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1. Introduction    

Several electronic, naval, aeronautic and automotive components are made by different 
materials joined together in order to improve mechanical and functional properties. 
Functionalities provided by clad metals can be grouped into structural, thermal expansion 
management, thermo-mechanical control, electrical, magnetic, corrosion resistant, joining 
and cosmetic applications to cite as few (Chen et al., 2005). The demand for dissimilar 
material joints continuously grows because one material can provide only a small spectrum 
of chemical, physical and mechanical characteristics required for the investigated 
application respect to the bi- or multi-layer material joints. Moreover considerable weight 
savings can be achieved by using lightweight materials clad to strength ones directly. For 
these reasons, researchers and manufacturers continuously evaluate the application of 
traditional and/or advanced joining processes to clad dissimilar materials and obtain 
transition joints optimally. Focusing the attention on steel/aluminium joints and 
shipbuilding industry, the development of lightweight and fast-speed vessels requires a 
great number of aluminium/steel structural transition joints (STJs) in order to connect 
aluminium superstructures to the steel hull (Chao et al., 1997). Using this solution, the total 
weight of a ship is reduced due to the lighter aluminium superstructure. However, 
problems in service may occurred by relations at the atomic level between iron and 
aluminium and differences existing in physical and chemical properties of the base metals. 
One of the most undesired effect derives from the large electrochemical difference of 1.22 
volts between iron and aluminium that causes a high susceptibility to both inter-crystalline 
and galvanic corrosion along the STJ interface. 
Fusion welding processes, initially used to produce the aluminium/steel STJs with desired 
physical and mechanical features, are narrowly applied because the subsidiary precipitates 
and brittle Al/Fe inter-metallic phases, created during fusion and solidification and located 
along the interface, are severely exposed to corrosion, troubling joint cohesion (Durgutlu et 
al., 2005). The high heat input affects the different thermal properties of the two materials—
thermal expansion, heat capacity and thermal conductivity—and may lead to very complex 
stress fields. Moreover, the heat input causes the lattice transformation and the formation of 
inter-metallic phases. In iron (cubic body-centred up to 911 °C) and aluminium (cubic face-
centred) joints, the inter-metallic phases present a high hardness and low ductility. The 
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welding procedures of STJs must be carefully controlled in order to avoid disbonding 
during construction and/or failure during service. The thickness of the Al/Fe inter-metallic 
layer between parent materials plays an important role in obtaining joints with optimum 
performances. Thus, the thickness minimisation of Al/Fe inter-metallic phases represents 
one of the most important problems to solve. This is why all the heat-intensive processes 
used up until now have been designed to keep the formation of inter-metallic phases within 
tight limits or even to prevent them from occurring in the first place (Bruckner, 2003; Chen & 
Kovacevic, 2004). 
Solid-state processes seems to be more likely for producing STJs because thin inter-metallic 
thicknesses are achieved. Processes normally employed are roll bonding, pressure welding, 
friction welding, ultrasonic welding, diffusion bonding and explosive welding (Deqing et al., 
2007). Explosion-welding is a fast and efficient process to bond two or more different metals 
with satisfactory corrosive properties. The energy of an explosive detonation is used to 
create a metallurgical weld between dissimilar materials. In preparation, the cladding plate 
is placed over the backer plate with a small gap between the two, ground and fixtured 
parallel at a precise spacing. A measured quantity of a specifically formulated explosive is 
spread on top of the cladding plate. On detonation, the cladding plate collides progressively 
with the backer plate at a high velocity. This collision removes the contaminating surface 
films like oxides and absorbed gases in the form of a fine jet, bringing together two virgin 
metal surfaces to form a metallurgical bond by electron sharing. The detonation front then 
uniformly travels across the surface until the end of the plates (Durgutlu et al., 2005; Bankers 
& Nobili, 2002). The combination of surface cleaning and extreme pressure produces a 
continuous metallurgical weld (Young & Banker, 2004). Although the explosion generates 
intense heat, there is no sufficient time for the heat to conduct into the metals, avoiding bulk 
heating (ASM Handbook Vol.6). Furthermore, there are no changes in the metallurgical 
characteristics or specification compliance of the component metals. 
The objective of the present research is the evaluation of the process feasibility of applying 
laser welding to explosion-bonded STJs for the final ship assembly. This paper reports 
results achieved for as-simulated laser welded conditions by imposing severe thermal cycles 
to specimen obtained from structural transition joints with time periods longer than those 
normally recorded during laser welding. Metallurgical and mechanical characterisation of 
heat treated specimen are performed to evaluate the influence of the heat treatments on final 
joint properties. The analysis was then extended to the bead on plate and   double 
side/double square fillet T-joints. 

 
2. Problem Position 

From the chemical point of view, iron reacts with aluminium forming several FexAly inter-
metallic compounds, as the Fe-Al phase diagram shows (Figure 1). 
Only small amounts of iron can be dissolved in aluminium and only small amounts of 
aluminium can be dissolved in iron. The FeAl2, Fe2Al5, Fe2Al7 and FeAl3 are Al-rich inter-
metallic compounds while FeAl and Fe3Al are Fe-rich inter-metallic compounds (Table 1). 
The presence of Al-rich inter-metallic phases must be accurately control to reduce their 
influence on joint performances, respect to the Fe-rich phases with higher toughness values. 
In fact the complex lattice structures and too high micro-hardness values (up to 800 HV or 
more) of Al-rich inter-metallic compounds can cause a high interface fragility. 

Fig. 1. Fe-Al phase diagram at equilibrium. 
 

Phase Al Content 
(atomic %) 

Structure Micro-hardness 
(HV) 

Density 
(g/cm3)  

Fe3Al 25Ordered BCC 250-350 6.67 
FeAl 50Ordered BCC 400-520 5.37 
Fe2Al7 63Complex BCC 650-680 NA 
FeAl2 66-67Complex rhombohedral  1,000-1,050 4.36 
Fe2Al5 69.7-73.2BCC orthorhombic 1,000-1,100 4.11 
FeAl3 74-76Highly complex monoclinic BCC 820-980 3.95 
Table 1. Inter-metallic compounds (Bruckner, 2003). 
 
