is an indicative of a good continuity of mechanical
properties after welding.

250

(&)

o
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I

-
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100 |

Vickers hardness (10 Kg load)
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12 9 -6 -3 0 3 6 9 12
Distance from center of weld (mm)

Fig. 7. Hardness profile through the powder metal pure Fe using filler metal of mild steel.

In general, phosphorus is intentionally added in powder metal iron based alloys to increase
the densification of the iron powder once this element allows the formation of a transient
liquid phase during sintering. Furthermore, phosphorus is known to improve the corrosion
resistance and magnetic properties of the powder metal iron-based parts (ASM Handbook,
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1999). However, phosphorus additions are not particularly attractive for fusion welding
applications because its presence in the metal base composition is associated with the
formation of the eutectic M;P, which may promote solidification cracking in the fusion zone.
Therefore, the amount of phosphorus added in the alloy must be rigorously controlled
(Correa et al., 2008).
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Fig. 8. Hardness profile through the powder metal Fe-Ni alloy using filler metal of mild
steel.
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Fig. 9. Hardness profile through the powder metal Fe-Ni alloy using filler metal of Fe-Ni.
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b. Powder metal Fe-Ni-P

According to author (Beiss, 1989), PM carbon steels with additions of 0,35% P may be fusion
successfully welded without the occurrence of solidification cracks since the carbon content
is lower than 0,2%. PM carbon steels with higher carbon contents tend to facilitate the
segregation of the phosphorus and the formation of the M3P eutectic.

Figure 6 shows the microstructure of the transverse section of weld joint of the alloy Fe-Ni-P
using Fe-Ni (60% Fe-40% Ni) filler metal. Despite the good toughness of the Fe-Ni filler
metal to absorb the shrink stresses during the weld metal cooling, the weld metal presented
solidification cracks and pores after the pulsed GTA welding.

Fig. 10. Macrograph of weld of 7 mm powder metal Fe-Ni-P alloy using filler metal of Fe-Ni
(60% Fe-40% Ni). Note the presence of solidification cracks and porosity in the fusion zone.
Etching 2%. Magnification: 15x.

The weld solidification cracking can be mainly attributed to the presence of the low-melting
eutectic FesP and/or NizP in the weld pool. According to the literature (Lancaster, 1987;
Lippold & Kotecki, 2005), the excessive amount of phosphorus combines with nickel or iron
forming the low-melting eutectic NizP or Fe;P. The continuous presence of the segregated
NisP or FesP liquid film in the last stages of solidification o fthe weld pool combined with
the higher shrinking stress due to faster cooling rates during fusion welding, may have
contributed to the appearance of solidification cracking (Briskman, 1979). In addition,
considering the potential of the nickel as an austenite stabilizer, the Fe-Ni filler metal
solidifies in the austenitic mode, which increases the segregation of phosphorus in the weld
pool and, consequently, the susceptibility to cracking (Lippold & Kotecki, 2005).

Figures 11 and 12 show the presence of phosphorus eutectic in the HAZ and fusion zone of
the powder metal Fe-Ni-P alloy using Fe-Ni filler metal, which is characterized by the
presence of small “islands” in the ferritic grains.

As can be seen in Figure 13, a complete elimination of the weld solidification cracking and
porosity in the fusion zone of the Fe-Ni-P alloy was possible using the filler metal 309L
stainless steel and adjusting the welding parameters to those values shown in table 2.
According the literature (Lippold & Kotecki, 2005), the principal reason for the absence of
solidification cracking in the weld metal of the 309L filler metal is the low carbon content of
the 309L filler metal and, mainly, the presence of a two-phase austenite/ferrite mixture in
the microstructure of the weld metal.(See Fig 14).
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Fig. 11. Micrograph of the HAZ of the powder metal Fe-Ni-P alloy. Note the presence of the
phosphorus eutectic islands in the ferritic grains and some pores. Etching: 2% nital.
Magnification 800x.

Fig. 12. Micrograph of the fusion zone of the powder metal Fe-Ni-P alloy. Note the presence
of the phosphorus eutectic in the ferritic grains and some pores. Etching: 2% nital.
Magnification: 2000x.
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Fig. 13. Macrograph of weld of 7 mm powder metal Fe-Ni-P alloy using filler metal of 309L
stainless steel. Note the absence of solidification cracks and pores in the fusion zone. Note
also large pores in the base metal. Etching: nital 2%. Magnification: 15x.

\
iiE

Fig. 14. Micrograph showing the two-phase austenite + vermicular delta ferrite mixture in
the weld metal of 309L stainless steel. Etching: (HCl/HNO:3) reagent. Magnification: 1600x.

Image analysis results (Table 3) from optical micrographs, similar to that showed in Fig 14,
together with observations in the WRC-1992 diagram, indicated that the ferrite number (FN)
in the 309L stainless steel weld metal was approximately 7 FN. In general, above 3 FN, but
less than 20 FN, solidification of austenitc stainless steels is most likely in the FA mode
(Suutala, 1983).
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309L stainless steel weld metal

Statistical functi Phase A Phase B
ahstical function (Delta ferrite) (Austenite)
Unity % 9%
Counts 15 15
Mean 6,77 93,23
Standard deviation 0.89 2.82

Table 3. Image analysis results of the delta ferrite volume fraction of the 309L weld metal.

In the FA mode, the duplex microstructure (delta ferrite + austenite) presents at the end of
solidification, increase the amount of tortuous phase boundaries that resist wetting by liquid
films and along which cracks might propagate. Thus, once the crack is nucleated, it becomes
very difficult for it to propagate along to the nonplanar crack path generated to these
tortuous bondaries (Briskman, 1979). Additionaly, as the solubility of the phosphorus in the
ferrite is higher than that observed in the austenite, the delta ferrite in the weld metal is
prone to absorb a significant amount of this element, which reduce the concentration of the
phosphorus in liquid film, avoiding the permanence of the segragated low-melting eutectic
until the last stages of solidification and, consequently, the solidification cracking.

It can be also seen in Fig. 14 the vermicular morphology of the delta ferrite. In general, this
ferrite morphology is present when welding cooling is moderate and/or when the
Creq/Nieq is low but still within the FA mode (Lippold & Kotecki, 2005).

It is worthwhile mentioning that other significant factors involving the pulsed GTA welding
of teh powder metal Fe-Ni-P alloy may have also contributed to minimize the occurence of
solidification cracking. These may be, for instance the utilization of pulsed current and
multipass weld, which have the effect of refinement of the as-cast microstructure in the
fusion zone (Balasubramanian et al., 2008).

Also, it can be noted that there was no presence of pores in the weld metal. However, th e
pores in the base metal of this alloy (see Fig. 15) were large and rounded with higher
densification of ferrite in their surroundings. The size of the Fe-P pre-alloyed particles
added in this alloy probably is the cause of the pores characteristics (large and rounded) in
the base metal.

Figure 16 shows that Fe-Ni-P alloy welded with 309L austenitic stainless steel filler metal
did not evidence significant changes of hardness profile in the HAZ in comparison with the
base metal, even though the phosphorus is prone to harden the ferrite by solid solution.

4.1.2 Tensile tests of the weldments

Tensile tests carried out in the welded samples of the pure Fe and Fe-Ni using AWS R 70S-6
and AWS R Fe-Ni filler metals (filler metal of mild steel and Fe-Ni alloy) and Fe-Ni-P
powder metal alloy using AWS R 309L filler metal showed that the failures of samples
occurred always in the base metal. Furthermore, the welded samples of these alloys
presented ultimate tensile strength slightly higher than unwelded samples (see Table 4).

The higher tensile strength of the welded samples may be attributed to the residual stress in
the samples due to their small dimensions (width and length) combined with the high heat
input and the relatively rapid cooling of the weld metal during welding. It is worthwhile
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. . 5 PO ..‘.'. ol
Fig. 15. Micrograph showing the large and rounded pore in the base metal. Note the high
densification of ferrite in its surroundings . Etching: nital 2%. Magnification: 1600x.
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Fig. 16. Hardness profile through the powder metal Fe-Ni-P alloy using 309L stainless steel
filler metal.

mentioning that the welded samples were not annealed after welding. However, the tensile
tests results together with the hardness results indicated that weldments of these materials
presented a good continuity of the mechanical properties with relation to the base metal,
even when these materials are welded by a fusion welding process.
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Tensile Properties Unwelded samples Welded samples
Fe Fe-Ni Fe-Ni-P Fe Fe-Ni Fe-Ni-P
Ultimate tensile
strength 170 205 200 197 215 218

(MPa)
Elongation (in 25.4

mm) 43 4.1 1.6 3.8 3.9 15

(%)

Table 4. Tensile properties of GTA welded alloys.

5. Conclusion

In this chapter was shown the benefits of the PM components and the advantages of their
utilization in replacing casting, machined and forged materials. However, experimental
information about joining these PM materials using fusion welding processes is still scarce.
Through of the study presented in this chapter, it was possible to verify that PM iron based
alloys pure Fe and Fe-Ni may be successfully welded by pulsed GTAW process without
additional techniques such as preheating, post-heating or special joint configuration.
Concerning to the Fe-Ni-P alloy, this alloy also may be successfully welded by pulsed
GTAW process but a discerning selection of the filler metal and careful control over the
welding parameters (heat input, peak current, base current, peak time, base time and travel
speed) must be done. Due to the presence of phosphorus, the correct selection of the filler
metal may avoid the presence of low-melting eutectic films at the end of the solidification
and, consequently, the solidification cracking. A rigid control of the heat input, in turn,
prevents the higher dilution of the base metal, which decreases the shrink stress in the
fusion zone during the solidification of the weld pool leading to a lower susceptibility to
cracking of the weldment.

Hardness results showed that no excessive hardening was observed in the weld metal and
HAZ of the iron powder metal alloys studied. This is in agreement with the base metal
fracture location in the tensile tests and with the slight increase of the tensile properties of
welded samples in comparison with unwelded samples. In general, excessive hardening
(higher Vickers hardness values) is prone to increase significantly the tensile strength and
decrease the toughness.
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1. Introduction

The Stress Corrosion Cracking (SCC) is a local corrosion process which is characterized by
the initiation and propagation of cracks. It takes place under the simultaneous action of
sustained tensile stresses and specific corrosive environment on a susceptible material.

The formation of SCC occurs below the yield strength of the material and typically below
the design stress and fatigue limit of an engineering structure. Since the first discovery of
SCC on the exterior surface of a buried high pressure natural gas transmission pipeline in
1965 (Leis & Eiber, 1997), SCC has continued to make a significant contribution to the
number of leaks and ruptures in pipelines.

Two forms of SCC can exist on buried steel pipelines (Beavers & Harle, 2001). The first
discovered form of SCC propagates intergranularly and is associated with a concentrated
alkaline electrolyte in contact with the steel surface, commonly called as high pH-SCC or
classical SCC. A second form of SCC was discovered in Canada in the early 1980. This form
of SCC propagates transgranularly and is associated with a dilute neutral pH electrolyte in
contact with the steel surface, commonly called as low pH-SCC, non-classical, or near
neutral pH-SCC. Currently, there are some mechanisms proposed to explain the SCC
occurrence including the following: (1) a role for hydrogen in enhancing crack tip
dissolution; (2) a possible synergistic growth by fatigue and corrosion.

For high pH-SCC it is observed that the mechanism involves anodic dissolution for crack
initiation and propagation. In contrast, for low pH-SCC is associated with the dissolution of
the crack tip and sides, accompanied by the ingress of hydrogen in the steel. Steels with high
tensile strength are more susceptible to SCC. Cracks propagate as a result of anodic
dissolution in front of their tip in SCC process, due to the embrittlement of their tip by
hydrogen based mechanism. It was revealed that cracking behavior of pipeline steel in the
soil environment depends of the cathodic protection applied. Applying different potentials
levels the dominance of SCC process changes. At relatively low potential, the steel cracking
is based primarily on the anodic dissolution mechanism. When the applied potential
increases negatively, hydrogen is involved in the cracking process, resulting in a
transgranular cracking mode (Liu et al, 2008).
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SCC can occur in both gas and liquid pipelines but is more common and catastrophic in gas
pipelines (Manfredi & Otegui, 2002). SCC is the most unexpected form of pipeline failure
that can involve no metal loss and must not be confused with wall thinning rupture. SCC on
pipelines begins with small cracks develop on the outside surface of the buried pipe. These
cracks are initially not visible to the eye and are most commonly found in colonies, with all
the cracks in the same direction, perpendicular to the stress applied.

