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1 Introduction 
Forming and hydroforming are key technologies in plastic deformation processes for their capability to produce 

lightweight, structurally stiff and strong pieces characterized by complex shapes. In these manufacturing processes, the 

initial semifinished component is subjected to a specific strain field with the aim of gradually changing its shape. 

According to the employed material (aluminum, brass, low alloy steel and stainless steel), the maximum deformation 

which can be applied to shape the semifinished part is limited to a pre-defined extent, as supplied for instance by the 

forming limit diagrams. Among the aforementioned materials, aluminum alloys are gathering much attention in numerous 

fields such as automotive and aerospace due to their low density, good mechanical proprieties and high corrosion 

resistance [1-3]. Nevertheless, in annealed condition and at room temperature (the usual conditions for forming and 

hydroforming) aluminum alloys are characterized by lower fracture elongation when compared to stainless steels, low 

carbon steels and brass [4]. For this reason, in order to obtain complex shapes, intermediate annealing stages are usually 

introduced during the production cycle. 

Among the most common aluminum alloys, the alloy 6xxx is the most employed due to due to its higher ductility and age 

hardenability.Two are the current limits during the forming and hydroforming of 6xxx aluminum alloy: (i) the limited 

elongation to failure of the material, (ii) the rapid age hardening of alloys due to the formation of Mg2Si clusters which 

obstruct dislocation movement, causing cracking and wrinkling during the forming process [5].The first limitation is 

overcome by introducing some intermediate annealing heat treatment between deformation steps [6]. On the contrary, the 

age hardening issue imposes the material to be processed fairly quickly after solution heat treatment in order to avoid 

Mg2Si clusters formation and thus material formability reduction. 

Nowadays two annealing options during forming and hydroforming are available: the component can be fully annealed 

or it can be locally heat treated (only a portion of the piece is treated). When the component is fully annealed, heat 

treatment is generally obtained via furnace heating and a homogeneous temperature field is provided to the full part. On 

the other hand, in local heat treatments heat is delivered only where it is needed. Since only specific portions of the 

component are treated (hence softened), the material flow and the inner forces during subsequent deformation will be 

locally affected. This process produces the so called Tailored Heat Treated Blanks (THTB) [7]. 

The use of a THTB on large and low thickness components has two advantages: (i) distortion due to stress relieving 

during the heat treatment in furnaces is much limited [8] (ii) since the thermal energy is provided only to a portion of the 

component, the consequent energy saving turns immediately in a cost reduction.  

In literature and in the industrial practice, three different methods are known to promote local heat treatment: 

electromagnetic induction, laser radiation, and heat conduction by heated contact plates. When large areas of massive 

production series need to be treated, electromagnetic induction heating and heating through conduction plate are generally 

applied [7]. On the contrary, if small or medium areas on complex shaped elements need to be treated, a laser head 

mounted on a robot arm is the preferred solution. The laser beam indeed gives the advantage to be opportunely shaped 

both in space and time whilst, the robot arm gives unique flexibility in terms of trajectory planning, avoiding the need to 

redesign the conduction plate or the heat inductor at each new geometry. Advantages of application of THTB using laser 

was further proved in [9]. 

Among the available laser sources, diode and active fiber lasers are nowadays the best candidates in numerous metal 

processes (not only cutting and welding but also heat treating and cladding) due to their greater reliability, stability and 

efficiency if compared to CO2 lasers [10, 11]. Moreover, the short wavelength (729-990 nm for diodes [11] and 1030-

1070 nm [10] for fiber laser sources, respectively) is favorably absorbed by the metallic surfaces at solid state [11]. In 

particular, aluminum alloys present a peak of absorption within the range of diode laser [11]. On the contrary, the 

absorption at 1 µm (active fiber laser range) is slightly lower [11] whilst at 10.60 µm (CO2 wavelength) it drops drastically 

[11]. Moreover, fiber and diode laser beams, differently from the CO2 ones, can be transmitted through optical fiber, 

easily handled by cartesian and anthropomorphic systems. 