The inter-metallic phases occurs at temperatures below the melting point of aluminium not 
only during explosion welding but also during fusion welding necessary to connect STJs to 
the steel hull and aluminium superstructure. The formation rate of the inter-metallic phases 
is diffusion-driven, thus dependent from time and temperature variables. For this reason, 
the evaluation of joint characteristics before and after fusion welding is necessary. The 
mechanical and metallurgical properties of the bond zone are determined by means of tests 
made in the following conditions (American Bureau of Shipping, 2000): 
- As-clad condition: No preliminary treatment is given to the specimens to represent the 

as-clad product.  
- As-simulated welded condition: A preliminary heat treatment is performed to the 

specimens in order to represent the product after welding. 
The simulated welded specimens are heat-treated at 315±14°C (600F±25 °F) for 15 minutes, 
as suggested by American Bureau of Shipping. This temperature-time limit is settled-on by 
considering that a STJ exposed to a higher time or higher temperature than this limit can 
present a lower performance life than any as-clad explosion-welded STJs. However, two 
main considerations have to be made on this temperature-time limit such as: (i) the 
interaction between the temperature and time variables is not accurately evaluated and (ii) 
the welded condition normally is refereed to TIG or MIG welding processes, both 
characterised by high heat input profiles. The main hypothesis to verify is whether a very 
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welding procedures of STJs must be carefully controlled in order to avoid disbonding 
during construction and/or failure during service. The thickness of the Al/Fe inter-metallic 
layer between parent materials plays an important role in obtaining joints with optimum 
performances. Thus, the thickness minimisation of Al/Fe inter-metallic phases represents 
one of the most important problems to solve. This is why all the heat-intensive processes 
used up until now have been designed to keep the formation of inter-metallic phases within 
tight limits or even to prevent them from occurring in the first place (Bruckner, 2003; Chen & 
Kovacevic, 2004). 
Solid-state processes seems to be more likely for producing STJs because thin inter-metallic 
thicknesses are achieved. Processes normally employed are roll bonding, pressure welding, 
friction welding, ultrasonic welding, diffusion bonding and explosive welding (Deqing et al., 
2007). Explosion-welding is a fast and efficient process to bond two or more different metals 
with satisfactory corrosive properties. The energy of an explosive detonation is used to 
create a metallurgical weld between dissimilar materials. In preparation, the cladding plate 
is placed over the backer plate with a small gap between the two, ground and fixtured 
parallel at a precise spacing. A measured quantity of a specifically formulated explosive is 
spread on top of the cladding plate. On detonation, the cladding plate collides progressively 
with the backer plate at a high velocity. This collision removes the contaminating surface 
films like oxides and absorbed gases in the form of a fine jet, bringing together two virgin 
metal surfaces to form a metallurgical bond by electron sharing. The detonation front then 
uniformly travels across the surface until the end of the plates (Durgutlu et al., 2005; Bankers 
& Nobili, 2002). The combination of surface cleaning and extreme pressure produces a 
continuous metallurgical weld (Young & Banker, 2004). Although the explosion generates 
intense heat, there is no sufficient time for the heat to conduct into the metals, avoiding bulk 
heating (ASM Handbook Vol.6). Furthermore, there are no changes in the metallurgical 
characteristics or specification compliance of the component metals. 
The objective of the present research is the evaluation of the process feasibility of applying 
laser welding to explosion-bonded STJs for the final ship assembly. This paper reports 
results achieved for as-simulated laser welded conditions by imposing severe thermal cycles 
to specimen obtained from structural transition joints with time periods longer than those 
normally recorded during laser welding. Metallurgical and mechanical characterisation of 
heat treated specimen are performed to evaluate the influence of the heat treatments on final 
joint properties. The analysis was then extended to the bead on plate and   double 
side/double square fillet T-joints. 

 
2. Problem Position 

From the chemical point of view, iron reacts with aluminium forming several FexAly inter-
metallic compounds, as the Fe-Al phase diagram shows (Figure 1). 
Only small amounts of iron can be dissolved in aluminium and only small amounts of 
aluminium can be dissolved in iron. The FeAl2, Fe2Al5, Fe2Al7 and FeAl3 are Al-rich inter-
metallic compounds while FeAl and Fe3Al are Fe-rich inter-metallic compounds (Table 1). 
The presence of Al-rich inter-metallic phases must be accurately control to reduce their 
influence on joint performances, respect to the Fe-rich phases with higher toughness values. 
In fact the complex lattice structures and too high micro-hardness values (up to 800 HV or 
more) of Al-rich inter-metallic compounds can cause a high interface fragility. 

Fig. 1. Fe-Al phase diagram at equilibrium. 
 

Phase Al Content 
(atomic %) 

Structure Micro-hardness 
(HV) 

Density 
(g/cm3)  

Fe3Al 25Ordered BCC 250-350 6.67 
FeAl 50Ordered BCC 400-520 5.37 
Fe2Al7 63Complex BCC 650-680 NA 
FeAl2 66-67Complex rhombohedral  1,000-1,050 4.36 
Fe2Al5 69.7-73.2BCC orthorhombic 1,000-1,100 4.11 
FeAl3 74-76Highly complex monoclinic BCC 820-980 3.95 
Table 1. Inter-metallic compounds (Bruckner, 2003). 
 
The inter-metallic phases occurs at temperatures below the melting point of aluminium not 
only during explosion welding but also during fusion welding necessary to connect STJs to 
the steel hull and aluminium superstructure. The formation rate of the inter-metallic phases 
is diffusion-driven, thus dependent from time and temperature variables. For this reason, 
the evaluation of joint characteristics before and after fusion welding is necessary. The 
mechanical and metallurgical properties of the bond zone are determined by means of tests 
made in the following conditions (American Bureau of Shipping, 2000): 
- As-clad condition: No preliminary treatment is given to the specimens to represent the 

as-clad product.  
- As-simulated welded condition: A preliminary heat treatment is performed to the 

specimens in order to represent the product after welding. 
The simulated welded specimens are heat-treated at 315±14°C (600F±25 °F) for 15 minutes, 
as suggested by American Bureau of Shipping. This temperature-time limit is settled-on by 
considering that a STJ exposed to a higher time or higher temperature than this limit can 
present a lower performance life than any as-clad explosion-welded STJs. However, two 
main considerations have to be made on this temperature-time limit such as: (i) the 
interaction between the temperature and time variables is not accurately evaluated and (ii) 
the welded condition normally is refereed to TIG or MIG welding processes, both 
characterised by high heat input profiles. The main hypothesis to verify is whether a very 
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short time at a high temperature may sufficient to compromise and, in the worst condition, 
destroy bond properties of explosion-welding STJs, making the application of laser welding 
unfeasible. All above considerations shift the manufacturing problem form suppliers to 
shipbuilders. In fact, the interest of an STJ is its direct application instead of the way it is 
produced. 