This chapter describes the mechanical and environmental effects as well fracture
characteristics on SCC susceptibility of steels used in the oil industry using slow strain rate
tests (SSRT), which were carried out according to requirements of NACE TM-0198, ASTM
G-129 and NACE TM-0177 standards (NACE TM-0198, 2004; ASTM G-129, 2006; NACE TM
0177, 2005). Some tests were supplemented by potentiodynamic polarization and hydrogen
diffusion tests. SSRT were performed in samples which include the longitudinal and
circumferential weld bead of pipeline steels. The weld beads were produced using the
submerged arc welding (SAW) and shielded metal arc welding (SMAW) process.

The SCC susceptibility has been evaluated using the results of SSRT in air (as an inert
environment), sour solution according to NACE TM 0177 (solution A from method A) and
in some cases a simulated soil solution called NS4. The studies include the effect of pH,
temperature, microstructure, effect of multiple welding repairs and mechanical properties.
The steels studied are low carbon steels API X52, X60, X65 and X70.

2. Stress corrosion cracking phenomena

2.1 What is SCC and how is presented in pipelines?

SCC is the cracking of the steel as result of the combined effect of corrosive environment and
tensile stresses on a susceptible material. SCC is a term used to describe service failures in
engineering materials produced by environmentally induced crack propagation (Jones,
1992). The stress required to produce SCC can be residual, externally applied or operational.
SCC on pipelines begins when small cracks develop on the external surface of buried
pipelines. These cracks initially are no visible, but when the time pass, this individual cracks
may growth and forms colonies, and many of them join together to form longer cracks.

The SCC phenomenon has four stages:

1. Cracks nucleation.

2. Slow growth of cracks.

3. Coalescence of cracks.

4. Crack propagation and failure.

This process can take many years depending on the conditions of steel, environment and
stresses.

2.2 The conditions for stress corrosion cracking

The studies performed indicate that SCC initiate as a result of the interaction of three
conditions as is shown in Figure 1. All the three conditions are necessary to SCC occurs. If
any of these three conditions can be mitigate or eliminate to a point where cracking will not
occur, the SCC can be prevented.

2.3 Types of stress corrosion cracking
Generally, there are two types of SCC related with the pH. The pH is measured from the
environment in contact with the pipe surface. The type involving high pH (greater than 9) is
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Tensile
stress

Fig. 1. Conditions necessary for SCC occur.

associated with intergranular cracking, while the type involving lower pH (<6) is associated
mainly with transgranular cracking. High pH cracking generally involves rupture of
passivating oxide films followed by dissolution in the crack tip (Krist & Leewis, 1998).
Delanty et al. (Delanty & O’Beirne, 1992) found that the severity of the SCC increases with
increasing bacterial concentration and the absence of oxygen.

High pH-SCC occurs only in a relatively narrow cathodic potential range (650-750 mV,
Cu/CuSOy) in presence of carbonate-bicarbonate environment and a pH greater than 9
(Stress Corrosion Cracking on Canadian Oil and Gas Pipelines, 1996). Growth cracks
increases with temperature, and generally are cracks with no evidence of corrosion.

In contrast, it has been suggested that the low pH-SCC is associated with the dissolution of
the crack tip and sides, accompanied by the ingress of hydrogen in the steel (Fang et al, 2003,
2010; Zhang et al, 1999). No apparent correlation with temperature was found; generally the
pH range is between 5.5 to 7.5. A corrosion potential between 760 to 790 mV, Cu/CuSO,
was observed, and wide cracks with evidence of corrosion. A comparative table of both SCC
types was given elsewhere (Beavers & Harle, 2001).

2.4 Stress corrosion cracking evaluation techniques

2.4.1 Test methods

As was mentioned above to produce SCC in steel is necessary to apply tensile stresses on
material susceptible exposed in a corrosive environment. To assess the SCC susceptibility
there are many kinds of specimens including U-bends, bean beams, C-Ring and smooth
tensile bars. More detail of these methods is given in NACE TM 0177.

The most common methods for testing these specimens are: 1) Constant Load Tests (CLT)
using proof rings and 2) Constant Extension Rate Tests (CERT). The CLT gives few
information due to only put the specimen in a specific solution for 30 days at tensile stress of
72% of yielding strength, if the specimen fail the steel no pass, if no fail the steel pass. The
termination of the test shall be at tensile test specimen failure or after 720 hours, whichever
occurs first.
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The CERT method commonly is used with smooth tensile specimens through the SSRT. In
these tests specimens are slowly strained in tension and simultaneously exposed to a
corrosive environment. SCC susceptibility is evaluated by comparison of failure times,
maximum stress, plastic elongation, strain or reduction in area to values obtained in tests
conducted in an inert environment (Air). From this comparison of the mechanical properties
mentioned above, a ratio is obtained. Additionally, scanning electron microscopy (SEM)
observations of samples with low ratios (<0.8) should be carried out. More details of the
evaluation of SCC susceptibility using SSRT is given on NACE TM-0198 and ASTM G-129.

2.4.2 Slow strain rate tests (SSRT)

In recent years the SSRT has become widely used and accepted for SCC evaluations to
screen materials and to identify alloys that should not experience SCC in service. SSRT
involves the slow straining of a specimen of the steel of interest in a solution in which will
be in service. Typically a strain rate of the order of 1x10 in/sec is used, which is about four
orders of magnitude slower than strain rate used in a standard tensile test. A major
advantage of SSRT over CLT is that the test period is generally shorter. Thus, using SSRT we
can screening or evaluate materials in a fast way within a few days to determine SCC
susceptibility (Kane et al, 1997).

It is well known that the SSRT provides not only a useful information on SCC susceptibility
of the materials in any corrosive environments, but also a relatively short experimental time
to evaluate SCC susceptibility, where a maximum fracture time is that obtained at the lowest
strain rate in an inert environment. For that reason, SSRT has been widely used for SCC
assessment. However, to use SSRT for the SCC experiments, we need to compare the
parameters (time to failure, maximum stress, strain, reduction area, plastic elongation, etc.)
obtained in the corrosive environments with those in an inert environment. In addition, it
must be kept in mind that the specimens are always fractured in both environments, by
which in some cases it would be difficult to judge whether the fracture of the specimens
takes place by SCC or not (Nishimura & Maeda, 2004).

2.5 Stress corrosion cracking assessment

The susceptibility to SCC is evaluated according to NACE TM-0177 for CLT, and according
to NACE TM 0198 and ASTM G129 for SSR tests. To evaluate the SCC susceptibility through
SSRT is expressed in terms of the percentage reduction in area (%RA) calculated by the
following expression:

(D -D;*)x100

o )

RA(%) =
where D¢ and D; are the final and the initial diameters of the tensile specimen respectively.
The reduction area ratio (RAR) after fracture for the specimen in the test environment (RA.)
to the corresponding value determined in the controlled environment (RA.) was calculated
according to the following expression:

‘ @)
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Additionally, the SCC susceptibility using the time to failure ratio (TFR) can be evaluated
according to the following equation:

TE,
T,

c

TFR =

®)

where TF. is the time to failure determined for the material in the test environment and TF.
is the time to failure to the corresponding value determined in the controlled environment.
The similar way it can be assessed the SCC susceptibility using the plastic elongation
according to the following expressions:

%EP = [EF - (UFIEPLﬂxlOO @)
L op )\ L
EPR = ELe ®)
EP

c

where:

EP = Plastic strain to failure (%)

Er = Elongation at failure (mm/in)

EpL = Elongation at proportional limit (mm/in)

L; = Initial gauge length (mm/in) (usually 25.4 mm/1 in)
or = Stress at failure (MPa)

opL = Stress at proportional limit (MPa)

Ratios in the range of 0.8-1.0 normally denote high resistance to environment assisted
cracking (EAC), whereas low values (i.e.<0.5) show high susceptibility. Therefore, to
maximize the SCC resistance, it is desirable to obtain values of ratios as close to unity as
possible. Lower values of ratios generally indicate increasing susceptibility to SCC.
Complementary metallographic examination must be performed to establish whether or not
there is SCC on the samples. Overalls when there is some uncertainty in the assessment of
SCC susceptibility evaluating the mechanical properties (RAR, TFR, EPR). The presence of
cracks must be evaluated on the longitudinal section of the gage. The SEM observation it is
recommended when there is ratios lower than 0.8.

3. SCC susceptibility of low carbon steels

Pipelines of low carbon steel welded by electric arc have been used for many years and are
widely used in the petroleum industry. However, frequent failures during operation over
the years (Craig, 1998) have prompted several studies of the design, construction, operation
and maintenance of equipment and metallic structures used in this industry. Oil and gas
from Mexico contain entrained H,O, CO, and H>S mainly (Presage of production of the
marine and south regions from México for a horizon of the 2000-2014). These constituents,
when moving through the pipelines, induce failures, mainly in the weld bead. Studies of
weld bead failures have demonstrated that these occur mainly in the heat affected zone
(Greer, 1975). This is due to the heterogeneity in microstructure (grain growth) and residual
stresses.

www.lran-mavad.com

Slgo Cuwigs 9 lglild 22 0



132

Arc Welding

3.1 Materials

In this work the susceptibility to SCC and corrosion of the main pipeline steels used in the
oil industry were investigated. API X52, X60, X65 and X70 pipeline steels were studied. The
chemical compositions and equivalent carbon (Ceq) are showed in Table 1. Dimensions of
the pipeline used in this study are showed in Table 2.

Steel C Mn Si P S Al Nb Ni \ Mo Ti Cr Cu Ceq
X52-A__| 0.080 | 1.05 | 026 | 0.019 | 0003 | 0.038 | 0.041 | 0.019 | 0.054 | - 0.002 | 0.02 | 0.019 | 027
X52-B__| 0.090 | 0.89 | 030 | 0.006 | 0.0015 | 0025 | — | 005 | 0.036 | 005 | 0016 | 0.07 | 012 | 0.8
X60 0020 | 157 | 0.14 | 0.013 | 0.002 | 0.046 | 0.095 | 0.17 | 0.004 | 005 | 0.014 | 026 | 030 | 032
X65 0.070 | 146 | 025 | 0.012 | 0.002 | 0.041 | 0.047 | 0.050 | 0069 | — | 0.017 | 0.02 | 0.09 | 034
X70 0.027 | 151 | 0.13 | 0.014 | 0002 | 0035 | 0.09 | 0.6 | 0.004 | 0.004 | 0.011 | 0.27 | 028 | 036
Table 1. Chemical composition of the steels studied (wt.%).
Diameter | Thickness
Steel . .
(in) (in)
X52-A 36 0.375
X52-B 8 0.437
X60 42 0.500
X65 24 0.562
X70 36 0.902

Table 2. Dimensions of the pipeline studied.

The pipeline steels with longitudinal welding acquired in PMT (Productora Mexicana de
Tuberia) were used in this study. The longitudinal and circumferential welding were carried
out by the technique of submerged arc welding (SAW) and shielded metal arc welding

(SMAW).

Fig. 2. Schematic representation where the specimens were obtained from the pipeline.
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Cylindrical tensile specimens with a gauge length of 25.4 mm (1 inch) and 3.81 mm (0.150
inches) gauge diameter were machined from the pipeline perpendicular to weld bead as is
shown in Figure 2.

3.2 Experimental set-up

To perform the SSR tests in the NACE solution saturated with H»S and NS4 solution, a 500
mL glass autoclave as is shown in Figure 3(a) was used. The autoclave containing the
specimen was externally heated by means of a heating element to the temperature required.
A Solartron potentiostat controlled by a desktop computer was used for potentiodynamic
polarization. The SSRT were performed in an Inter-Corr machine type M-CERT with load
capacity of 44 kN and total extension of 50 mm as is shown in Figure 3(b).

Manometer  Load Thermometer

Heating belt - == Thread

(a) (b)

Fig. 3. (a) Autoclave and (b) M-CERT machine used to perform the SSRT.

3.3 SCC susceptibility of API X52 and X70 pipeline steels

The susceptibility to SCC in a sour solution saturated with H>S (commonly called as
sulphide stress corrosion cracking, SSCC), of API X52 and X70 steels was studied using
SSRT. SCC tests were performed in samples which include the longitudinal weld bead of the
pipeline steels. The SSRT tests were performed at room temperature in air and with the
NACE solution saturated with H,S at 50°C and at room temperature, using a strain rate of
1x10¢ in/sec. Cylindrical tensile specimens were machined from the tube according to the
NACE TM-0198 standard as was shown in Figure 2.

The test solution according to the standard NACE TM-0177 consists of 50 g of NaCland 5 g
of glacial acetic acid dissolved in 945 g of distilled water. The solution was subsequently
saturated with H,S at a flux rate of 100 to 200 mL/min for 20 minutes.