In literature, several research works are reported on local heat treatment of metallic sheets by laser to recover their 

deformability. Most of them deal with steels for automotive applications. Giorleo et al. [12, 13] proved that CO2 laser 

passes applied on strained parts were able to locally decrease the hardness of the material thus enhancing ductility. A 

similar study was conducted using Nd:YAG on dual phase and martensitic steels in order to increase materials formability 

[14]. G. Tani et al. [15] presented a mathematical model for predicting mechanical property variation in laser hardening 

of hypo-eutectoid steels, when the softening effect due to the overlapping trajectories is considered. 

One of the first studies aimed at enhancing formability on aluminum using a laser was provided by Vollertsen et al. [16]. 

The authors demonstrated an increase fracture elongation in homogeneous and inhomogeneous aluminum blanks using a 
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CO2 laser. In the paper the aluminum surface was covered with graphite layer in order to increase the absorption at the 

CO2 wavelength. Merklein et al. [17] extended the process window in forming 1 mm thick aluminum sheets (series 6xxx) 

using a Nd:YAG laser.  Gaiger et al. [7] further defined the guidelines for the design of THTB made of AlMgSi and ultra-

fine grained aluminum. Application of the guidelines for the design of the THTB was used in [18] where a numerical 

model was implemented to identify the area to be treated to enhance aluminum alloy formability. A different approach is 

shown in other studies where a laser source was proposed as media for heating up the material during the forming. This 

process allowed to increase the material flow [19, 20] and thus to reduce cracks. Similar works are also reported elsewhere 

[21, 22]. 

In the reported state of the art, two main lacks are observed: (i) fiber laser was never used for local recovery of aluminum 

THTB (ii) a systematic comparison of mechanical proprieties variation obtained through Furnace Annealing (FA) and 

Laser Annealing (LA) of pre-deformed aluminum sheets is missing. 

In this paper LA making use of a fiber laser source and FA treatment were compared on a EN AW 6060 alloy considering 

three different response variables: microstructure, micro-hardness and mechanical proprieties evaluated via tensile tests. 

The level of pre-deformation (namely the strain induced before the annealing) is the controlled variable: low and high 

deformations were given to sheet samples and the effect of the LA and FA treatment was then investigated. Results 

deriving from LA treatment are then compared to FA data. 

2 Motivation 
Critical features to be obtained in hydroforming process are well presented in [23] which offers, in the scheme reported 

in Figure 1, a significant exemplificative case. The stepped geometry on sides of the part and the local dome on the top 

in Figure 1 could be the areas where a local heat treatment could bring remarkable advantages in view of a local increase 

in material formability.  

To achieve the aforementioned requirement, in the industrial practice components such as the example in Figure 1 is 

usually furnace annealed. Alternatively, a laser beam can be locally focused and moved on the critical regions of the 

component using a 6 arm robot and a scanning system. In addition to the flexibility given by the robot, another important 

advantage offered by laser is its readiness and immediate availability as heating source, to the point that it can be applied 

for local intermediate annealing cycles during the various hydroforming steps.  

In laser heat treatment processes the thermal cycle is composed by two phases: (i) heating and (ii) cooling stages. 

Differently from furnace treatments the soaking time is not considered.  Due to the movement of the laser beam and to 

the fast cooling cycles induced by the cold surrounding material in fact, the temperature can be hardly kept constant. 

Moreover in LA the heating up and the cooling down stages are influenced by numerous parameters, some of them 

belonging to the laser beam (namely: laser mode, laser power, beam speed, spot diameter), some others belonging to the 

material and surface (namely: initial level of deformation, thermo-physical proprieties, optical aspect, roughness and 

possible oxidation or contamination layer of the surface). In addition to these phenomena, two other important aspects 

must be taken into account. First: after the initial transient, the thermal cycle is not constant along the thickness, second: 

the cooling cycle can be hardly controlled due to the presence of the bulk material that exerts a heat sink action. For these 

reasons, the main process parameters such as laser power, laser beam diameter and beam speed have to be opportunely 

set as a function of the material, surface conditions and level of deformation induced by the hydroforming process to be 

successfully implemented in a real contest. 