 
3. Specimen preparation of heat treatment 

A tri-metallic transition joint was chosen for this study due to its industrial importance for the 
fast vessel construction. The rough material was the Triclad® STJ, a trade name of Merrem & la 
Porte for aluminium/steel transition joints, produced with open-air explosion welding. In 
particular, the selected rough material consisted of an ASTM A516 steel backer plate clad to an 
AA5083 flyer plate, with commercial purity aluminium (AA1050) interlayer plate placed 
between the former two. The presence of the AA1050 interlayer was necessary to improve STJ 
diffusion resistance with both iron and aluminium (Bankers & Nobili, 2002). The investigated STJ, 
realised by the supplier in compliance with specification ASTM B898 (Chen et al., 2005), was 
analysed with ultrasonic inspection from the manufacturer to confirm the whole weld interface 
integrity. 
STJ specimens for metallographic and micro-hardness evaluation of about 28·13·3 mm3 (Figure 2) 
were sectioned by using an abrasive wheel cut-off machine in transverse direction to the length 
of the rough plate, taking care of minimising the mechanical and thermal distortions of the Al/Fe 
interface. The specimen surfaces were smoothly ground to give a uniform finish and cleaned 
before putting them in the heat treatment oven. Each specimen was heated at specific 
temperature and time in compliance with the Central Composite Design (CCD) experimental 
plan and cooled outside the heat oven to the room temperature. The CCD design is a factorial or 
fractional factorial design (with centre points) in which "star" points are added to estimate 
curvature (Montgomery, 2000). The main CCD factors were the temperature and time, ranging 
between 100 and 500°C and 5 and 25 minutes respectively. The centre point of the CCD, 
replicated five times, was fixed at 300°C for 15 minutes, according to the limit of the as-simulated 
welded condition. The entire plan, shown in Table 2, also included the as-clad condition (ID 12) 
and near-melted condition of aluminium alloys (ID 13). The temperature of the heat treatment 
oven was rapidly reached by applying a high heat power and then maintaining this temperature 
for time sufficient to guarantee stationary conditions. The specimen was then inserted into the 
oven. This process was repeated for all specimens. 
 

 
Fig. 2. Triclad® STJ. 

Specimen 
ID 

Temperature 
(°C) 

Time 
(minutes) 

1 100 5
2 100 25
3 500 5
4 500 25

5-6-7-8-9 300 15
10 300 0.86
11 300 29.14
12 17.16 15
13 582.4 15

Table 2. Central Composite DOE. 
 
The heat-treated specimens were then prepared by grinding with 200 to 1000-grit silicon 
carbide papers, followed by mechanical polishing from 6-μm to 1-μm diamond abrasive on 
short nap clothes. Etching was then performed on the steel side of specimens with Nital 
solution (2 mL HNO3 and 98 mL of C2H5OH) in distilled water for 15 seconds in order to 
highlight grain structures as well as inter-metallic phases. Keller’s reagent (5 mL HNO3 and 
190 mL of H2O) was applied for 15 seconds to aluminium side to point macro-structures.  

  
4. Metallographic examination of heat treated specimens 

The visual inspection of the STJ specimens by using the metallographic microscope was 
very useful to investigate modifications of Al/Fe interface due to heat treatments. The as-
clad specimen was initially analysed and different areas were detected, as Figure 3 shows. 
Ripples with different morphological characteristics were located at the interface. These 
ripples, formed from the rapid quenching of melt regions caused by explosion, consisted of 
a mixture of different inter-metallic phases, as the grey scale variation suggests (Figure 3-
A/B). Areas surrounding these ripples, and sometimes located inside them, exhibited the 
typical dendrite morphology of a slow cooling process after melting . Small-sized clusters of 
inter-metallic compounds, formed in not equilibrium cooling conditions, were also observed 
along the Al/Fe interface, pointing out the interface discontinuity. The cluster thickness 
ranged between 50 and 160 μm. Along the Al/Fe interface, the inter-metallic phases were 
detected as a discontinuous narrow band, less than 5 μm wide (Figure 3-C/D). This band 
was thick in areas submitted to high thermal gradient  while it was very thin or absent in 
areas subjected to very low thermal gradient. The very brittle inter-metallic phases 
identified in this band at room temperature in the as-clad STJ were the FeAl3 and Fe2Al5 on 
the aluminium side and steel side respectively, as confirmed by quantitative analysis (x-ray 
diffraction) performed with SEM (Figure 4). Further metallographic features were noted for 
the STJ base materials. The micro-structure of the ASTM A516 steel consisted of ferrite 
(lighter constituent) with pearlite (darker constituent), as Figure 3-E shows. Small-sized 
elongated grains, characteristic of the cold-working conditions, were observed near the 
interface while medium-sized regular ones were identified in areas immediately after the 
Al/Fe interface until to the specimen boundaries. As concern the AA1050 side, the micro-
structure consisted of insoluble FeAl3 particles (dark constituent) dispersed in the 
aluminium matrix (lighter constituent), as Figure 3-F shows. The morphology of these 
particles seemed to be not influenced by explosion welding. 

www.intechopen.com



Laser welding of aluminium-steel clad materials for naval applications 81

short time at a high temperature may sufficient to compromise and, in the worst condition, 
destroy bond properties of explosion-welding STJs, making the application of laser welding 
unfeasible. All above considerations shift the manufacturing problem form suppliers to 
shipbuilders. In fact, the interest of an STJ is its direct application instead of the way it is 
produced. 