Table 3 shows the ultimate tensile strength (UTS), elongation (EL), percentage of reduction
in area (RA), reduction in area ratio (RAR) obtained from the SSRT curves. From Table 3 can
be observed that specimens tested in air showed the maximum %RA, which indicate a high
ductility compared with those tested in aggressive environment. The X52 specimens tested
in the NACE solution saturated with H,S at room temperature presented the maximum
susceptibility to SCC. This is in agreement with results reported in the literature (Lopez et al,
1996; NACE TM 0177, 2005; Perdomo et al, 2002). Meanwhile, the maximal susceptibility to
SCC in X70 specimens tested in NACE solution saturated with H,S was at 50 °C.

SSRT tests are widely used to evaluate the susceptibility to stress corrosion cracking of
various materials (Wang et al, 2001; Casales et al, 2000, 2004; Parking & Beavers, 2003; Chen
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et al, 2002; Wang et al, 2002; Zhang et al, 1999; Brongers et al, 2000; Park et al, 2002; Beavers &
Koch, 1992; Liou et al, 2002). The failure time for samples tested in air, NACE solution at
20°C and NACE solution at 50°C was around 45, 20, 27 and 41, 23 and 39 hours for the X52
and X70 steels respectively. It is clear that specimens tested in the sour solution saturated
with HoS presented high susceptibility to SCC. Corrosion was found to be an important
factor in the initiation of some of the cracks. The susceptibility to SCC was manifested as a
decrease in the mechanical properties, e.g., strain values before failure, ultimate tensile
strength, reduction in area, time to failure and in some cases the presence of secondary
cracking along the gauge length of the specimen.

Steel Environment UTS EL %RA RAR Failure zone
(MPa) (mm)
Air 391 2.03 55.6 N/A Base Metal
o Weld
X52 NACE+H>S at 25°C 249 1.42 13.8 0.248 bead/HAZ
0 Weld
NACE+H>S at 50°C 233 1.88 7.25 0.130 bead/HAZ
Air 462 2.64 50.98 N/A Weld bead
NACE+H,S at 25°C 213 1.21 6.91 0.135 Weld bead
X70 Weld
NACE+H>S at 50°C 355 2.03 4.38 0.085 bead/HAZ

Table 3. Summary of the SSRT results to evaluate the SCC susceptibility.

The susceptibility to SCC depends on many factors such as: alloying elements (Kim ef al,
1998) microstructure (Wilhelm & Kane, 1984), applied stresses (Miyasaka et al, 1996),
environments (Vangelder et al, 1987), temperature (Casales et al, 2002), strength (Lopez et al,
1996), strain (Parkins, 1990), among others.

In the SSR tests, the specimens tested in air exhibited a ductile type of failure. Whereas, in
the corrosive solution, the specimens shown a brittle fracture. Among all testing
environments, the NACE solution saturated with H,S had strong influence on SSRT results,
reflected in the degradation of mechanical properties. Both steels presented a corrosive
attack in the form of anodic dissolution of the material. The X52 steel showed the best
resistance to the corrosive attack. All the cracks, primary and secondary were perpendicular
to the applied tension axis, being indicative of SSCC.

These cracks were related to the diffusion of atomic hydrogen promoting the embrittlement
damage. The failure in air occurred in some cases in the weld joint, but in presence of the
NACE solution saturated with HoS the failure always occurred in the HAZ. The path of the
crack was very irregular with brittle appearance.

The failure in air occurred in some cases in the base metal (BM) for the X52 steel, meanwhile,
for the X70 occurs in the weld bead (WB) as is observed in Figure 4(a). In presence of the
NACE solution the failure always occurred in the heat affected zone (HAZ) (Figure 4b and
4c). The major occurrence of those fractures, is related to the higher stress concentration by
the lost metal regions by anodic dissolution (pits and general corrosion) and the diffusion of
atomic hydrogen into the entrapping sites during the welding process and also to
microstructural trappings.

Additionally, the diffusion of hydrogen and the stresses focused in the surrounding of the
crack initiations sites develop the initiation and the growing of cracks (Contreras et al, 2005).
The mode of crack growth was discontinuous, observing little deformation and the
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formation of a neck in the failure zone was absent for the tests performed in the NACE
solution, which it is related to the brittle fracture. The SCC of low strength steels is
characterized by transgranular fracture, in contrast to intergranular fracture of high strength
steels (Shim & Byrne, 1990; Asahi et al, 1988; Tsay et al, 2000).

a)

b)

€)

Fig. 4. Optical macrographs of the longitudinal sections (X70 steel) of the specimens after
cracked, showing the zone where they failed: (a) tested in air, (b) tested in NACE solution at
25°C and (c) tested in NACE solution at 50°C

Mechanical fracture techniques have been used to quantify the stress effects and the sour
environment effects in the cracking. Figure 5 shows SEM micrographs of the near surface
cross-section micrographs in the failed SSRT specimens tested in the NACE solution
saturated with H»S. The path of the crack was very irregular with brittle appearance (Figure
5a). In addition, it is observed that X70 steel is more susceptible to the corrosion attack as
shown in Figure 5(b), showing secondary cracks after being fractured in a NACE solution
saturated with H»S at 50°C. It was observed that at 25°C, the attack was in the pitting form
and it was less severe than at 50°C. Meanwhile, at 50°C the attack was in the form of micro-
cracks (Fig. 5b) and it was more homogeneous along the gauge section of the specimen.

AccV SpotMagn Det WD 1 100 m

AccV Spot Magn  Det WD
20.0kV 6.0 46x

500 jm
SE 126 X62 25 oC H2S FRAC LAT 120kV 5.0 200x SE 95 X70500C H2S FRACT

Fig. 5. SEM micrographs of tensile fractured samples (a) X52 steel showing the appearance
of the fracture surface (primary crack) tested at 25°C, and (b) X70 steel showing the
secondary cracks in the longitudinal gauge section, tested at 50°C.
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3.4 Effect of multiple repairs in girth welds of API X52 pipeline on SCC

3.4.1 Slow strain rate tests carried out in NACE solution

Sulphide stress corrosion cracking (SSCC) susceptibility of four conditions of shielded
metal arc welding repairs and one as welded specimen of the girth weld in seamless API
X52 PSL2 steel pipe was evaluated using SSRT. The SSR tests were performed in air and in
a sour solution saturated with H>S both at room temperature to a constant elongation rate
of 1x10-6 in/sec. The SSCC susceptibility was evaluated in function of the reduction in
area ratio and elongation plastic ratio and also was manifested as a decrease in the
mechanical properties. The dimensions of the line pipe were 8 inches (203.2mm) in
diameter and 0.437 inches (11.1mm) in nominal wall thickness, with V-bevel at 30° in the
welding. The chemical composition was showed in Table 1 (X52-B). The girth welds were
obtained from the quality control department of the company Construcciones Maritimas
Mexicanas (CMM-PROTEXA), carried out by qualified welders under a qualified welding
procedure according to API 1104 standard (API 1104, 2005), using the SMAW process,
with a 0.125 inch in diameter consumable filler rod E-6010 for the root and hot pass and
with a 0.185 inches electrode E-7010G for the subsequent passes. The original weld (OR)
was repaired by arc air and hand disc grinder to a depth between the root and hot pass
and rewelding using the same welding procedure (IR). To simulate multiple welding
repairs, the repaired weld was similarly removed and welded again, to obtain a second
(2R), third (3R) and fourth (4R) welding repair. X-ray inspection was used to verify the
quality of the welded unions after each welding repair according to the requirements of
API-1104.

Several tests (SSRT) were carried out for each one of the welding repair conditions, for both,
in air and NACE solution. Profiles obtained from the SSRT are shown in Figure 6.
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Fig. 6. Stress versus strain profiles obtained from SSRT for all repair conditions (a) Tested in
air; (b) tested in NACE solution saturate with HyS at room temperature.

SCC susceptibility was evaluated of the results obtained from SSRT according to NACE TM
0198 and ASTM G129. The results are showed in Table 4. The strength, elongation and
reduction in area decreases significantly when the samples are exposed to the NACE
solution saturate with H»S. This behavior could be attributed to combined action between
tensile stress and the specific corrosive environment. In fact, the synergic effect between the
stress, chloride and sulphide (obtained of hydrogen sulphide) increased significantly the
susceptibility to SSCC.
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According to the results of RAR and EPR is clear that the specimens tested in the NACE
solution saturated with H)S exhibited high susceptibility to SSCC. It is suggested that
decrease in mechanical properties is due to a hydrogen embrittlement mechanism, because
the fractured samples showed little deformation in the gauged section and there is not
formation of neck in the failure zone. From the different welding repair conditions, the
second repair showed the best performance and behavior in the tests, for both, in air and in
the NACE solution.

Condition Environment RA, % EP, % RAR EPR | Failure zone
Base metal Air 87.62 23.26
As welded Air 83.16 15.00 BM
First repair Air 86.86 16.18 BM
Second repair Air 86.88 16.69 BM
Third repair Air 82.30 14.37 BM
Fourth repair Air 86.34 15.51 BM
Base metal NACE Solution 10.40 492 0.118 | 0.211
As welded NACE Solution 6.17 1.34 0.074 | 0.089 ICHAZ
First repair NACE Solution 7.84 1.22 0.090 | 0.075 ICHAZ
Second repair | NACE Solution 9.30 1.65 0.107 | 0.098 ICHAZ
Third repair | NACE Solution 4.87 0.689 0.059 | 0.047 ICHAZ
Fourth repair | NACE Solution 5.26 0.984 0.060 | 0.063 ICHAZ

Table 4. Summary of the SSRT results to evaluate the SCC susceptibility of multiple repairs
in girth welds of API X52

According to Lant et al. (Lant ef al, 2001) the temper bead technique generates overlap beads
producing grain refinement in the coarse grained heat affected zone (CGHAZ) of the
previous bead and decreases the residual stresses due to the input of additional thermal
energy. Considering this assumption, this it is the reason for which the second welding
repair presents the best mechanical behavior, for both, in air and in NACE solution.

The microstructure as well as the mechanical properties obtained for the different weld
repair conditions were shown elsewhere (Vega et al, 2008). Micrographs of the fracture
surface specimens were shown elsewhere (Vega ef al, 2009). In air, all the specimens
exhibited a ductile type of failure (the presence of quasi-cleavage fracture mixed with
microvoid coalescence was observed). Meanwhile, in NACE solution saturated with H,S
showed a brittle fracture with a transgranular appearance. The brittle fracture is related to
the higher stress concentration by the lost metal regions due to anodic dissolution (pits and
general corrosion) and the diffusion of atomic hydrogen into the entrapping sites during the
welding process. Additionally, the diffusion of hydrogen and the stresses close to the crack
initiations sites develop the initiation and the growing of cracks.

The specimens tested in air for the different conditions of repair, the failure occurred in the
BM very close to the interface with the HAZ. For the samples tested in the NACE solution
for all the repair conditions, the failure occurred mainly along the intercritical heat affected
zone (ICHAZ) as is shown in Figure 7.
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Fig. 7. Optical micrographs of longitudinal section of fracture samples from SSRT showing
failure zone of specimens tested in NACE solution at room temperature, a) first repair; b)
second repair; c) third repair; d) fourth repair

SSCC in steels and in welded line pipes of low and medium strength has also been
denominated as stress oriented hydrogen induced cracking (SOHIC) (Takahashi, 1995,
1996a, 1996b; Carneiro, 2003). The SOHIC is divided in two stages: in the first stage, cracks
parallel to applied stress are formed by the hydrogen induced cracking (HIC) mechanism; in
the latter stage, the cracks link perpendicularly to applied stress like SSCC. All the found
cracks in the different welding repair conditions agree with the theory proposed by the
SOHIC mechanism; cracks formed parallel to the applied stress after link with cracks
formed perpendicular to the direction of the applied stress, preferentially induced along the
ICHAZ as is shown in Figure 8.

Most of the failures reported by SSCC or SOHIC in welded line pipes of low and medium
strength have occurred in the ICHAZ (Kimura, 1989; Takahashi, 1996; Endo, 1994).
According to Takahashi et al. (Takahashi, 1996) the applied stress acts to enhance shear
stress around the first parallel formed cracks to the stress and the shear stress can cause local
yielding which facilitates the vertical linking of the parallel cracks to break the specimen
eventually.