Finally, it is also to remark that, due to the small size of the laser beam, is often required to apply a multipass strategy for 

the achievement of a significant annealing effect. In this case, several adjacent passes have to be performed in order to 

cover the surface to be treated and the entity of overlapping between adjacent tracks needs to be carefully investigated 

[24, 25].  

In the following work, a pure experimental campaign is presented on EN AW 6060 alloy blanks for both LA and FA 

treatments. Being the processes dependent from the amount of pre-deformation stored in the material, tests are carried 

out on cold rolled (CR) blanks work-hardened at different levels.  Firstly, proper LA process parameters are identified 

using a single pass approach, then these are extended to larger areas. The extension to larger areas is tested on different 

overlapping grades. On the other hand, different soaking times are tested for FA treatment while temperature was fixed 

to a standard level. The best condition is determined for both treatments (LA and FA) and then effects were compared in 

terms of feasibility, metallurgical microstructure and mechanical performances.  

3 Material and equipment 
The material used in this study consisted of fully annealed sheets made of EN AW 6060 alloy with thickness equal to 2 

mm. The chemical composition of the investigated alloy is reported in Table 1.
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The laser source IPG YLR-1000 (whose characteristics are reported in Table 2)  was coupled with an industrial head 

characterized by a focal length of 200 mm and a collimation length of 100 mm. Nominal waist diameter at focal plane 

generated by the configuration is 100 µm. The head was mounted onto an industrial robot ABB 2400-10. 

To induce predefined levels of plastic deformation into the material, sheet samples were cold rolled to reduction of 

thisckness of 25 and 50% respectevly. To briefly summarize investigated process conditions, the labels proposed in Table 

3 will be used hereafter. 

As explained in the motivation section, the LA experimentation consisted of two parts: (i) process parameter identification 

in case of single pass, (ii) application of identified process parameters at three multi-pass strategies to obtain uniform 

mechanical proprieties. Selection of the proper process parameters is done evaluating the hardness homogeneity in the 

treated area: undesired mechanical variation should be avoided. 

As far as FA is concerned, soaking time was obtained through a systematic investigation. Finally, configuration which 

guaranties the best results in terms of microstructure and hardness uniformity of LA samples in multi tracks configuration 

was compared to the one obtained by the FA treatment. The comparison was also carried out by considering results of 

tensile tests.  

The LA process is described in the rationale scheme of Figure 2. In the scheme the laser head, the laser beam profile and 

the out of focus configuration needed to increase the treated area are shown. 

Single track LA was performed as shown in Figure 3a. Different level of power and speed were tested in order to identify 

process parameters. Table 4 summarizes fixed and variable process parameters for the two different levels of deformation 

induced in the material. Range limits of variable parameters were identified through a preliminary experimental campaign 

here not reported for sake of briefness.   

Once the proper set of process parameters was identified in the single track experimentation, the multi track 

experimentation was performed. With reference to Figure 3b three different configurations were tested:  

 1st configuration: 2 mm interpass distance, overlapped tracks; 

 2nd configuration: 4 mm interpass distance, adjacent tracks;  

 3rd configuration: 6 mm interpass distance, spaced tracks. 

The summary of the investigated process parameters is given in Table 5. 

In order to evaluate the efficiency of LA as well as to make a proper comparison with a conventional thermal annealing, 

CR samples were furnace annealed according to the process parameters shown in Table 6. 