 
3. Specimen preparation of heat treatment 

A tri-metallic transition joint was chosen for this study due to its industrial importance for the 
fast vessel construction. The rough material was the Triclad® STJ, a trade name of Merrem & la 
Porte for aluminium/steel transition joints, produced with open-air explosion welding. In 
particular, the selected rough material consisted of an ASTM A516 steel backer plate clad to an 
AA5083 flyer plate, with commercial purity aluminium (AA1050) interlayer plate placed 
between the former two. The presence of the AA1050 interlayer was necessary to improve STJ 
diffusion resistance with both iron and aluminium (Bankers & Nobili, 2002). The investigated STJ, 
realised by the supplier in compliance with specification ASTM B898 (Chen et al., 2005), was 
analysed with ultrasonic inspection from the manufacturer to confirm the whole weld interface 
integrity. 
STJ specimens for metallographic and micro-hardness evaluation of about 28·13·3 mm3 (Figure 2) 
were sectioned by using an abrasive wheel cut-off machine in transverse direction to the length 
of the rough plate, taking care of minimising the mechanical and thermal distortions of the Al/Fe 
interface. The specimen surfaces were smoothly ground to give a uniform finish and cleaned 
before putting them in the heat treatment oven. Each specimen was heated at specific 
temperature and time in compliance with the Central Composite Design (CCD) experimental 
plan and cooled outside the heat oven to the room temperature. The CCD design is a factorial or 
fractional factorial design (with centre points) in which "star" points are added to estimate 
curvature (Montgomery, 2000). The main CCD factors were the temperature and time, ranging 
between 100 and 500°C and 5 and 25 minutes respectively. The centre point of the CCD, 
replicated five times, was fixed at 300°C for 15 minutes, according to the limit of the as-simulated 
welded condition. The entire plan, shown in Table 2, also included the as-clad condition (ID 12) 
and near-melted condition of aluminium alloys (ID 13). The temperature of the heat treatment 
oven was rapidly reached by applying a high heat power and then maintaining this temperature 
for time sufficient to guarantee stationary conditions. The specimen was then inserted into the 
oven. This process was repeated for all specimens. 
 

 
Fig. 2. Triclad® STJ. 

Specimen 
ID 

Temperature 
(°C) 

Time 
(minutes) 

1 100 5
2 100 25
3 500 5
4 500 25

5-6-7-8-9 300 15
10 300 0.86
11 300 29.14
12 17.16 15
13 582.4 15

Table 2. Central Composite DOE. 
 
The heat-treated specimens were then prepared by grinding with 200 to 1000-grit silicon 
carbide papers, followed by mechanical polishing from 6-μm to 1-μm diamond abrasive on 
short nap clothes. Etching was then performed on the steel side of specimens with Nital 
solution (2 mL HNO3 and 98 mL of C2H5OH) in distilled water for 15 seconds in order to 
highlight grain structures as well as inter-metallic phases. Keller’s reagent (5 mL HNO3 and 
190 mL of H2O) was applied for 15 seconds to aluminium side to point macro-structures.  

  
4. Metallographic examination of heat treated specimens 

The visual inspection of the STJ specimens by using the metallographic microscope was 
very useful to investigate modifications of Al/Fe interface due to heat treatments. The as-
clad specimen was initially analysed and different areas were detected, as Figure 3 shows. 
Ripples with different morphological characteristics were located at the interface. These 
ripples, formed from the rapid quenching of melt regions caused by explosion, consisted of 
a mixture of different inter-metallic phases, as the grey scale variation suggests (Figure 3-
A/B). Areas surrounding these ripples, and sometimes located inside them, exhibited the 
typical dendrite morphology of a slow cooling process after melting . Small-sized clusters of 
inter-metallic compounds, formed in not equilibrium cooling conditions, were also observed 
along the Al/Fe interface, pointing out the interface discontinuity. The cluster thickness 
ranged between 50 and 160 μm. Along the Al/Fe interface, the inter-metallic phases were 
detected as a discontinuous narrow band, less than 5 μm wide (Figure 3-C/D). This band 
was thick in areas submitted to high thermal gradient  while it was very thin or absent in 
areas subjected to very low thermal gradient. The very brittle inter-metallic phases 
identified in this band at room temperature in the as-clad STJ were the FeAl3 and Fe2Al5 on 
the aluminium side and steel side respectively, as confirmed by quantitative analysis (x-ray 
diffraction) performed with SEM (Figure 4). Further metallographic features were noted for 
the STJ base materials. The micro-structure of the ASTM A516 steel consisted of ferrite 
(lighter constituent) with pearlite (darker constituent), as Figure 3-E shows. Small-sized 
elongated grains, characteristic of the cold-working conditions, were observed near the 
interface while medium-sized regular ones were identified in areas immediately after the 
Al/Fe interface until to the specimen boundaries. As concern the AA1050 side, the micro-
structure consisted of insoluble FeAl3 particles (dark constituent) dispersed in the 
aluminium matrix (lighter constituent), as Figure 3-F shows. The morphology of these 
particles seemed to be not influenced by explosion welding. 

www.intechopen.com



Laser Welding82

Fig. 3. Details of Al/Fe interface (as-clad condition). 
 

 
Fig. 4. SEM Observation. 
 
The heat-treated specimens were accurately examined to measure changes in Al/Fe 
interface. A well-designed measurement process, divided into calibration, acquisition and 
computation steps, was applied to quantify the extension of the inter-metallic phases along 
the Al/Fe interface. The micro-structural measurements involved the use an optical 
microscope connected to a digital camera and a computerised image tool. At the end of the 
acquisition process, the entire Al/Fe interface of the specimen was captured by shooting 
multiple images at different locations, performing the brightness/contrast adjustment, 
joining them in a single frame and finally over-laying a 100 μm grid (Figure 5). 
 

Fig. 5. Al/Fe interface with grid. 
 

In the measurement step, the presence of inter-metallic phases was evaluated for each sector 
of 100 μm length. These phases, darker than aluminium and lighter than ferrite, were 
searched at interface. In case of a not very clear distinction between light and dark zones, the 
inter-metallic phases were considered as not present. The above procedure was repeated for 
all specimens and the results reported in Table 3 in terms of real inter-metallic extension and 
percentage respect to the entire specimen length of 13 mm. 
 

SpecimenID Temperature 
(°C) 

Time 
(minutes) 

FexAly length 
(mm) (%) 

1 100 5 5.4 41.54
2 100 25 6.1 46.92
3 500 5 12.4 95.38
4 500 25 12.9 99.23
5 300 15 5.7 43.85
6 300 15 6.7 51.54
7 300 15 5.4 41.54
8 300 15 7.1 54.62
9 300 15 6.0 46.15

10 300 0.86 5.2 40.00
11 300 29.14 6.6 50.77
12 17.16 15 5.9 45.38
13 582.4 15 11.5 88.46

Table 3. Inter-metallic extensions. 
 

The expected outcome was the increase of the inter-metallic layer length with the increase of 
both temperature and time. The analysis of variance (ANOVA) of the FexAly length response 
variable pointed-out the temperature as the main factor influencing the extension growth of 
the inter-metallic phases along the Al/Fe interface while time was negligible (Table 4).  