McGaughy et al. (McGaughy, 1992; McGaughy & Boyles, 1990) evaluated the effects of
SMAW repairs on the residual stress distribution of girth welds in API 5L X65 line pipe. The
girth welds contained repairs which included a single, double and a full wall repair. The
results showed that increasing number of welding repairs increased the level of axial and
hoop residual stresses, inside and outside surface of the line pipe. This suggested that the
contribution of the residual stresses together with the presence of discontinuities near to the
fracture interface makes the WB/HAZ interface more susceptible zone to SCC.
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Fig. 8. Scanning electron microscopy images showing parallel and perpendicular cracks
found along ICHAZ (sample with third repair).

3.4.2 Slow strain rate tests carried out in NS4 solution

The susceptibility to SCC in girth welds of seamless API X52 steel pipe containing multiple
shielded metal arc welding (SMAW) repairs and one as-welded condition were evaluated
using SSRT according to NACE TM-0198 standard. The SSRT were performed in air and
NS4 solution at pH 10 (basic) and pH 3 (acid) at room temperature and at constant
elongation rate of 1x10 in/sec. Cylindrical tensile specimens were transversal machined to
the direction of the application to the girth weld. The specimens according to the number of
repairs were identified as OR (as-welded), 1R, 2R, 3R and 4R respectively.

The experimental research about SCC in pipelines considering the external environment
have been studied using NS4 solutions (Elboujdaini et al, 2000; Pan et al, 2006; Bulger &
Luo, 2000; Fang et al, 2007, Lu & Luo, 2006), this as results of investigations about the
chemical composition of the solution on the surface of the pipeline failed by SCC. The main
goal using NS4 solution is to simulate the chemical composition of the soil. The great
majority of these studies were made in the base metal of pipeline steels; there are few
studies on the longitudinal and circumferential welding but none reported in function of the
number of repairs. The chemical composition of the soil solution use to carry out the SSRT is
shown in Table 5.

Stress vs. Strain profiles obtained from the SSRT performed performed in air and in the NS4
solution both at room temperature for the different welding repair conditions are shown in
Figure 9. Base metal (BM) presented the maximum strain for SSRT carried out in air (26%)
and in NS4 solution (20% with pH 3 and 23% with pH 10) in comparison with the four
weldments. Specimens tested in air showed a strain about 16-19% meanwhile the specimens
tested in NS4 showed a strain between 14-19% with pH 3 and pH 10 respectively.
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Composition
Compound
i (s1/L)
Sodium bicarbonate
(NaHCO) 0.483
Calcium chloride (CaCl,) 0.137
Magnesium sulfate
0.131
(MgSOs)
Potassium chloride (KCI) 0.122
Table 5. Chemical composition of the NS4 solution
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Fig. 9. Stress versus strain profiles obtained from the SSRT in function of pH and number of
repairs, a) in air, b) in NS4 solution with pH 3 and c) in NS4 solution with pH 10.

From the analysis of these curves we obtain results of reduction in area (RA), plastic
elongation (EP), reduction in area ratio (RAR) and elongation plastic ratio (EPR) which are
shown in Table 6. RAR and EPR were calculated according to NACE TM 0198. Ratios in the

range of 0.8-1.0 indicate that steel has high resistance to SCC, whereas low values (i.e. <0.5)
show high susceptibility.
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ips . YS UTS RA Ep

Condition | Environment (MPa) (MPa) (%) (%) RAR EPR
BM 386.1 475.2 89.10 23.26

O rep 356.0 437.5 85.74 15.00

1°rep Air 379.9 464.2 88.10 16.18

2° rep 384.1 456.2 88.53 16.69

3°rep 359.7 4274 84.60 14.37

4° rep 379.2 455.9 86.34 15.51

BM 396.8 464.8 88.13 19.72 0.98 0.84
0 rep 3259 423.0 84.10 14.17 0.98 0.94
1°rep _ 322.5 4275 86.84 15.47 0.98 0.95
2°rep NS4, pH=3 351.8 438.2 86.90 16.69 0.98 1.00
3°rep 318.1 354.9 83.91 13.78 0.99 0.95
4°rep 329.7 428.8 85.01 15.00 0.98 0.96
BM 357.0 467.7 87.62 18.34 0.98 0.78
O rep 316.0 4284 83.16 14.98 0.96 0.99
1°rep _ 3249 446.3 86.86 15.51 0.98 0.95
2° rep NS4, pH=10 340.6 415.2 86.88 16.22 0.98 0.97
3°rep 344.6 436.8 82.30 12.99 0.97 0.90
4° rep 318.0 412.1 86.10 14.60 0.99 0.94

Table 6. Assessment of the susceptibility to SCC obtained from the SSR tests

According to these results, it is clear that the specimens tested in the NS4 solution not
exhibited susceptibility to SCC. In addition, secondary cracks or corrosion were not
observed in the specimens after made the SSR tests. The strength, elongation and reduction
in area decreases slightly when the samples are exposed to the NS4 solution.

Passive film rupture, anodic dissolution and repassivation are the generally accepted
mechanism on SCC, but this is dependent on the strain rate. If the strain rate is too high, the
material fails predominantly under mechanical loading, and the environment did not have
time to damage the material. By other hand, at too slow strain rate the passive film formed
over a longer period of time will be too dense to be ruptured by the slow strain rate.

SEM observations of the fracture surfaces of specimens tested in air and NS4 solution with
pH of 3 and 10 showed microvoids coalescence for all the conditions studied which is
characteristic of a ductile type of fracture. Figure 10 shows SEM images of the fracture
surface after SSRT were performed.

As the strain increases the neck formation in the gauge section before the samples failed was
observed. This was reflected in the assessment of reduction area on the fracture surface. On
the edge of the fracture surface an intergranular type of fracture was observed, towards the
centre of the fracture change to a ductile type.
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Fig. 10. Fracture surfaces after made the SSRT, a) in air, b) NS4 solution with pH 3 and c)

NS4 solution with pH-10.

Optical micrographs of the longitudinal sections for specimens tested in NS4 solution with
pH-10 showing the failure zone are shown in Figure 11. The specimens tested in NS4
solution with pH of 3 and 10 for the different conditions of repair, the failure occurred in the
BM/HAZ interface without presence of secondary cracks in the gauge section.

Fig. 11. Optical micrographs of longitudinal section of fractured samples from SSRT
performed in NS4 solution with pH-10 showing failure zone, a) as welded; b) first repair; c)
second repair; d) third repair; e) fourth repair.
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The results showed that increasing number of welding repairs increased the level of axial
and hoop residual stresses, inside and outside surface of the line pipe. The SCC
susceptibility was expressed in function of the reduction in area ratio and elongation ratio.
The yield strength, tensile strength and ductility of the welded joints shown a decrease
when they are exposed to the NS4 solution. The metallographic observations of the
fractured specimens show that the most susceptibility area to SCC was the BM/HAZ
interface.

3.5 SCC susceptibility of APl X60 and X65 pipeline steels

The SCC susceptibility of API X60 and X65 longitudinal weld beads was evaluated using
SSRT in a brine solution saturated with H,S at room temperature (25°C), 37°C and 50°C. The
tests were supplemented by potentiodynamic polarization curves and hydrogen permeation
measurements. Longitudinal weld beads produced by SMAW process were analyzed. The
chemical composition of these steels was shown in Table 1. These types of pipes are
typically used in the Mexican pipeline systems for transporting hydrocarbons.

Figure 12 shows micrographs of the X60 and X65 steels weldments. These figures clearly
show the different microstructures found in a weldment, which consists mainly of
polygonal and coarse acicular ferrite. This microstructure optimizes the strength and the
toughness of the weld beads (Bhatti, 1984; Dolby, 1976; Kirkwood, 1978; Asahi, 1994).

—exT 5

Fig. 12 Microstructures obtained by optical microscopy of the weld bead: (a-c) API X60 steel,
(d-f) API X65 steel.

The welding industry has recognized that weld induced stresses play an important role in
SCC phenomena. Each year, tens of millions of dollars are expended to replace or repair
pipes and vessels that suffer SCC or hydrogen embrittlement (HE). When H-S is present in
the pipelines transporting hydrocarbons, this type of brittle failure is known as sulfide stress
corrosion cracking, and it has been established as a particular case of hydrogen
embrittlement (Tsay et al, 2000). The transport of these types of products always induces
failures in the pipeline systems, and is very frequently in the weld beads.
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The development of multi-phase microstructures is important for the attainment of certain
mechanical properties, but it can be detrimental for resistance to SSCC. Carbon-rich phases
such as pearlite, bainite, or martensite can be particularly susceptible to this mode of HE.
The susceptibility toward SSCC was measured with the Isscc index according to:

_ %RAAIR—%RANACE

ISSCC = O RA... (6)

%RAAIR

where %RAar and %RAnacg are the percentage reduction in area values in air and in the
NACE solution saturated with H>S. The results are plotted in Figure 13(a). Values close to
the unit mean that the steel is highly susceptible to SCC, whereas values close to zero mean
that the steel is immune to SSCC. Thus, Figure 13(a) clearly shows that, in all cases,
regardless of the temperature, both steels are highly susceptible to SCC, and the effect of the
temperature is negligible, although the tendency is that this susceptibility increases with
increasing temperature. X60 pipeline steel was more susceptible to SCC than the X65 steel,
although this difference seems to be negligible.

Hydrogen permeation tests were carried out using the two-component Devanathan-
Stachurski cell (Devanathan & Stachurski, 1962). Figure 13(b) shows the effect of the
temperature on the hydrogen uptake (Co) for both steels. It is clear that the amount of
hydrogen uptake increases with temperature for both steels, being always higher in the X60
than in the X65 steel. All these results are consistent with those found in the literature (Asahi
et al., 1994). The corrosion rate, taken as the corrosion current density, e, the amount of
hydrogen uptake for the weldments, Cp, and the SSCC susceptibility increased with an
increase in the temperature from 25°C to 50°C. Although anodic dissolution seems to play
an important role in the cracking mechanism, the most likely mechanism for the cracking
susceptibility of X60 and X65 weldments in HS solutions seems to be hydrogen
embrittlement (Natividad et al., 2006).
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Fig. 13. (a) Effect of temperature on the Isscc values for both steels and (b) on the hydrogen
uptake for both steels.

Potentiodynamic polarization curves were performed at a sweep rate of 1.0 mV/s using a
fully automated potentiostat controlled with a desktop computer. The scanning started at -
500 mV, with respect to Ecorr, and finished at 300 mV more positive than Ecor, at a scanning
rate of 1 mV/s. Corrosion current values (I.orr) were calculated using Tafel extrapolation.

Figure 14 show the effect of temperature on the polarization curves for X60 and X65 pipeline
steels. As expected in these solutions, there is no passive region in any of the cases, only
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active dissolution. For both steels, the Ecor decreases as the temperature is increased, with
the most noble value at 25°C and -600 mV, and the most active at 50°C and around -800
mV. The E.or value for the X60 steel at 37°C was -650 mV whereas for the X65 steel, it was -
700 mV.
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Fig. 14. Polarization curves obtained from weld bead at different temperatures in the NACE
solution saturated with HsS, (a) X60; (b) X65 steel.

Metallographic cross sections of X60 and X65 steels are shown in Figure 15. The cracks were
transgranular in nature predominantly, and, just as indicated by the polarization curve that
the corrosion rate increased as the temperature increased, the amount of corrosion products
inside the cracks is more pronounced at 50 than at 25°C. Cross sections of the gage section of
X60 steel showed secondary cracks as is shown in Figure 15(a). For X65 steel, no cracks
were observed, only pits, as is shown in Figure 15(b).

Fig. 15. Cross-sections of weldments tested in the NACE solution saturated with HoS. (a)X60
steel at 50°C, (b)X65 steel at 50°C.

4. Conclusions

This chapter presents the mechanical and environmental effects as well as fracture
characteristics on SCC susceptibility of steels used in the oil industry using SSRT. The tests
were performed in samples which include the longitudinal and circumferential weld bead of
pipeline steels. The steels studied are low carbon steels API X52, X60, X65 and X70. These
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steels were evaluated in a brine solution saturated with HS according to NACE TM 0177 (to
evaluate sulphide stress corrosion cracking susceptibility). Additionally, some
circumferential weldments of API X52 were evaluated in NS4 solution.

The results of the SSRT carried out in API X52 and X70 steels to evaluate the SCC
susceptibility revealed that specimens tested in the NACE solution saturated with H,S at
room temperature and 50°C, presented high susceptibility to SCC, reflected in the
degradation of mechanical properties. The specimens tested in air exhibited a ductile type of
fracture. Whereas, in the corrosive solution, the specimens shown a brittle fracture. Both
steels presented a corrosive attack in the form of anodic dissolution of the material. The X52
steel showed best resistance to SCC. All the cracks, primary and secondary were
perpendicular to the applied tension axis, being indicative of SCC. These cracks were related
to the diffusion of atomic hydrogen promoting the embrittlement damage. The failure of
samples tested in air occurred in some cases in the weld joint, but in presence of the NACE
solution the failure always occurred in the HAZ.