To assess the quality of both annealing processes, hardness measurement and metallurgical microstructure analysis were 

performed by cutting the samples along the section A-A represented in Figure 3c. The sections were prepared by standard 

metallographic techniques including grinding and polishing with a diamond suspension. To reveal the microstructure, 

electro-etching in Barker’s solution at 20 V for 40-90 s was used. Finally samples were observed through OM by polarized 

light.  Assessment of Vickers micro-hardness was conducted according to the standard ASTM E384. 10N load was applied 

for 15 s. The hardness value reported at each point in the results section is the average of three different measurements 

(squares in Figure 3c). The spacing between separate tests and minimum distance between an indentation and the edge of 

the specimen were equal to 2.5 times of the indentation diagonal. Tensile tests were conducted on specimens machined 

from the treated sheet samples with a gage length of 40 mm at room temperature, with an initial strain rate of 10-3 s-1. 

4 Results analysis  

4.1 Cold rolled materials  
Figure 4 shows the typical optical microstructure of SA, CR25 and CR50 samples. As seen in Figure 4a, SA possesses a 

quite coarse and equiaxed grain structure with average grain size of about  70 µm. The microstructural evolution in CR25 

and CR50 sample consists of the progressive generation of elongated grains parallel to the rolling direction (Figure 4b 

and c). 

Characterization of SA, CR25 and CR50 samples is summarized in Table 7. As shown, as the amount of deformation 

generated by CR increased, the hardness values shifted from 33 to 46 HV and from 33 to and to 50 HV for CR 25 and 

CR50 samples, respectively. 

Figure 5 depicts representative tensile stress versus strain curves for SA, CR25 and CR50 samples. In addition, tensile 

properties including, yield strength (YS), ultimate tensile strength (UTS) and fracture elongation values are summarized 

in Table 8. As expected, owing to the work-hardening effect, increasing rolling strain enhances YS and UTS gradually, 
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but also decreases the uniform elongation significantly. That is, YS and UTS reached 129 and 142 MPa, respectively for 

the CR50 sample, while elongation to fracture dropped to 3%. 

4.2 Fiber Laser Annealing   

4.2.1 Single track experimentation 
 

Figure 6a and Figure 6b show effect of different process parameters on different deformation levels of the material. As it 

can be observed, power greater than 900 W generates melting in CR25LA samples (Figure 6a) while for CR50LA less 

power was required and it resulted to be also dependent on process speed (Figure 6b).  

Figure 7a shows a typical microstructure of a CR25LA sample. As seen, a shallow depth of the sample surface gives 

evidence that a small volume underwent melting due to the laser radiation. The molten zone is characterized by a columnar 

grain structure oriented according to main heat flow direction (Figure 7a1). In the heat affected zone (below and next to 

the molten area) in which process parameters were just below the melting condition, recrystallization followed by grain 

growth is evident (Figure 7 a2) while in the remaining regions the structure is comparable to that of the original untreated 

material (Figure 7 a3). 

As depicted in Figure 8a and Figure 8b, melting caused an increase in hardness in correspondence of the molten zone. 

However, in the adjacent zones the decrease of hardness is evident. On the contrary, not only hardness did not increase 

but rather decreased in the case of process parameter just below melting condition (Figure 8c and Figure 8d) where 

annealing phenomena effectively occurred. This effect is less evident when the level of deformation is lower (CR25LA) 

(see Figure 8c vs Figure 8d). 

For this reason process parameter representative of Figure 8c and Figure 8d were selected for the multitrack tests. These 

were: P=650 W and v=3 mm/s for CR50 samples and P=950 W and v=3 mm/s for CR25 samples.  

4.2.2 Multi tracks experimentation 
Effect of distinct tracks and evidence of their relative distance are evident looking at the microstructures given in Figure 

9. In CR50LA samples, for any track interpass distance investigated (2-4-6 mm), recrystallization is more evident with 

respect to CR25LA samples. This is due to the higher amount of energy stored in the material that results in much higher 

driving energy for recrystallization. Similarly, the transition zone between base material and treated area is less evident 

in case of CR25LA samples (Figure 9 a2, c2 and e2 vs Figure 9 b2, d2, f2). It should be noted that, in all configurations 

the microstructure of CR25LA is always coarser than that of CR50LA in full agreement with accepted recrystallization 

laws (the higher the stored energy/pre-strain, the smaller the recrystallized grain size). 