 

 
Fig. 6. FexAly extension. 
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Source SS DF MS F Prob>F 
Model 80.62 5 80.62 8.69 0.0065
Temperature 58.97 1 58.97 31.79 0.0008
Time 0.95 1 0.95 0.51 0.4976
Temperature·Time 10-2 1 10-2 5.4·10-3 0.9435
Temperature2 20.49 1 20.49 11.05 0.0127
Time2 1.07 1 1.07 0.57 0.4732
Residual 12.99 7 1.86
Total 93.60 12 

 
Equation of the Response Surface 
FexAly Length=+6.221-1.179·10-2·Temperature 
-7.550·10-2 ·Time-2.5000·10-5 
·Temperature·Time+4.291·10-5 

Table 4. ANOVA – Inter-metallic extensions. 
 
The good agreement between experimental and predicted results was confirmed by the high 
value of R2 and adjusted R2 of the quadratic model, respectively more than 86% and 76% 
(Figure 6). The experimental data highlighted that the specimens exposed to a thermal stress 
for temperatures below 300 °C did not exhibited a significant growth of the inter-metallic 
band extension respect to the as-clad specimen. The extension of inter-metallic phases 
covered less than 50% of the entire specimen Al/Fe interface length and the interface 
consisted of unconnected ripples and sacks. The situation drastically changed in case of 
specimens submitted to temperature equal or greater than 500 °C. The Al/Fe extension was 
more than 88% of the entire, sometimes covering the entire interface. The aspect of the 
interface was constitute by ripples and sacks connected by a continuous thin band of inter-
metallic phases (Figure 7). 
 

 
Fig. 7. Al/Fe interface (specimen ID 13). 
 
Based on above observations, the analysis was extended to measure the inter-metallic layer 
thickness of the specimens subjected to the temperature of 500°C (ID 3 and 4). The 
measurement process previous applied for FexAly extension was adapted by mounting 25x 
objective and 20x eyepieces lenses into the microscope, acquiring multiple images of the 
Al/Fe interface. Five shots per specimen were randomly selected and two grids of 10 μm 
spacing were over-laid for computing inter-metallic thickness of each shot, for a total 
number of measurements per specimen equal to 50. The results achieved pointed out the 
importance of the time variable on inter-metallic thickening. In fact, the average FexAly layer 
thickness of specimen ID 3 (Temperature=500°C and time=5 min) was equal to 5.58 μm, 
quite an half of the average thickness of specimen ID 4, equal to 11.23 μm, subjected to the 
same temperature for a total time of 25 minutes. The observations of FexAly growth and 
thickening were very important to justify the application of laser welding. In fact during 

laser welding, the high thermal input is localised in very narrow zone and the high travel 
speeds of the laser beam minimise the heat conductivity into the surrounding metal. The 
FexAly layer should become larger and thicker in area just below laser beam while it should 
remain quite the same dimensions in areas away from laser beam. 

 
5. Micro-hardness evaluation of heat treated specimens 

Micro-hardness test were performed to measure the strength of Al/Fe interface in a non-
destructive way as well as its variation under heat thermal loads.  A Vickers micro-tester 
(HX-1000TM of REMET) mounting a 40x objective and 15x eyepieces lenses was used, 
setting the indentation load to 200 g for 15 s, in compliance with ASTM standard E92. 
Analysis points were sufficiently spaced to eliminate the effect of neighbouring indentations 
while evaluating existing materials and phases. Five indentations were taken at specific 
locations at and far from Al/Fe interface (Figure 8) for three times and results then 
averaged. 
 

A=+ 3.2 mm 
B =+ 1.0 mm 
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E = - 1.5 mm 

Fig. 8. Vickers indentations. 
 
The area of measure was randomly selected for each specimen by respecting the condition 
that at least one ripple was contained in it. The hardness result was the average value of all 
inter-metallic phases embraced by the indenter diagonal. The results of Table 5 pointed-out 
that hardness values of AA5083, AA1050 and ASTM A516 steel were slightly affected from 
heat treatments. The justification of this behaviour could be that longer time at investigated 
temperatures should be necessary to allow greater diffusion fluxes. The hardness of the 
inter-metallic compounds (point C) was greatly influenced by temperature and time factors. 
 

SpecimenID Temperature 
(°C) 

Time 
(minutes) 

Indentation ID (HV) 
A B C D E 

1 100 5 105 46 583 266 195
2 100 25 107 41 534 245 178
3 500 5 81 31 430 242 182
4 500 25 83 28 483 239 166
5 300 15 91 44 554 235 186
6 300 15 81 45 593 238 180
7 300 15 97 44 618 247 183
8 300 15 89 42 582 278 175
9 300 15 81 39 582 294 183

10 300 0.86 107 43 543 246 186
11 300 29.14 85 40 527 245 174
12 17.16 15 100 41 545 246 179
13 582.4 15 72 30 476 192 158

Table 5. Vickers results. 
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Source SS DF MS F Prob>F 
Model 80.62 5 80.62 8.69 0.0065
Temperature 58.97 1 58.97 31.79 0.0008
Time 0.95 1 0.95 0.51 0.4976
Temperature·Time 10-2 1 10-2 5.4·10-3 0.9435
Temperature2 20.49 1 20.49 11.05 0.0127
Time2 1.07 1 1.07 0.57 0.4732
Residual 12.99 7 1.86
Total 93.60 12 

 
Equation of the Response Surface 
FexAly Length=+6.221-1.179·10-2·Temperature 
-7.550·10-2 ·Time-2.5000·10-5 
·Temperature·Time+4.291·10-5 

Table 4. ANOVA – Inter-metallic extensions. 
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The analysis of variance (ANOVA) of the inter-metallic hardness response variable pointed-
out that increases in time and temperature lower hardness (Figure 9). In particular, 
temperature square, followed in order of importance from temperature and time square, 
were the main significant terms of the quadratic model (Table 6). This model presented R2 
and adjusted R2 values equal to 88% and 79%. The reduction in hardness could be caused by 
the inter-metallic transformation from hard to soft phases.  The fragility of the inter-metallic 
layers was also witness from the cracks present inside inter-metallic ripples. The 
investigated specimen, exposed to 300°C for 15 minutes in compliance with as-simulated 
condition, was characterised by the presence of cracks localised caused only by mechanical 
polishing. 
 

 
Fig. 9. Inter-metallic hardness. 
 