SCC susceptibility of API X52 with multiple welding repairs in girth welds of pipelines was
evaluated by means of SSRT in NACE solution saturated with H>S. According to the results
of RAR and EPR, it is clear that welding joints are susceptible to SCC. The specimens tested
in air for the different conditions of repair, the failure occurred in the BM very close to the
interface with the HAZ. In presence of NACE solution saturated with H»S at room
temperature, the most susceptible zone to SCC was the ICHAZ following the SOHIC.
Although in presence of imperfections like pores and non-metallic inclusions near to the
interface with the HAZ, fusion line becomes the most susceptible zone to SCC. Using
temper bead technique contributes to the reinforcement of the mechanical behavior,
improving resistance to SCC as was observed in the second welding repair. The temper
bead technique generates overlap beads producing grain refinement in the coarse grained
heat affected zone of the previous bead and decreases the residual stresses due to the input
of additional thermal energy.

The susceptibility to SCC in girth welds of seamless API X52 steel pipe containing multiple
welding repairs was evaluated using SSRT in soil solution. The SSRT were performed in air
and NS4 solution at pH 10 (basic) and pH 3 (acid) at room temperature. The main goal using
NS4 solution is to simulate the chemical composition of the soil. According to the RAR and
EPR results, it is clear that the specimens tested in the NS4 solution not exhibited
susceptibility to SCC. In addition, secondary cracks or corrosion were not observed in the
specimens after perform the SSRT. The strength, elongation and reduction in area decreases
slightly when the samples are exposed to the NS4 solution. SEM observations of the fracture
surfaces of specimens tested in air and NS4 solution with pH of 3 and 10 showed
microvoids coalescence for all the conditions studied which is characteristic of a ductile type
of fracture. The metallographic observations of the fractured specimens show that the most
susceptible area to SCC was the BM/HAZ interface.

The SCC susceptibility considering the effects of the temperature on the corrosion rate, and
hydrogen uptake of API X60 and X65 weldments through SSRT was carried out. The SCC
susceptibility and corrosion rate, taken as I, for both weldments, increased with an
increase in the temperature from 25 to 50°C, as well as the amount of hydrogen uptake for
the weldments. The most likely mechanism for the cracking susceptibility of X60 and X65
weldments in sour solutions seems to be hydrogen embrittlement, but anodic dissolution
seems to play an important role in the cracking mechanism. Specimens tested in NACE
solution showed brittle type of fracture, with a very small percentage reduction in area
values, and the gage section shown a large number of secondary cracks.
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1. Introduction

The use of stainless steels has been nowadays widespread in a number of industrial sectors.
They usually offer exceptional performance regarding mechanical and corrosion properties,
but according to Lee et al. (2008) stainless steels are considered as high cost materials as far
as solutions for structural engineering are concerned. However, this material group can
provide aesthetic characteristics as well as outstanding versatility, easy cleaning and
maintenance conditions. Nevertheless, there are still plentiful possibilities for applying
stainless steels in new situations or improving their use in current applications due to their
appealing visual aspect and durability.

In the automotive industry, for instance, parts of the exhaustion system are in general
composed of tubes and blanks (stamped metal sheets) that usually are welded and have
ferritic stainless steels as the main base material. According to Alves et al. (2002), the main
ferritic stainless steels used in the hot portion of automotive exhaustion systems are the AISI
409 and 441. On the other hand, in the cold portion the AISI 409, 439 and 436 are normally
utilized.

Faria (2006) states that automotive exhaustion systems went through a number of changes
along the last 20 years as a consequence of more restrict pollution policies, needs for longer
durability and higher engine efficiencies as well as requirements for reduction in weight and
costs. Stainless steels used in the hot parts of automotive exhaustion systems, according to
Sekita et al. (2004), must be refractory, which can be accomplished by niobium additions,
high levels of molybdenum and optimized silicon presence. The same authors also mention
the importance of having a good formability in such hot parts.

The market for stainless steels has experienced constant growth because of their excellent
properties and continuous improvement in manufacturing of these materials, especially
when issues like increase in process productivity and reduction in costs are taken into
consideration. However, recently there has been a sharp increase in the international prices
of alloying elements largely used in stainless steels, mainly nickel and molybdenum. As a
result, the most traditional stainless steels class (austenitic) went through severe price rise
worldwide. Fortunately, the ferritic class, which contains no nickel, emerges as an
alternative for some applications, but sometimes some drawbacks have to be figured out
before replacing the austenitic class.
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One of the main problems found in certain ferritic stainless steels applications is related to
their weldability, but, according to Schwarz & Tessin (2003), advantages concerning fatigue
strength and general corrosion behavior can be achieved with ferritic filler materials.
According to Reddy & Mohandas (2001), ferritic class base materials welded with ferritic
wires exhibit greater resistance to stress corrosion cracking when compared with weldments
produced with austenitic wires. However, grain coarsening in the fusion zone often takes
place. Renaudot et al. (2000) state that the welding of ferritic stainless steels with filler
metals also made of ferritic stainless steels minimizes the metallurgical discontinuity around
the weld bead and promotes better metallurgical compatibility between the base metal and
molten zone due to small differences in microstructure and thermal dilatation. The same
authors point out that a ferritic class, namely the ER409ND, filler metal has been utilized
since the 90’s for welding low-chromium ferritic stainless steels. Tests carried out with this
wire resulted in welds with good geometry quality, ductility and resistance to intergranular
corrosion. This result is also cited by Inui et al. (2003). These authors also mention that the
weld metal of ferritic stainless steels has a large columnar structure, often leading to a
decrease in cracking resistance and high temperature strength. Furthermore, they also
reported that large grains deteriorate oxidation resistance and corrosion resistance of the
weld metal. Balmforth & Lippold (2000), mention that the mechanical properties of the weld
zone of ferritic stainless steels are very sensitive to the microstructure constituents, and poor
microstructure control, like martensite presence in the fusion zone, can limit their
application.

Ferritic wires might contain different elements in their chemical composition such as
Titanium, Niobium and Aluminum, as a way of improving mechanical properties and
resistance to corrosion of the welded joints. Considering thus the variability of ferritic wires
available, Inui et al. (2003) tested three types of non-commercial filler metals made of
stabilized ferritic stainless steels to weld plates also made of ferritic stainless steels; one wire
stabilized with titanium, one stabilized with niobium and aluminum and another one with
niobium, titanium and aluminum. The authors verified that the presence of Aluminum,
titanium and niobium in adequate fractions was able to produce fusion zones with fine
grains and, therefore, better mechanical properties.

Madeira & Modenesi (2007), claim that the addition of niobium and/or titanium, and the
consequent stabilization, can reduce the formation of martensite, maintaining a ferritic
structure, and decrease the grain growth in the fusion zone. Wang & Wang (2008), cited,
that Titanium carbonitrates have high thermal stability during welding, especially after high
heat inputs. Another important fact is that with the stabilization of ferritic stainless steel
wires there is also an inhibition in the formation of chromium carbides and nitrates, which
are directly related to intergranular corrosion in welded structures. The main stabilizing
elements are niobium and titanium. Madeira (2007) compared the results of the ER430Ti and
ER430LND wires using Ar+2%O; as shielding gas in GMA welding. A higher penetration in
the weld beads was observed when the ER430Ti was used. This took place for the same
welding setting (voltage and wire feed rate) in the power source, but higher current levels
were needed for the same fusion rate compared to the other wire. It was concluded that the
increase in penetration is related to the higher electrical resistivity of the ER430Ti wire in
relation to that one found in the ER430LNb wire. Electrical resistivity values were measured
by Resende (2007) in a comparative manner for the ER308LSi, ER430Ti and ER430LNbD filler
metals. He noticed that the first two wires had relatively similar resistivity values whilst the
third one had a lower level. From the same reference, a comparison was carried out
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regarding the weld beads produced with the ER430Ti and ER430LNb wires. The weld bead
appearance resulted from the ER430Ti utilization was significantly inferior (lower
wettability and poor superficial quality). This fact was mainly linked to the ER430Ti
superficial roughness, which resulted in an irregular feeding. In spite of the references
presented so far, there is still lack of information concerning the weldability of ferritic
stainless steels.

Concerning the welding of the ferritic stainless steels, Stenbacka & Persson (1992) mention
that GMA welding of stainless steels is commonly carried out shielded by argon with low
levels of an oxidant (Oz or CO). According to them, the presence of oxidizing components
blended with argon promotes arc stability and metal transfer improvement. The advantage
of the CO; addition in the shielding gas mixture would be cost reduction related, yet metal
transfer is strongly affected. The same authors believe that a small amount of CO, added to
argon should be used for short-circuiting transfer. According to Chae et al. (2008), the
addition of CO; to argon improves the wettability of the weld bead, improving the weld
quality. However, Strassburg (1976) claims that an increase in the proportion of oxidizing
elements in the shielding gas increases the loss of molybdenum, chromium and niobium.
Lundvist (1980), states that the addition of CO; in the shielding gas result in carbon
absorption and also in oxidation of the deposited metal. The negative aspect related to
carbon incorporation into the weld pool is that the content of ferrite in the weld bead might
get lower; as carbon is a strong austenite producer at high temperatures, during cooling,
martensite might form along the ferritic grain boundaries, impairing the tenacity of the
welded joint.

There have been some studies about the shielding gas used for welding austenitic stainless
steels. Tusek & Suban (2000), for instance, studied the effect of hydrogen in argon as the
shielding gas for arc welding of this stainless steel class. When GMA welding was used, the
hydrogen addition to argon increases melting rate and melting efficiency of the arc, but the
increase is much smaller than in GTA welding. Durgutlu (2004) reported the effect of
hydrogen added to argon during GTA welding of 316L austenitic stainless steel plates. In
this case, the mean grain size in the weld bead increased with rising hydrogen contents. In
addition, the weld bead penetration depth and width increased as the hydrogen content was
raised. Giileng et al. (2005) studied GMA welding of 304L stainless steel samples and
observed that the toughness of the weld beads increases with rising Hydrogen amount
added to argon and with increase in the welding current level. Liao & Chen (1998) examined
how the miscrostructure and mechanical properties of 304 stainless steel welds are
influenced by mixtures of carbon dioxide (2 to 20%) in argon. They detected that spattering
increases, notch toughness is affected by the delta-ferrite amount and oxidation potential,
specially at room temperature with increase in the CO; content.

Despite the facts discussed so far, the volume of information available in the current
literature about GMA welding with ferritic stainless steels wires is still very scarce,
mainly in relation to the shielding gas effect on the welded joints. Thus, this manuscript
aims to analyze the metallurgical characteristics of a ferritic stainless steel weldments by
studying the influence of the shielding gas (argon by itself and blended with O, or CO»)
on the chemical composition, microstructure, hardness and ductility of the weld beads. It
is expected that a broader insight of the subject can help users and developers in the
pursuit of more productive and safe welded structures (optimized filler metal and gas
selection).
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2. Materials and experimental procedure

In this study two different types of wires for GMA welding, namely ER430Ti and ER430LNDb
(both with a diameter of 1.0 mm), were used to assess the influence of stabilizing elements
on the weld bead microstructure produced. The chemical composition of each wire is shown
in Table 1. Each wire was combined with different shielding gases to evaluate any influence
of the arc atmosphere on the weld bead chemical composition. The welded samples
consisted of beads deposited side by side and in layers on the surface of 6-mm-thick plates
previously cut in 40x40 mm from a UNS 43932 bi-stabilized ferritic stainless steel. The
chemical composition of the base metal is presented in Table 2. This ferritic stainless steel is
usually applied in automotive plants.

Wire C Cr | Mn | Mo | Nb | Ni Si Ti
ER430Ti 0.108 |17.45| 0.65 | 0.036| - 04 [1.04| 0.35
ER430LNDb | 0.027 | 17.66 | 0.425 | 0.034 | 0.44 | 0.215 | 0.43 | 0.004

Table 1. Chemical composition of the wires (weight, %).

Element C Cr Mn N Nb Ni Si \% Ti
Weight % | 0.010 | 17.128 | 0.143 | 0.008 | 0.201 | 0.178 | 0.403 | 0.051 | 0.198

Table 2. Chemical composition of the UNS43932 ferritic stainless steel (weight, %).