Considering the case of CR50LA samples, it is clear that interpass distance of 2 mm among subsequent tracks generates 

a uniform microstructure (Figure 9b). This effect tends to reduce increasing the interpass distance. In the worst case, a 

clear alternate structure (elongated along with recrystallized grains) is generated (Figure 9f). Compared to the FA treated 

samples, the laser treated CR25LA and CR50LA samples show a smaller grain structure. This implies that the third stage 

of grain growth did not take place significantly due to very fast thermal cycles induced by the laser. 

Considering Figure 10, it is evident that the process was able to confer uniform hardness reduction for interpass distance 

of 2 mm (Figure 10a and Figure 10b). This benefit can be achieved also with a larger interpass distance (4 mm) provided 

that a higher amount of cold working energy is stored in the material (Figure 10d). In case of 6 mm interpass between 

subsequent tracks, the process was not effective on CR25LA samples (Figure 10e), whilst it was partially for the CR50LA 

samples where an alternate increase and reduction of hardness was achieved (Figure 10f), which is in good agreement 

with the microstructural observation shown in Figure 9f. After treatment, for interpass distance of 2 mm of CR25LA 

samples and for all the investigated cases of CR50LA samples, the hardness was restored down to the initial value (SA 

samples). Considering that uniform treatment along the section is desired, a minimum interpass distance of 2 mm is 

therefore required. For this reason, 2 mm was selected as optimal distance between subsequent tracks for the comparison 

of mechanical proprieties of the FA treatment with those of the LA treatment. 

4.3 Furnace annealing 
Figure 11 shows the typical optical microstructure of deformed and annealed EN AW 6060 samples according to the 

various conditions investigated. High temperature annealing readily stimulated recovery and recrystallization of the 

deformed structure. Therefore, already after FA at 450°C for 5 min, the deformed microstructures for both CR25FA and 

CR50FA consisted of fully recrystallized grains with equiaxed shape. Figure 11b and Figure 11g clearly show that 

recrystallized grain size decreases with increasing cold rolling reduction, which is due to strain induced nucleation [12]. 

Once samples were recrystallized, as annealing time increased, grain growth progressed in both CR25 and CR50 samples. 
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After 30 min of annealing, grains significantly coarsened in both case as shown in (Figure 11e and Figure 11j). Since the 

total number of nuclei increased with prior cold work, resulting in a smaller recrystallized grain size as prior cold work 

is increased, [13], therefore, achieved coarser microstructure was noticeable in CR25FA sample.  

Figure 12 reveals the micro-hardness of the CR25FA and CR50FA samples annealed at 450°C for different soaking times. 

As can be seen in Figure 12, the hardness values for both CR25FA and CR50FA were restored, reaching the SA value, 

after 5 min at 450°C, which is consistent with the microstructural observation in the previous section. By increasing the 

annealing time, hardnesses values were almost constant.  

According to the data supplied in Figure 11 and 12, it can be concluded that the deformed samples reached full annealing 

condition already by FA for 5 min at 450°C. 

Representative tensile engineering stress–strain curves of CR25FA, CR25LA and CR50FA and CR50LA samples are 

shown in Figure 13a and Figure 13b respectively. For comparison purpose, also the curves of SA and untreated deformed 

samples are given in the plot. Both YS and UTS values for all LA treated samples significantly decreased and became 

close to the initial material condition (SA), while the fracture elongation for CR25LA and CR50LA appreciably increased, 

which is consistent with microstructural observation and micro-hardness characterization mentioned in previous sections. 

Quantitative comparison of mechanical proprieties is shown in Figure 14. As seen, compared to cold rolled condition, 

CR25LA and CR50LA samples elongation improved up to 20 and 19% respectively, implying that LA materials retained 

their formability. However, LA samples’ elongations were slightly lower than those measured for SA and FA samples. 