Source SS DF MS F Prob>F 
Model 27854.0 5 5570.81 11.75 0.0027
Temperature 8916.54 1 8916.54 18.81 0.0034
Time 34.79 1 34.79 0.07 0.7942
Temperature·Time 4726.56 1 4762.56 9.97 0.0160
Temperature2 10780.7 1 10780.7 22.75 0.0020
Time2 5084.84 1 5084.84 10.73 0.0136
Residual 3317.41 7 473.92
Total 31171.4 12 

 
Equation of the Response Surface 
HV of Point C=+560.674+1.658·10-1 ·Temperature 
+3.165 ·Time-1.719·10-2 ·Temperature·Time-9.842 
·10-4 ·Temperature2-0.270·10-1 ·Time2 

Table 6. ANOVA – Vickers Results of Point C. 

 
6. Mechanical strength of heat treated specimens 

STJ specimens for mechanical evaluation were fabricated with machining processes from 
Al/Fe STJ (Figure 10) in compliance with ASTM A264–03 standard by removing the 
majority of the weakest clad materials (AA5083 and AA1050) and leaving a small nub with 

length w and thickness α. The ratio between w and α was 1½ with the maximum allowed 
dimension of w equal to 3.18 mm (⅛”). Other important dimensional features were the 
specimen width equal to 25.40 mm (1”), length equal to 63.50 mm (2½”), distance between 
side surfaces equal to 19.05 mm (¾”) and minimum steel thickness t greater than 2w. The 
heat treatments of these specimens were performed by following the same temperature-time 
parameters of those defined for the CCD experimental plan of the metallographic 
evaluation. 
 

 

Fig. 10. Shear test - Specimen. 
 

Shear test was very important to assess transition joint technical conformity by measuring 
the maximum shear strength of the bond interface and comparing it to the maximum shear 
strength of the weakest material of the STJ. The shear strength of the test piece was defined 
as the peak shearing load divided by the sheared area. Interfacial bonding of the clad 
specimen was evaluated by shear stress measured with a universal test machine INSTRON 
4485 with a 200 KN loading cell and a home designed testing equipment in which the test 
piece and the jig were fitted, assuring the easy specimen blocking and high positioning 
accuracy as well as flexibility of use for other required tests. The shear test were performed 
with the mobile crosshead moving at 3.0 mm/min. The evolution of stress-displacement 
curve initially presented a rapid increase of the stress value, its stabilisation and finally its 
rapid reduction. The rupture was localised in the AA1050 and not at interface AA1050/steel, 
justifying the trend of this loading curve (specimen BM in Figure 11). The same figures 
reports the loading curves of specimen ID 8, heated at 300°C for 15 minutes, and specimen 
ID 4, heated at 500°C for 25 minutes. 
 

Fig. 11. Loading curve of heat treated specimens. 
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As figure shows, the shear strength decreased with the increase of both processing 
temperature and time, causing the rapid lowering of the maximum shear stress values. This 
trend was also confirmed by analysing the other tests. 
Table 7 reports the final results of all tests in term of maximum values of the shear stress. All 
stress values recorded during tests were decidedly higher than 50-60 MPa prescribed from 
Lloyd’s Register of Shipping, revealing the good fabrication quality of the observed STJ. The 
worst results were achieved when specimens were subjected to high temperature for a long 
time (Specimens ID 4 & 13).  
 

SpecimenID Temperature 
(°C) 

Time 
(minutes) 

Shear stress 
(MPa) Lloyd’s 

1 100 5 69.57 Positive
2 100 25 70.37 Positive
3 500 5 75.95 Positive
4 500 25 44.50 Negative
5 300 15 80.64 Positive
6 300 15 72.09 Positive
7 300 15 70.52 Positive
8 300 15 69.73 Positive
9 300 15 71.63 Positive

10 300 0.86 73.65 Positive
11 300 29.14 69.79 Positive
12 17.16 15 69.57 Positive
13 582.4 15 5.56 Negative

Table 7. Shear stress values. 
 
The analysis of variance (ANOVA) of the shear stress response variable pointed-out that 
increases in time and temperature lowering shear strength (Figure 12). In particular, 
temperature, followed in order of importance from temperature square and time, were the 
main significant terms of the quadratic model (Table 8). This model presented R2 and 
adjusted R2 values equal to 78% and 63%. 
 

 
Fig. 12. Shear stress. 

Source SS DF MS F Prob>F 
Model 3626.63 5 725.33 5.04 0.0281
Temperature 1512.87 1 1512.87 10.52 0.0142
Time 163.00 1 163.00 1.13 0.3224
Temperature·Time 260.02 1 260.02 1.81 0.2207
Temperature2 1578.79 1 1578.79 10.98 0.0129
Time2 28.21 1 28.21 0.20 0.6712
Residual 1006.53 7 143.79
Total 4633.16 12 

 
Equation of the Response Surface 
Shear Stress=+52.815+2.177·10-1 

·Temperature+1.537·10-1 ·Time-4.031·10-3 
·Temperature·Time 

Table 8. ANOVA – Shear stress values. 
 