The effectiveness of metal transfer from the wire to the weld pool and so the influence of the
wire on the weld bead microstructure are mainly governed by the wire and shielding gas
chemical compositions and by the type and stability of the metal transfer. The
microstructure, and consequent properties, of the resultant weld bead also dependents on
the volume of the weld pool and on the heat input produced, which in turn will govern the
thermal cycle (weld zone cooling rate from the fusion temperature). Thus, in order to have a
fair comparison of welding conditions under different wire and shielding gas combinations,
first of all it is necessary to find welding settings as similar as possible to each other for all
the experiments. These settings are not usually the same, since the optimized situation is
different for each combination of wire and shielding gas used and their pursuit is typically a
complicate task due to the quantity of variables involved in GMA welding.

Thus, to have such similar welding conditions, some approaches were applied to the
experiments. In order that the same metal transfer mode was achieved for all the situations,
in this case the short-circuit one, the arc was kept short by using a constant voltage power
supply and by setting the arc voltage always at 20 V.

The welding current is probably the most important parameter that controls heat in the arc
and its delivery to the weld pool. Consequently, the current level should be virtually the
same for all the samples. This intent was accomplished by appropriately setting the wire
feed speed and varying the contact tip-to-work piece distance between 12 and 18 mm. The
welding current accepted range was 170 + 2 A. The WES values set for both ER430Ti and
ER430LNDb wires was 7.6 m/min. As a way to reach approximately the same weld pool
volume and the same heat input for all the samples, the deposition rates, for a given current
level, were managed to be equivalent. This was possible by making the ratio between the
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wire feed speeds and the welding travel speeds constant throughout the tests. The welding
travel speed was set at 20 cm/min. Filho et al. (2010) and Ferreira Filho and Ferraresi (2008,
2010) show in details that the welding conditions and the weld bead shapes were quite
similar for all the situations evaluated. The equivalency in welding conditions and weld
bead shapes is crucial to avoid influence on the metallurgical formations other than that one
exerted by the wire and shielding gas combination. More straightforward approaches for
the experimental procedure, like just setting the same welding parameters for each
combination of gas and wire, would be unfair and also lead to misjudgments.

With the welding conditions already defined, welding samples, for each combination of
wire and shielding gas, were finally produced with four layers of weld beads. The
characterization of the deposited molten wire in each welded sample was carried out in the
central part of the cross section taken from the last weld bead of the last deposited layer.
Chemical analysis of the deposits was carried out with a Solaris CCD optical emission
spectrometer (one measurement for each specimen). The resultant microstructures were
characterized by using a Leica DMRXP optical microscope (cross sections etched by Vilella’s
reagent). Samples consisted of 2-mm-thick sheets previously cut in 50x100 mm from a UNS
43932 bi-stabilized ferritic stainless steel were square butt welded with a 3 mm gap in
addition as an approach to assess a situation commonly found in automotive exhaustion
systems. These complementary samples allowed taking into account the effect of weld bead
dilution on the resultant microstructures and mechanical properties for the different
shielding gas and wire combinations evaluated.

3. Results and discussions

3.1 Weld bead chemical composition

Table 3 shows the chemical composition of the weld beads produced with the different
combinations of wires and shielding gases. As seen, using only argon, the weld bead
composition was similar to that one of the wire in each case (Table 1).

Wire Element | Ar Ar+2%0; | Art2%CO; | Ar+4%CO, | Art8%CO,
C 0.087 |0.082 0.087 0.091 0.094
Cr 17.391 |17.489 17.444 17.515 17.500
Mn 0.564 |0.559 0.562 0.563 0.558

ER430Ti Mo 0.053 0.053 0.053 0.053 0.053
Ni 0.486 |0.488 0.484 0.488 0.487
Si 0.902 |0.893 0.892 0.878 0.875
Ti 0.323 0.305 0.298 0.273 0.247
C 0.018 |0.017 0.027 0.038 0.046
Cr 18.09 |18.058 18.144 18.035 18.042
Mn 0.362 |0.351 0.357 0.340 0.337

ER430LNDb | Mo 0.050 |0.049 0.050 0.049 0.049
Nb 0.469 |0.463 0.464 0.455 0.451
Ni 0.253 |0.252 0.250 0.251 0.252
Si 0.367 |0.360 0.365 0.356 0.348
Ti 0.009 |0.010 0.010 0.010 0.010

Table 3. Chemical compositions of the weld beads (weight, %).
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This was expected to happen considering the fact that argon is an inert gas and the small
difference found is probably related to sampling and measurement intrinsic errors. On the
other hand, perceptible differences in the content of carbon, silicon, manganese, titanium
and niobium took place when O, or CO, were present in the shielding gas.

Figures 1 and 2 graphically shows the changes in the percentage of carbon in the metal
deposit according to the shielding gas used respectively to ER430Ti and ER430LND. It can be
noticed that with the increase in the CO gas content there was a proportional increase in
carbon in the weld bead, fact also observed by Lundvist (1980) and by Liao & Chen (1998). It
is worth noting that with the ER430LNb wire the carbon presence was significantly larger
(0.094% for 8% of CO, content, for instance). The ER430Ti wire led to a much lower value
(0.046% for 8% of CO, content, for instance).
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Fig. 1. Carbon presence in the weld beads versus shielding gas used for the ER430Ti wire.
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Fig. 2. Carbon presence in the weld beads versus shielding gas used for the ER430LNb wire.
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Figures 3 and 4 respectively show the changes in manganese percentage in the weld bead
depending on the shielding gas used to ER430Ti and ER430LNb. Figures 5 and 6
respectively show the changes in silicon percentage in the weld bead depending on the
shielding gas used to ER430Ti and ER430LNb. Note that the amount of these two elements
decreased in the weld beads produced with both wires as the O, or CO; content in the gas
mixture was raised. This fact can be explained by the deoxidizing function of such elements.
Once more the effect with the ER430Ti wire was less evident. The contents of manganese
and silicon in the weld bead were much higher for the titanium alloyed wire than for the
other one, which is a direct consequence of the larger presence of such elements in this wire.
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Fig. 3. Manganese presence in the weld beads versus shielding gas used for the ER430Ti
wire.
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Fig. 4. Manganese presence in the weld beads versus shielding gas used for the ER430LNb
wire.
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Fig. 5. Silicon presence in the weld beads versus shielding gas used for the ER430Ti wire.
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Fig. 6. Silicon presence in the weld beads versus shielding gas used for the ER430LNDb wire.

Finally, Figure 7 shows the changes in the percentage of Ti in the weld bead when the
ER430Ti wire was used and Figure 8 illustrates the changes in the presence of Nb in the
weld bead with the use of the ER430LNDb wire. The loss of Ti in the weld bead composition
is more significant than the loss of Nb, especially when the weld pool is shielded by
Ar+8%COx.
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Fig. 7. Titanium presence in the weld beads versus shielding gas used for the ER430Ti wire.
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Fig. 8. Niobium presence in the weld beads versus shielding gas used for the ER430LNb
wire.

3.2 Weld microstructure without dilution

Figures 9 to 13 show the microstructure of the fusion zones produced for the different
combinations of wire and gas. The weld beads obtained with the ER430Ti wire (Figures 9(a)
to 13(a)) contain a ferritic matrix, with columnar and coarse grains. This fact was expected,
since the presence of stabilizer elements should retain grain growth as stated by Modenesi
(2001). The presence of martensite and precipitates inside the grains increased as the
shielding gas became more oxidizing. As seen before in Figure 1, there was an increase in
carbon content in the weld pool with the presence of CO,. This fact suggests that the severe
drop in titanium amount with the increase of CO, contents in the shielding gas (Figure 7) is
the responsible for martensite formation (it is known that titanium picks up carbon to form
precipitates, retaining ferritic phases and avoiding by that martensite formation).

www.lran-mavad.com

dlge amwsie 9 Bl gl g2y



160 Arc Welding

The microstructures of the weld beads with ER430LNb, Figures 9(b) to 13(b), were also
composed of a ferritic matrix, with columnar and coarse grains. However, no presence of
martensite is observed, regardless of the content of CO; in the shielding gas. This might be
explained, despite the carbon absorption when CO; was used (Figure 2), by a lower content
of carbon in the wire. Even so, the grains were as coarse as those found with ER430Ti wire.
This fact can be explained by the Titanium precipitates high thermal stability during
welding, especially after high heat inputs, as verified by Wang & Wang (2008). Niobium
does not present the same grain growth effect as titanium does. It was not possible to
observe changes in the precipitate quantities as the shielding gas was varied.

Fig. 9. Fusion zone microstructure with argon as shielding gas for the ER430Ti wire (a) and
for the ER430LND wire (b) ("a" represents ferritic matrix and "p" precipitates).

Fig. 10. Fusion zone microstructure with Ar+2%QO; as shielding gas for the ER430Ti wire (a)
and for the ER430LND wire (b) ("a" represents ferritic matrix and "p" precipitates).
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- ®
Fig. 11. Fusion zone microstructure with Ar+2%CO; as shielding gas for the ER430Ti wire
(a) and for the ER430LND wire (b) ("a" represents ferritic matrix and "p" precipitates).

Fig. 12. Fusion zone microstructure with Ar+4%CO; as shielding gas for the ER430Ti wire
(a) and for the ER430LNDb wire (b) ("a" represents ferritic matrix, "M" martensite and "p"
precipitates).

@ | ®)
Fig. 13. Fusion zone microstructure with Ar+8%CO, as shielding gas for the ER430Ti wire
(a) and for the ER430LNDb wire (b) ("a" ferritic matrix, "M" martensite and "p" precipitates).
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3.3 Weld microstructure in the square butt joints

Based on the base and filler metals chemical compositions (Table 1 and 2, respectively) and
in a dilution level of 39% (mean level for all shielding gases used), the microstructures and
chemical compositions were estimated through Schaeffler diagrams for the case of weld
beads produced using the ER430Ti wire (Figure 14 and 15).

As seen in Figure 14, the ER430Ti filler metal is located in the ferrite-martensite region,
whilst the base metal falls in the ferritic region. The weld bead is located on the border
between the ferritic and ferritic-martensitic regions, that is, carbon additions might lead to
martensite formation in the fusion zone. Also from the diagram, the weld beads are
estimated to have 0.070% of carbon, 0.79% of silicon, 0.46% manganese, 17.29% of
chromium, 0.33% of nickel and 0.07% of niobium.
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4 8 12 16 20 24 28 32 136
ECr=%Cr+%Mo+1.5x%Si+0.5x%Nb
®_ UNS43932 m- ER430Ti - WELD

Fig. 14. Schaeffler diagram applied to the samples produced with the ER430Ti wire.

Applying the Schaeffler diagram methodology also to the samples welded with the
ER430LND wire (Figure 15), just ferritic microstructure was estimated to take place in the
fusion zone. Concerning the chemical composition, the weld beads in this case are expected
to have 0.023% of carbon, 0.12% of silicon, 0.35% of manganese, 17.49% of chromium, 0.38%
of nickel and 0.37% of niobium.
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Fig. 15. Schaeffler diagram applied to the samples produced with the ER430LNDb wire.

Figures 16 to 19 present the fusion zone microstructure produced by the ER430Ti and
ER430LND wires for, respectively, Ar, Ar+2%02, Ar+4%CO2 and Ar+8%CO2 as shielding
gases.

In the ER430Ti wire case (Figures 16(a) a 19 (a)), a ferritic matrix with titanium precipitates
was observed in all grains, structure also observed by Madeira (2007) using SEM.
Throughout the images it is possible to notice the increase in the amount of precipitates all
around as the CO, content in the gas was raised. This fact is due to the increase in the
presence of carbon in the fusion zone. It is worth saying that large carbon amounts can also
form chromium precipitates, which decrease the corrosion resistance of the weld beads.

The estimations carried out by Schaeffler diagrams, in which titanium is not taking into
account, showed the presence of ferrite and martensite along the grain boundaries in the
microstructures. However, this was not the case of the weld beads produced using up to 8%
of CO,. This fact shows that titanium, up to this level of CO,, was successful as a stabilizing
element.

In the ER430LNDb wire case (Figures 16 (b) a 19 (b)), a ferritic matrix with probably Nb
precipitates formed in all grains. Despite it was not measured, an increase in the number of
precipitates is visually verified as the CO, content in the gas was raised, but not as
remarkable as for the ER430Ti wire case. The increase in the presence of C in the fusion zone
is likely the reason for the increasing number of precipitates in the ER430LNDb case as well.
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Fig. 16. Fusion zone produced with Ar as shielding gas and with the ER430Ti wire (a) and
with the ER430LNb wire (b) ((a) ferritic matrix, (P) titanium or niobium precipitates).