The trivial decrement of LA samples compared to FA and SA ones could be related to the smaller grain structure as well 

as residual stress imposed by fast cooling rate during laser processing.  

5 Conclusions 
Laser annealing was carried out on EN AW 6060 alloy and then compared to equivalent furnace annealing treatment. 

Microstructural characterization of laser annealed samples through multi-track approach revealed that for any subsequent 

track distance, recrystallization occurred. However, in cold rolled samples which were submitted to 50% reduction in 

thickness  and further treated by laser, smaller-size recrystallized grains were formed if compared to laser annealed 

samples reduced in thickness of 25%. This is attributed to the higher amount of stored energy caused by cold rolling. 

Among the interpass distance values investigated, 2 mm generated a uniform equiaxed-grain structure. Furthermore, due 

to the fast laser treatment procedure, laser annealed samples showed smaller grain structure compared to the furnace 

annealed one. Micro-hardness measurements showed that laser annealing process was able to confer homogeneous 

hardness reduction for an interpass distance of 2 mm , although this achievement was also achieved by subsequent tracks 

distance of 4 mm in case of samples reduced in thickness of 50 % and further subjected to laser treatment. Tensile 

properties of laser annealed and furnace annealed samples indicated that both YS and UTS dramatically decreased to 

nearly those of the starting condition (annealed samples). The fracture elongation for laser annealed treated samples 

considerably increased, implying the effectiveness of the annealing laser treatment and suggesting the expected gain in 

formability. These results demonstrate feasibility of fiber laser annealing as a method to locally anneal small portion of 

material in large mechanical components.  
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6  Figures 
 

 

Figure 1: Typical defects of T shaped hydorformed structure[23] 

 

Figure 2: Laser head configuration 
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Figure 3: LA: (a) Single track, (b) Multi tracks configurations, Interpass distance of: 1st: 2 mm , 2nd: 4 mm s and 3rd: 6 mm, c) 

Example of the hardness measurement method  in the treated area 

   

 

Figure 4: Optical microstructure of the material in (a) SA, (b) CR25 and (c) CR50 conditions 

 

Figure 5: Tensile stress–strain curves measured at room temperature of the SA, CR25 and CR50 samples. 
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Figure 6: Description of melting/no-melting conditions according to different process parameters. (a) CR25LA (b) CR50LA 

 

 

 

 

 

 

 

 

 

Figure 7: Melting generated with laser on CR25LA samples at P=1000W and v=3mm/s: (a) overview of typical microstructure (a1) 

magnification of the molten area (a2) magnification of the area surrounding the molten part (a3) elongated grains not affected by the 

laser heat treatment 
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Figure 8: Typical hardness profile of: (a) melting condition in CR25LA samples P=1000W v=3 mm/s, (b) melting condition in 

CR50LA samples P=700W v=3 mm/s, (c) no-melting condition in CR25LA samples P=900W v=3 mm/s, (d) no-melting condition in 

CR50LA samples P=650W v=3 mm/s. The upper continuous line identifies the average hardness before laser treatment whilst the 

dotted lines the scatter bands considering two times the standard deviation. The lower continuous line identifies the hardness of SA 

sample whilst the dotted lines the scatter bands considering two times the standard deviation. The two vertical lines identifies the 

area treated by the lasert 
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Figure 9: Microstructural development of: (a) CR25LA shift 2 mm (a1) base material (a2) HAZ (a3) annealed area, (b) CR50LA 

shift 2 mm (b1) base material (b2) HAZ (b3) annealed area, (c) CR25LA shift 4 mm (c1) base material (c2) HAZ (c3) annealed area, 

