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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 Al2O3 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 

www.intechopen.com



 
Arc Welding 

 

22

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). 
 

         
            (a)           (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. 
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        (a)             (b)         (c) 

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). 

 

  

  

 

Fig. 3. Joint designs and typical geometry of the welds obtained; a) single V groove joint,  
b) IEA joint and c) MIEA joint. 

a)

b) 

c) 
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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 c) 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 Al4C3 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 Al4C3 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). 

 ( ) ( ) 4 3 ( )3 4 3s l sSiC Al Al C Si     (1) 

This reaction is not reversible and the Al4C3 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 (Al4C3). 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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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/Al2O3/20p (Garcia et al, 2002),  
c) A359/SiC/20p and d) dissimilar joint.  

 
 
a) 

50 m
            

b)

50 m 
 

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 H2S and CO2, 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 (H2S)) 
at a strain rate of 1x10-6 s-1 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 

 
1

100%  f

f

A A
RA x

A


   (2) 

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

 
% %

%
AIR NACE

SSC
AIR

RA RA
I

RA


    (3) 

where % RAAIR and % RANACE are the percentage reduction in area values in air and in the 

H2S-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 Iscc 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. 
 

     

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 H2S, (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. 
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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. 
 

Joint type 
Preheating 

temperature
(°C) 

Ultimate 
strength 
(MPa) 

Yield 
strength 
(MPa) 

Elongation
(%) 

Failure from 
fusion line

(mm) 

Efficiency 
from base 

metal 
(%) 

Efficiency 
from filler 

metal 
(%) 

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). 

 

 

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 

a) b) 
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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 1HV=9.810-3 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 ” 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 ’ 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 ’ 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  matrix 

due to the incoherence of the ’ 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). 
 

 

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 P 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 P (Ambriz et al., 2010b). Experimental 
results for a, were plotted in da/dN versus ∆K graphs according to Paris law: 

  da n
C K

dN
   (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 K, 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 K in FSW. 
The results presented in Table 2 indicate that, there is an important difference in K for weld 
metal and HAZ, independently of the welding process. In this way, it should note that K 
for weld metal in MIEA represents only 57% of the base metal, unlike the K 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 ’’, to coarse bar 
shape ’ 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. 
 

                 

                 

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). 

c) d) 

a) b) 
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 Base metal
MIEA FSW 

Weld metal HAZ Weld metal HAZ 

/da dN  

(mm/cycle) 
1.981×10-3 1.0×10-3 1.413×10-3 1.0×10-3 1.413×10-3 

K  (MPa m1/2) 30.41 17.27 19.46 23.98 19.51 

(da/dN)i/(da/dN)BM 1.0 0.50 0.71 0.50 0.71 

(∆K)i/(∆K)BM 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 

Al2O3 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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