Fig. 17. Fusion zone produced with Ar+2%O; as shielding gas and with the ER430Ti wire (a)
and with the ER430LNb wire (b) ((c) ferritic matrix, (P) titanium or niobium precipitates).
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-. b

Fig. 18. Fusion zone produced with Ar+4%CO; as shielding gas and with the ER430Ti wire
(a) and with the ER430LND wire (b) ((cv) ferritic matrix, (P) titanium or niobium precipitates).

I b

Fig. 19. Fusion zone produced with Ar+8%CO; as shielding gas and with the ER430Ti wire
(a) and with the ER430LNb wire (b) ((o) ferritic matrix, (P) titanium or niobium precipitates).

As martensite was not observed along the grain boundaries with shielding gases with up to
8% of COz in the weld beads produced in the square butt joints (with dilution), but it was
found in the weld beads with dilution from 4% of CO, and using the ER430Ti wire, an extra
shielding gas containing 25% of CO, was assessed for both wires.

As showed in Figure 20 (a), for the ER430Ti case, besides the formation of ferritic matrix
and precipitates, there is also martensite formed along the grain boundaries when 25% of
CO3 is used in the shielding gas. In this case, the titanium present in the wire was unable
to cause an adequate stabilization and the free carbon leads to transformation of austenite
into martensite during the weld bead cooling. For the ER430LNb wire case (Figure 20 (b)),
there was not martensite present in the weld beads even with the use of such level of CO..
In this case, the niobium in this wire was able to stabilize the carbon for all the shielding
gases.
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a b

Fig. 20. Fusion zone produced with Ar+25%CQO; as shielding gas and with the ER430Ti wire
(a) and with the ER430LNb wire (b) ((ot) ferritic matrix, (P) titanium or niobium precipitates,
(M) martensite).

3.4 Welded joints microhardness

Table 4 presents the microhardness values measured in the ferritic matrix for the ER430Ti
and ER430LND wires. Table 5 shows the microhardness values measured in the martensite
formations in the weld beads produced with the ER430Ti wire and with Ar+25%CO; as the
shielding gas.

Microhardness (HV2;5)
Wire Shielding gas
Mean Standard
value deviation
Ar 180.3 1.5
Ar+2%0, 172.0 10.6
ER430Ti Ar+4%CO, |187.7 47
Ar+8%CO, | 208.0 4.6
Ar+25%CO;, |203.0 1.0
Ar 163.0 2.6
Ar+2%0, 173.0 1.0
ER430LNDb | Ar+4%CO, |160.3 7.2
Ar+8%CO, |182.0 3.6
Ar+25%CO, |181.3 29

Table 4. Microhardness values measured in the weld beads produced with the ER430Ti and
ER430LND wires.
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Microhardness (HV2.5)

Wire Shielding gas
g8 1 5 3 4 5 Mean Star}d.’:}rd
value |deviation

ER430Ti | Ar+25%CO, | 245|269 | 304 | 304 | 364 | 292.3 |20.2

Table 5. Microhardness values measured in the martensite formations in the fusion zone.

Figures 21 and 22 show graphically, for the ER430Ti wires ER430LNDb respectively, the
microhardness values observed in the fusion zones versus the shielding gas used. The
microhardness values taken from the ferritic matrix of the weld beads produced with the
ER430Ti wire and with argon and Ar+2%O; as shielding gases were very similar to those
measured in the base metal ferritic matrix. With the addition of CO; in the shielding gas
there was a significant rise in the microhardness levels, which was probably due to the large
number of Ti precipitates present, as seen in Figures 16 to 20. With Ar+25%CO,, martensite
was formed along the grain boundaries, which is put in evidence by the elevated
microhardness levels observed in this case.

Cardoso (2003) observed a microhardness value close to 350 HV,s5 with the use of
Ar+8%CO,. According to him, such level of hardness would cause decrease in the union
toughness. As microhardness values of magnitudes close to this level were found on the
martensite region in the weld beads produced with the ER430Ti wire, loss of toughness in
such weld beads is also expected to take place.

The microhardness values measured in the ferritic matrix of the weld beads produced with
the ER430LNb wire were very close to the values found in the base metal ferritic matrix. In
general, no major variation in the microhardness levels were noticed as the shielding gas
was changed in this case.

_ = - 370 =
= =
= 220 F310
S 190 - £
2 190 = —e—gRa30TI
2
S 160 2
?; 130_;‘,5 =8—430TiM
E 130 3 o
g 70
= &
—
100 - 0 =

Ar#25%0, Ar Ar+d%C0, Ar+85%C0,; Ar+25%C0,

Shielding Gas

Fig. 21. Microhardness values in the fusion zone of the weld beads produced with the
ER430Ti wire versus the shielding gas used.
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Fig. 22. Microhardness values in the fusion zone of the weld beads produced with the
ER430LND wire versus the shielding gas used.

3.5 Welded joints ductility

Figures 23 and 24 show the evolution of the loads supported by the welded samples during
the stampability tests along with the aspect of the samples after the tests for, respectively,
Ar+2%0; and Ar+25%CO; as the shielding gas.

For the sample welded using Ar+2%O; the failure (crack) of the weld bead took place along
the welding direction. In contrast, for the sample welded with Ar+25%CO; the fracture took
place transversally to the welding direction. Madeira (2007) also reported these two forms of
fractures in stampability tests of welded joints. According to him, transversally cracks
(failures) assure that the weld bead ductility is being evaluated.

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Punch displacement [mm]
a

Fig. 23. Stampability test for the condition using the ER430Ti wire and Ar+2%O; as the
shielding gas (loads supported by the sample (a) and aspect of the sample after the test (b)).
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Fig. 24. Stampability test for the condition using the ER430Ti wire and Ar+25%CO; as the
shielding gas (loads supported by the sample (a) and aspect of the sample after the test (b)).
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Table 6 presents the values of the maximum loads supported by the samples and also the
punch displacements and energies absorbed during the stampability tests of weld beads
produced using the ER430Ti wire. Tests were carried out for loads applied both on the weld
face and root.

. Mean Mean

Shielding gas ;?edmg FMAX 1511;43 * ]1)0-3 ]S:)TD. EDI gTD
[N] [m]

Ar Root  |41636 5370 135 |19 265 |85
Ar+2%0, Face 27883 13879 |97 |39 |139 |117
Ar+2%0, Root | 26070 2448 99 |07 [149 |35
Ar+4%CO,  |Face 22371 8412 81 |23 |98 |42
Ar+4%CO,  |Root  |23538 2662 87 (09 |92 |21
Ar+8%CO,  |Face 18951 8370 72 |22 |66 |44
Ar+8%CO,  |Root  |29584 0 10 00 [131 |0
Ar+25%CO, |Face 11326 3054 52 |10 |31 |12
Ar+25%CO, [Root | 4909 375 24 (03 |7 2

FMAX = mean maximum load; D = punch displacement; E = energy absorbed; STD = standard
deviations

Table 6. Values of the maximum loads supported by the samples, punch displacements and
energies absorbed during the stampability tests of weld beads produced using the ER430Ti
wire.
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Figures 25 to 27 graphically present the trends found in the stampability tests of the samples
welded with the ER430Ti wire. As seen, in general the evolution of the parameters analyzed
was similar to each other and always lower than the value found for the base metal. This
fact was also observed by Hunter & Eagar (1980), Sawhill & Bond (1976) and Redmond
(1977). There was also a decreased in the values of the maximum loads supported by the
samples, punch displacements and energies absorbed during the stampability tests as the
CO; percentage in the shielding gas was increased, which was more evident for 25% of COs.
When the COs content in the shielding gas was increased in the welded samples produced
with the ER430Ti wire there was an increase in the microhardness levels (Figure 21),
decrease in the grain size and increase in the number of precipitates (Figures 16 to 20). For
the case of 25% of CO; in particular, there was formation of martensite. All these factors
justify the decrease in the levels of the stampability parameters assessed and so the decrease
in the welded joints ductility.

Madeira & Modenesi (2010) also observed falls in the ductility of welded joints when they
used the ER430Ti wire with an active shielding gas. They referred to the content of carbon,
nitrogen and titanium in the fusion zone as the responsible for the fragilization of the joints
as these elements form precipitates along the grains. However, the results found here are
opposite to those presented by Washko & Grubb (1991), who state that the presence of
titanium in the weld beads minimize the loss of ductility. Considering the high presence of
carbon in the ER430Ti wire (Table 1) and the high levels of carbon getting into the fusion
zone from the CO; added to the shielding gas, the titanium present in this filler metal does
not offer adequate stabilization.
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ﬂ
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2 30000
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Z 20000 —&-Raiz
=4
S 10000 - MB
-
0

Ar+2%0, Ar Artd¥C0; Ar+8%C0;, Ar+25%C0,

Shielding gas

Fig. 25. Maximum loads supported by the samples produced with the ER430Ti wire versus
the shielding gas used.
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Fig. 26. Punch displacement in the samples produced with the ER430Ti wire versus the
shielding gas used.
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Fig. 27. Energy absorbed by the samples produced with the ER430Ti wire versus the
shielding gas used.

Table 7 presents the values of the maximum loads supported by the samples and also the
punch displacements and energies absorbed during the stampability tests of weld beads
produced using the ER430LNb wire. As for the ER430Ti wire case, the tests were carried out
for loads applied both on the face and root of the weld beads.
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. Mean Mean
Shielding gas ;‘éldmg FMAX 1s:l;/[DA * ]1)0-3 IS)TD. ED ]SETD
[N] [m]

Ar Face 40065 11277 13.1 3.1 261 131
Ar Root 17381 1514 7.0 0.6 56 10
Ar+2%0; Face 32792 10751 11.3 2.8 181 101
Ar+2%0, Root 24101 10286 8.9 3.2 108 |84
Ar+4%CO, Face 36152 1413 11.7 0.6 184 |18
Ar+4%CO, Root 32158 20096 11.2 54 210 |211
Ar+8%CO, Root 21440 14611 8.8 3.0 102 |85
Ar+25%CO, Face 34068 0 11.2 0 236 |0
Ar+25%CO; Root 16845 8546 7.0 2.6 76 32

FMAX = mean maximum load; D = punch displacement; E = energy absorbed; STD = standard

deviations

Table 7. Values of the maximum loads supported by the samples, punch displacements and
energies absorbed during the stampability tests of weld beads produced using the

ER430LND wire.

Figures 25 to 27 graphically present the trends found in the stampability tests of the samples
welded with the ER430LNb wire. With this wire no significant variations in the parameters
assessed was recorded. The dispersion in the results for each shielding gas might have
occurred due to possible fragilization in the weld beads that was not perceived during the
visual analyses of the samples.
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Fig. 28. Maximum loads supported by the samples produced with the ER430LNb wire
versus the shielding gas used.

www.lran-mavad.com

230 Crmidin 9 Hlgamalild g2 o



Evaluation of the Shielding Gas Influence on the Weldability of Ferritic Stainless Steel 173

Z. 18

% 16 &

=

T 14

S 12

£ 10

[}

= 8 - —$—Face
-

= 6 1 ~i—Raiz
5 4 —MB
E 2, :
~ 0 , : : :

Ar+25%0, Ar  Artd%CO, Ar+8%C0, Ar+25%CO,

Shielding gas

Fig. 29. Punch displacement in the samples produced with the ER430LNDb wire versus the
shielding gas used.
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Fig. 30. Energy absorbed by the samples produced with the ER430LNDb wire versus the
shielding gas used.