Some interesting considerations were performed by comparing results of shear stress 
(Figure 12), inter-metallic extension (Figure 6) and micro-hardness (Figure 9). The behaviour 
of the shear stress response surface was opposite to that of the inter-metallic extensions. In 
particular the highest and lowest values of the shear stress was achieved for the lowest and 
highest temperatures, respectively. On the contrary the highest and lowest values of the 
inter-metallic extension were achieved for the highest and lowest temperatures. For this 
reason it was possible to suppose that shear strength decreased with the increase of the 
inter-metallic length. In contrast, the relation between shear stress and inter-metallic 
hardness was not so clearly evident. In fact the highest and lowest values of the shear stress 
were achieved for the lowest and highest temperature-time couple. However in the other 
areas this trend was not quite evident and further investigation will be necessary. Based on 
the above results, it was possible to suppose that the main cause of the lowering of the shear 
strength with the temperature increase was the inter-metallic layer growth, even if the inter-
metallic phases become softer. 
The strength of the welding zone is evaluated by Ram Tensile Test. During the test, the force 
is applied to the direction perpendicular to the planes delimiting different material interface. 
A specimen with a particular parallelepiped/cylindrical shape is used in order to 
concentrate stresses in the section just above the transition area that corresponds to the bond 
interface, as Figure 13 shows. The MIL-J-24445A standard, specifies maximum dimensions 
of the bi-material specimen but its principles can be easily extended to tri-material joints. In 
this last case, the strength of the steel/AA1050 bond interface is estimated rather than that of 
the AA5083/AA1050 one. The specimen, punch and matrix prescribed by the above cited 
standard are reported in Figure 14, together with the designed testing equipment. The 
matrix is fixed while the punch moves in contact with the bond interface, compressing it 
until rupture. The MIL-J-24445A standard does not give values or suggestions linked to 
testing parameters (e.g. punch speed) and/or specimen clamping. The specimen is simply 
rested on the matrix top surface, allowing its rotation around the cylindrical axis. In the 
hypothesis that the pressure between punch and specimen during contact is uniform, the 
applied load can be considered as axial-symmetric. The thickness D of the bond zone is 
always equal to 1.72±0.1 mm, independently from the values of steel and aluminium 
thicknesses. The thickness D is achieved by simply varying the hole depth. The testing 
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strength with the temperature increase was the inter-metallic layer growth, even if the inter-
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The strength of the welding zone is evaluated by Ram Tensile Test. During the test, the force 
is applied to the direction perpendicular to the planes delimiting different material interface. 
A specimen with a particular parallelepiped/cylindrical shape is used in order to 
concentrate stresses in the section just above the transition area that corresponds to the bond 
interface, as Figure 13 shows. The MIL-J-24445A standard, specifies maximum dimensions 
of the bi-material specimen but its principles can be easily extended to tri-material joints. In 
this last case, the strength of the steel/AA1050 bond interface is estimated rather than that of 
the AA5083/AA1050 one. The specimen, punch and matrix prescribed by the above cited 
standard are reported in Figure 14, together with the designed testing equipment. The 
matrix is fixed while the punch moves in contact with the bond interface, compressing it 
until rupture. The MIL-J-24445A standard does not give values or suggestions linked to 
testing parameters (e.g. punch speed) and/or specimen clamping. The specimen is simply 
rested on the matrix top surface, allowing its rotation around the cylindrical axis. In the 
hypothesis that the pressure between punch and specimen during contact is uniform, the 
applied load can be considered as axial-symmetric. The thickness D of the bond zone is 
always equal to 1.72±0.1 mm, independently from the values of steel and aluminium 
thicknesses. The thickness D is achieved by simply varying the hole depth. The testing 
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equipment, designed and realised in compliance with the MIL-J-24445A standard, allowed 
the easy set-up on an universal tensile testing machine. The designed equipment consisted 
of a screwed punch and a  two elements matrix with a changeable cylindrical insert. The 
punch is mounted on the top mobile crosshead of the INSTRON 4485 machine while the 
matrix is fixed to the machine basement with bolts and nuts. The choice of the changeable 
insert was justified by the need to substitute the insert in case of high wear conditions as 
well as to select the proper tolerance gap with the specimen. The correct alignment between 
the punch and specimen axes to avoid bending effects was realised by means of a guided 
groove in the low part of the matrix. The pressure of the punch caused tensile loads on 
specimen bond interface. The maximum tensile stress value recorded during test was used 
to assess the joint strength for several temperature-time cycles. The minimum value of the 
tensile stress to consider the joint as good should be greater than 75 N/mm2. 
 

Fig. 13. Ram test specimen. 
 

 
Fig. 14. Testing equipment 
 
The designed experimental plan for mechanical testing was extended respect to the plan 
used for micro-hardness evaluation to preserve continuity with previous investigation, 
evaluate more critical conditions associated to higher time and/or temperatures and 
improve knowledge about mechanical strength limits of tri-material transitions joints. 
Metallographic examinations revealed that the heat-treated joints properties remained quite 
equal to those of as-clad specimen for temperatures lower than 300 °C and processing times 
lower than 15 minutes. The new experimental plan is reported in Table 9, in terms of 
temperature-time couples. The punch speed was set to 0.05 mm/s for all tests. 
Some important considerations can be carried-out by analysing these results. The maximum 
strength of the as-clad specimen as well as specimens processed at 300 °C were greater than 

minimum value of 120 MPa certified by the material supplier. In addition, the specimen 
resistance was mainly supported by the small thickness of AA1050, considering that the 
maximum strength of this commercial alloy was about 180-190 MPa at high cold work 
conditions. These values suggested that the thermal cycles may reduced the cold work 
conditions, with consequent reduction of the maximum strength of the tri-material joint. The 
specimen behaviour changed when processing temperature was greater than 300°C. Based 
on the above results, temperature was the main factor causing the lowering of the specimen 
mechanical strength. 
 

SpecimenID Temperature 
(°C) 

Time 
(minutes) 

Tensile 
Force (KN) Stress (MPa) 

HTRT1 25 5 29.4 233.7
HTRT2 300 15 30.1 239.3
HTRT3 500 25 4.3 34.2
HTRT4 300 25 25.2 200.3
HTRT5 400 20 16.4 130.4
HTRT6 500 15 4.8 38.2
HTRT7 500 5 17.8 141.5
HTRT8 25 25 29.9 237.7

Table 9. Ram tensile test values. 
 
The same considerations arose from the analysis of the load-displacement data. HTRT1 and 
HTRT2 specimens were characterised by the same curves, with equivalent values of the 
maximum load and displacement, as Figure 15 reports. This behaviour pointed-out that 
mechanical properties were not greatly altered from processing temperature and time, even 
if HTRT2 specimen stayed in the oven at 300°C and HTRT1 specimen was thermally 
untreated. The maximum supported load started to drop when specimen were treated at 
temperatures higher than 300 °C. The HTRT5 specimen, processed at 400 °C for 20 minutes, 
and HTRT7 specimen, processed at 500 °C for 5 minutes, were accomplished by the 
reduction of the maximum load value with the increase of the maximum displacement 
(Figure 16). In fact, the load-displacement curves of the two specimens were perfectly 
equivalent from the mechanical point of view. The maximum load drastically drop for 
higher temperatures, as HTRT3 specimen, processed at 500 °C for 25 minutes, witnessed. 
 