(d) CR50LA shift 4 mm (d1) base material (d2) HAZ (d3) annealed area, (e) CR25LA shift 6 mm (e1) base material (e2) HAZ (e3) 

annealed area, (f) CR50LA shift 6 mm (f1) base material (f2) HAZ (f3) annealed area. 
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Figure 10: Vickers micro-hardness profiles in: (a) CR25LA shift 2 mm, (b) CR50LA shift 2 mm, (c)CR25LA shift 4 mm, (d) CR50LA 

shift 4 mm, (e) CR25LA shift 6 mm, (f) CR50LA shift 6 mm. The upper continuous line identifies the average hardness pre-treatment 

whilst the dotted lines the average plus and minus two times the standard deviation. The lower continuous line identify the hardness 

of non-cold rolled sample whilst the dotted lines the average plus and minus two times the standard deviation. The two vertical lines 

identifies the treated by the laser.  

     

     
Figure 11: Microstructural evolution of (a) CR25 and (f) CR50 EN AW 6060 alloy during FA at 450˚C for (b, g) 5 min, (c, h) 10 min, 

(d, i) 15 min and (e, j) 30 min. 

 

Figure 12: Vickers micro-hardness changes in CR25FA and CR50 FA during different annealing time 
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Figure 13:Tensile behavior of: (a) CR25FA and CR25LA samples and (b) CR50FA and CR50LA samples. 

 

Figure 14: Variation in YS, UTS and fracture elongation in FA and LA treated samples 
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7 Tables 
Table 1: Nominal chemical composition of the investigated EN AW 6060 

[wt.%] Si Fe Cu Mn Mg Cr Zn Ti 
EN AW 6060 alloy 0.45 0.20 <0.001 0.01 0.39 <0.001 0.00 0.02 

 

Table 2: General characteristic of the laser system 

Maximum power 1000 W 

Wavelength 1070 nm 

Fiber core diameter 50 µm 

M2 5.14 

Beam waist diameter 100 µm 

Focal length  200 mm 

Collimation length 100 mm 

 

Table 3: Sample codes used in the paper 

Sample code Sample condition 

SA Annealed Sample 

CR25 SA + cold rolling to 25% reduction in thickness 

CR50  SA + cold rolling to 50% reduction in thickness 

CR25FA CR25 + furnace annealing 

CR50FA CR50 + furnace annealing 

CR25LA CR25 + laser annealing 

CR50LA CR50 + laser annealing 

 

Table 4: Summary of single track LA process parameters applied on CR25 and CR50 samples 

 Deformation  

Fixed Factors CR25 CR50 

Defocusing distance  50 mm 50 mm 

Spot diameter 4 mm 4 mm 

 

Variable Factors CR25 CR50 

Power 700-800-900-1000 W 600-650-700-750 W    

Speed 2-3-4  mm/s 2-3-4 mm/s 

 

Table 5: Summary of multi track LA process parameters applied on CR25 and CR50 samples 

 Deformation 

Fixed Factors CR25 CR50 

Defocusing distance 50 mm 50 mm 

Spot diameter 4 mm 4 mm 

Power 950 W 650 W 

Speed 3 mm/s 3 mm/s 

Variable Factors CR25 CR50 

Interpass among subsequent tracks 2-4-6 mm 2-4-6 mm 

# of replica 3 3 

 
 Table 6: Summary of FA process parameters 

Fixed Factors Levels 

Soaking temperature 450 °C 

Variable Factors Levels 
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Soaking time 5-10-15-30 min 

Table 7: Micro-hardness values achieved for the different cold rolling levels 

Deformation (reduction in thickness) 

Sample condition SA CR25 CR50 

Vickers micro-hardness [HV] 33 ± 5 46 ±6 50 ± 5 

Table 8: Tensile proprieties of the initial conditions for SA, CR25 and CR50 samples 

Condition YS (MPa) UTS (MPa) Elongation (%) 

SA 61 ± 6.5 95 ± 3.5 26 ± 5 

CR25 119 ± 7 123 ± 7 6 ± 1 

CR50 129 ± 8 142 ± 5.5 3 ± 1 
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