Taking into account the results of the stampability tests, it is possible to consider that the
increase in the CO; content in the shielding gas decreases the ductility of the welded joints if
the ER430Ti wire is used. If the ER430LNDb wire is utilized instead, it performs a better
stabilization of the C present and the result is that no significant variations are recorded for
the welded joints ductility even with the high levels of CO, added to the shielding gas.
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4. Conclusions

Considering the conditions and results presented in this chapter, the conclusions can be

summarized as:

o For the ER430Ti and ER430LNb wires, the addition of CO, in the shielding gas
promotes an increase in the quantity of carbon and a decrease in the amount of
manganese, silicon, and also in the stabilizing elements (titanium and niobium,
respectively);

¢ In the welded layers (without dilution), the titanium present in the ER430Ti wire was
insufficient to avoid the formation of martensite in the fusion zone with the use of levels
of CO; higher than 4%. Also without dilution in the welded joint, but using the
ER430LND wire, martensite did not form with shielding gases with up to 8% of COy;

¢ In the weld beads produced in square butt joints using the ER430Ti wire, martensite
was only noticed for the weld beads produced with 25% of CO,. Also in square butt
joints but using the with ER430LND, the stabilization was effective and no martensite
formation was verified even for such level of CO,;

e An increase in hardness and therefore a fall in the ductility of the welded joints took
place for the ER430Ti wire. This fact was not recorded for the weld beads produced
with the ER430LNb wire.

e  Therefore, the ER430LNb was the best wire utilized for the selected conditions.
In face of the conclusions, this manuscript shows the importance of correct stabilization of a
filler metal in welding. Besides that, the shielding gas may play a decisive role in the
ductility of welded joints, so as in the microstructures formed. As verified, it is possible to
utilize ferritic stainless steel filler metals in welding approaches for ferritic stainless steel
components by using low-cost shielding gases and at the same time preserve the joint
properties. This shows that the tendency of using austenitic stainless steel filler metals with
high-cost shielding gases for ferritic stainless steel welded components might be
equivocated.
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1. Introduction

Aluminium and its alloys are widely used as engineering materials on account of their low
density, high strength-to-weight ratios, excellent formability and good corrosion resistance
in many environments. This investigation focused on one popular wrought aluminium
alloy, namely magnesium-alloyed 5083 (in the strain hardened -H111 temper state).
Aluminium alloy 5083 is one of the highest strength non-heat treatable aluminium alloys,
with excellent corrosion resistance, good weldability and reduced sensitivity to hot cracking
when welded with near-matching magnesium-alloyed filler metal. This alloy finds
applications in ship building, automobile and aircraft structures, tank containers, unfired
welded pressure vessels, cryogenic applications, transmission towers, drilling rigs,
transportation equipment, missile components and armour plates. In many of these
applications welded structures of aluminium are exposed to aqueous environments
throughout their lifetimes.

Welding is known to introduce tensile residual stresses, to promote grain growth,
recrystallization and softening in the heat-affected zone, and to cause weld defects that act
as stress concentrations and preferential fatigue crack initiation sites. Fatigue studies also
emphasised the role of precipitates, second phase particles and inclusions in initiating
fatigue cracks. When simultaneously subjected to a corrosive environment and dynamic
loading, the fatigue properties are often adversely affected and even alloys with good
corrosion resistance may fail prematurely under conditions promoting fatigue failure.

The good corrosion resistance of the aluminium alloys is attributed to the spontaneous
formation of a thin, compact and adherent aluminium oxide film on the surface on exposure
to water or air. This hydrated aluminium oxide layer may, however, dissolve in some
chemical solutions, such as strong acids or alkaline solutions. Damage to this passive layer
in chloride-containing environments (such as sea water or NaCl solutions), may result in
localised corrosive attack such as pitting corrosion. The presence of corrosion pits affects the
fatigue properties of the aluminium alloys by creating sharp surface stress concentrations
which promote fatigue crack initiation. In welded structures, pits are often associated with
coarse second phase particles or welding defects [1-4].
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A review of available literature on the corrosion fatigue properties of aluminium 5083 welds
revealed limited information. Although the mechanical properties, corrosion behaviour and
fatigue properties of this alloy have been studied in depth, the influence of filler wire
composition and weld geometry on the fatigue behaviour of fully automatic and semi-
automatic welds, and the behaviour of weld joints when simultaneously subjected to a
chloride-containing corrosive environment and fatigue loading, have not been investigated
in any detail.

This investigation therefore aimed at studying the mechanical properties and corrosion
fatigue performance of 5083-H111 aluminium welded using semi-automatic and fully
automatic pulsed gas metal arc welding, and ER4043, ER5183 and ER5356 filler wires. The
influence of the weld metal and heat-affected zone, weld defects and the weld geometry on
the mechanical properties and corrosion fatigue resistance was evaluated. The project also
determined the fatigue damage ratio (the ratio of the fatigue life in a NaCl solution to the
fatigue life in air) by comparing the S-N curves measured in NaCl and in air for 5083-H111
aluminium in the as-supplied and as-welded conditions.

The background section reviews the relevant literature on the welding of 5083 alloy, their
corrosion behaviour in chloride-containing solution, mechanical properties and fatigue
behaviour. The research methodology describes experimental procedure followed to
characterise the microstructure, their mechanical properties, corrosion behaviour and
fatigue properties (in air and in a 3.5% NaCl solution) of 5083-H111 in the as-supplied and
as-welded conditions. The results obtained, including weld metal microstructures, hardness
profiles, tensile properties, fatigue performance, corrosion behaviour and corrosion fatigue
properties in NaCl, are also discussed. Finally, conclusions and recommendations regarding
the corrosion fatigue performance of 5083-H111 aluminium alloy welds are provided.

2. Background

Aluminium and its alloys represent an important family of light-weight and corrosion
resistant engineering materials. Pure aluminium has a density of only 2.70 g/cm3, as a
result, certain aluminium alloys have better strength-to-weight ratios than high-strength
steels. One of the most important characteristics of aluminium is its good formability,
machinability and workability. It displays excellent thermal and electrical conductivity, and
is non-magnetic, non-sparking and non-toxic.

2.1 Aluminium alloy investigated

Aluminium alloys can be broadly divided into those that are hardenable through strain
hardening only, and those that respond to precipitation hardening. Aluminium alloys with
the number “5” as first digit in the alloy designation are alloyed with magnesium as
primary alloying element. Most commercial wrought alloys in this group contain less than
5% magnesium. A typical chemical composition of such alloy is shown in Table 1.

Alloy Al Mg Mn Fe Si Cr Cu Zn Ti
5083  Balance 4.0-4.9 0.4-1.0 0.4 0.4 0.25 0.1 025 015

Table 1. Typical chemical compositions of aluminium alloy 5083 (percentage by mass).
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2.2 Welding of 5083 aluminium

2.2.1 Pulsed Gas Metal Arc Welding (P-GMAW)

Arc welding is the most widely used process in the shipbuilding, aerospace, pipeline,
pressure vessel, automotive and structural industries. In gas metal arc welding (GMAW),
the heat required to fuse the metals is generated by an electric arc established between a
consumable electrode wire and the workpiece. The electric arc and the molten weld pool are
shielded from atmospheric contamination by an externally supplied shielding gas or gas
mixture. GMAW may be used in the semi-automatic mode (SA-GMAW), i.e. the filler wire is
fed at a constant speed by a wire feeder, while the welder manipulates the welding torch
manually, or in the fully-automatic mode (FA-GMAW), ie. the filler wire is fed
continuously at a constant speed, while the torch is manipulated automatically.

With a pulsed power supply, the metal transfer from the tip of the electrode wire to the
workpiece during GMAW is controlled. Pulsed current transfer is a spray-type transfer that
occurs in pulses at regularly spaced intervals rather than at random intervals. The current is
pulsed between two current levels. The lower level serves as a background current to
preheat the electrode (no metal transfer takes place), while the peak current forces the drop
from the electrode tip to the weld pool. The size of the droplets is approximately equal to
the wire diameter. Drops are transferred at a fixed frequency of approximately 60 to 120 per
second. As a result, spray transfer can take place at lower average current levels than would
normally be the case. Due to the lower average heat input, thinner plates can be welded,
distortion is minimized and spatter is greatly reduced. The pulsed GMAW process is often
preferred for welding aluminium. The lower average heat input reduces the grain size of the
weld and adjacent material and reduces the width of the heat-affected zone (HAZ) [1-3].

The weld penetration, bead geometry, deposition rate and overall quality of the weld are
also affected to a large extent by the welding current, arc voltage (as determined by the arc
length), travel speed, electrode extension, electrode orientation (or gun angle) and the
electrode diameter. Excessive arc voltages or high arc lengths promote porosity, undercut
and spatter, whereas low voltages favour narrow weld beads with higher crowns. The travel
speed affects the weld geometry, with lower travel speeds favouring increased penetration
and deposition rates. Excessively high travel speeds reduce penetration and deposition rate,
and may promote the occurrence of undercut at the weld toes [4].

The welding current, arc voltage and travel speed determine the heat input (HI) during
welding. This relationship is shown in equation (1);

VI
HI=n — (1)

where: V is the arc voltage (V), I is the welding current (A), v is the travel speed, and 7 is
the arc efficiency factor (typically in the region of 0.7 to 0.8 for GMAW).

The mechanical properties of the welded joint, the weld geometry, occurrence of flaws and
level of residual stress after welding depend mainly on the joining process, welding
consumable and procedure employed.

2.2.2 Structure of the welds

The filler metal and the melted-back base metal form an admixture. The properties of the
weld, such as strength, ductility, resistance to cracking and corrosion resistance, are strongly
affected by the level of dilution. The dilution, in turn, depends on the joint design, welding
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process and parameters used. A more open joint preparation (for example a larger weld
flank angle, ¢ , in Figure 1(a)) during welding increases the amount of filler metal used,
reducing the effect of dilution. Joint preparations such as single or double V-grooves are
often preferred to square edge joint preparations when welding crack susceptible material
with non-matching filler metal [5].

(b) B .

Underfill

Partially Melted Zone

Mismatch

© (d)
Fig. 1. Schematic illustration of (a) geometrical parameters of a typical butt weld with a
double V edge preparation, where r is weld toe radius, ¢ weld flank angle and t plate
thickness; (b) geometrical structure of a weld, where A is weld face, B the root of the weld, C
weld toe, D the plate thickness or weld penetration, E root reinforcement, and F face
reinforcement; (C) compositional structure of a typical weld; and (d) geometric weld
discontinuities.

The thermal cycle experienced by the metal during welding results in various zones that
display different microstructures and chemical compositions (Figure 1(c)). The fusion zone
(composite zone or weld metal) melts during welding and experiences complete mixing to
produce a weld with a composition intermediate between that of the melted-back base metal
and the deposited filler metal. The unmixed zone cools too fast to allow mixing of the filler
metal and molten base metal during welding, and displays a composition almost identical to
that of the base metal. The partially melted zone experiences peak temperatures that fall
between the liquidus and solidus temperatures of the base metal. HAZ represents the base
metal heated to high enough temperatures to induce solid-state metallurgical
transformations, without any melting [4].

Most welds contain discontinuities or flaws that may be design or weld related, with the
latter category including defects such as undercut, slag or oxide inclusions, porosity,
overlap, shrinkage voids, lack of fusion, lack of penetration, craters, spatter, arc strikes and
underfill. Metallurgical imperfections such as cracks, fissures, chemical segregation and
lamellar tearing may also be present. Geometrical discontinuities, mostly associated with
imperfect shape or unacceptable bead contour, are often associated with the welding
procedure and include features such as undercut, underfill, overlap, excessive reinforcement
and mismatch (Figure 1(d)) [4].
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Aluminium welds are also very susceptible to hydrogen-induced porosity. The weld pool
may dissolve large amount of hydrogen from the arc atmosphere. On solidification, the
solubility of hydrogen decreases and the entrapped hydrogen forms gas porosity. Typical
sources of hydrogen contamination are lubricant residues, moisture and the hydrated
surface oxide on the base metal or filler wire surface. These defects act as stress
concentrations and may lead to rapid fatigue crack initiation if the weld is exposed to
fluctuating stresses of sufficient magnitude [5-6].

Most weld flaws can be removed by grinding, machining and/or flush polishing, thereby
improving the mechanical properties, corrosion resistance and fatigue properties of the
joint. Subsurface flaws, which are more prevalent during SA-GMAW than FA-GMAW, are
more difficult to detect and correct.

2.2.3 Weldability of aluminium 5083

Pure aluminium exhibits high electrical conductivity, about 62% of that of pure copper. Very
little resistance heating occurs during welding, and high heat inputs are therefore
necessitated when joining aluminium and its alloys to ensure complete fusion. Incomplete
fusion may also result from the presence of a hydrated aluminium oxide layer that forms
spontaneously on exposure to air or water due to the strong chemical affinity of aluminium
for oxygen. This layer melts at about 2050°C, significantly above the melting range of
aluminium. In order to prevent poor fusion, the aluminium oxide layer needs to be removed
prior to or during welding. Suitable fluxes, chemical or mechanical cleaning methods, or the
cleaning action of the welding arc in an inert atmosphere (cathodic cleaning) can be used to
remove the oxide [4]. The high thermal expansion coefficient of aluminium (about twice that
of steel) may result in distortion and high levels of residual stress in the welds, and
precautions need to be taken to control distortion to within acceptable limits.

The weldability of aluminium, defined as the resistance of the material to the formation of
cracks during welding, is affected by the physical properties (Table 2), chemical composition
and prior temper state of the material [4-5]. As long as dilution is controlled to a minimum,
these alloys can, however, be welded successfully using non-matching filler metal.

Boc