Fig. 15. Load/displacement curves of HTRT1 and HTRT2 specimens. 
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equipment, designed and realised in compliance with the MIL-J-24445A standard, allowed 
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of a screwed punch and a  two elements matrix with a changeable cylindrical insert. The 
punch is mounted on the top mobile crosshead of the INSTRON 4485 machine while the 
matrix is fixed to the machine basement with bolts and nuts. The choice of the changeable 
insert was justified by the need to substitute the insert in case of high wear conditions as 
well as to select the proper tolerance gap with the specimen. The correct alignment between 
the punch and specimen axes to avoid bending effects was realised by means of a guided 
groove in the low part of the matrix. The pressure of the punch caused tensile loads on 
specimen bond interface. The maximum tensile stress value recorded during test was used 
to assess the joint strength for several temperature-time cycles. The minimum value of the 
tensile stress to consider the joint as good should be greater than 75 N/mm2. 
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temperature-time couples. The punch speed was set to 0.05 mm/s for all tests. 
Some important considerations can be carried-out by analysing these results. The maximum 
strength of the as-clad specimen as well as specimens processed at 300 °C were greater than 

minimum value of 120 MPa certified by the material supplier. In addition, the specimen 
resistance was mainly supported by the small thickness of AA1050, considering that the 
maximum strength of this commercial alloy was about 180-190 MPa at high cold work 
conditions. These values suggested that the thermal cycles may reduced the cold work 
conditions, with consequent reduction of the maximum strength of the tri-material joint. The 
specimen behaviour changed when processing temperature was greater than 300°C. Based 
on the above results, temperature was the main factor causing the lowering of the specimen 
mechanical strength. 
 

SpecimenID Temperature 
(°C) 

Time 
(minutes) 

Tensile 
Force (KN) Stress (MPa) 

HTRT1 25 5 29.4 233.7
HTRT2 300 15 30.1 239.3
HTRT3 500 25 4.3 34.2
HTRT4 300 25 25.2 200.3
HTRT5 400 20 16.4 130.4
HTRT6 500 15 4.8 38.2
HTRT7 500 5 17.8 141.5
HTRT8 25 25 29.9 237.7

Table 9. Ram tensile test values. 
 
The same considerations arose from the analysis of the load-displacement data. HTRT1 and 
HTRT2 specimens were characterised by the same curves, with equivalent values of the 
maximum load and displacement, as Figure 15 reports. This behaviour pointed-out that 
mechanical properties were not greatly altered from processing temperature and time, even 
if HTRT2 specimen stayed in the oven at 300°C and HTRT1 specimen was thermally 
untreated. The maximum supported load started to drop when specimen were treated at 
temperatures higher than 300 °C. The HTRT5 specimen, processed at 400 °C for 20 minutes, 
and HTRT7 specimen, processed at 500 °C for 5 minutes, were accomplished by the 
reduction of the maximum load value with the increase of the maximum displacement 
(Figure 16). In fact, the load-displacement curves of the two specimens were perfectly 
equivalent from the mechanical point of view. The maximum load drastically drop for 
higher temperatures, as HTRT3 specimen, processed at 500 °C for 25 minutes, witnessed. 
 

Fig. 15. Load/displacement curves of HTRT1 and HTRT2 specimens. 

www.intechopen.com



Laser Welding92

Fig. 16. Load/displacement curves of HTRT3, HTRT5 and HTRT7 specimens. 
 
The reduction of the mechanical strength with temperature and time becomes more evident 
with results reported in Figure 17, the ANOVA of which is reported in Table 10. 
 

 
Fig. 17. Ram tensile test. 
 

Source SS DF MS F Prob>F 
Model 50191.0 5 10038.2 20.21 0.0478
Temperature 26285.5 1 26285.5 52.91 0.0184
Time 3962.75 1 3962.75 7.98 0.1058
Temperature·Time 3391.77 1 3391.77 6.83 0.1205
Temperature2 12417.8 1 12417.8 25.00 0.0378
Time2 951.94 1 951.94 1.92 0.3005
Residual 993.55 7 496.77
Total 51184.5 12

 
Equation of the Response Surface 
Shear Stress=253.66+8.388·10-1·Temperature-8.341 
·Time-1.218·10-2 ·Temperature·Time-1.876·10-3 
·Temperature2+2.842·10-1 ·Time2 

Table 10. ANOVA – Ram tensile test values. 

The justification of this fragile behaviour was that the heat treatment at high temperature 
promoted the inter-metallic redistribution at Al/Fe bond interface, with consequence 
growth of the inter-metallic thickness, causing the lowering of the mechanical properties. 
This hypothesis has been confirmed by previous works (Tricarico et al., 2007) in which the 
influence of the thermal loading of the Al/Fe explosion welded joints was investigated by 
measuring the extension and thickness of inter-metallic compounds at Al/Fe interface. The 
metallographic analysis measurements have pointed-out that the band extension was 
mainly influenced by the temperature because the increase of the band extension with 
increasing temperature has been recorded. Observing the evolution of the inter-metallic 
band thickness, it has been observed that thickness at 500°C after 5 minutes was half than 
that obtained after 25 minutes. 
Another important aspect took into account was the shape of the fractured surfaces of the 
thermally loaded specimens. The fracture surfaces were characterised by a ductile fracture 
with very low appreciable deformation and/or absent signs of gross plastic deformation. 
This fracture may be justified by the presence of a continuous diffuse inter-metallic layer 
that triggered micro-cracks. The Figure 18 reports the fractures aspects of HTRT1, HTRT2 
and HTRT3 specimens. The pattern of the HTRT1 specimen is very irregular with evident 
differences between peaks and voids. These difference between peaks and voids were lower 
in case of HTRT3 specimen, as the fragile fracture of the specimen at the end of the test 
shows. The surface aspect of the HTRT2 specimen seemed to be intermediate between the 
other two specimen surfaces, corroborating results achieved during the ram tensile test in 
terms of maximum load and displacement. 
 

 
HTRT1  HTRT2 

 
HTRT3 

Fig. 18. Surface fractures of HTRT1, HTRT2 and HTRT3 specimens. 

 
7. Bead on plate 

Welding tests on STJs were performed on specimens machined from the same bar, which 
section and length were 26.3·26.0 mm2 and 1000.0 mm respectively. The materials of the STJ 
bar were steel - ASTM A516 grade 55 - and aluminium alloys - AA1050 and AA5083, the 
thicknesses of which were 13.7±0.4 mm for steel and 11.7±0.3 mm for aluminium alloys. 
Bead-on-plate were carried-out by using process parameters identified in the previous 
preliminary analysis and varying only the joint geometry. In this way, the laser-induced 
thermal load was kept constant on the top surface while Al/Fe interface was subject to 
different thermal stresses due to the reduction of the specimen thickness. To achieve this 
result, upper section interacting with the laser beam was machined to reduce the distance d 
between the fused zone and bond interface. For this reason specimens with different 
thicknesses were employed. The specimen length, equal to 80.0 mm, was chosen to achieve 
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Fig. 16. Load/displacement curves of HTRT3, HTRT5 and HTRT7 specimens. 
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