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Conventional hardening, sometimes, is not economically viable due to consuming 

additional costs and energy. This makes applying selective hardening on specific regions 

an attractive alternative for members subjected to local friction and wear. This work is 

devoted for applying cold working hardening on discrete values on regions of aluminum 

6061-O alloy using nanosecond fiber laser of 100 W average power and pulse duration 

of 81 ns. An exaggerated plasma pressure resulted from ablation a thin coat layer on the 

metal surface was built in order to cause cold plastic deformation and increase the 

surface hardness of the alloy. The power density (Pd) and pulse overlap percentage (OV) 

were employed as working parameters. Due to the sensitivity of aluminium alloys to 

excessive heating, the criteria of the best outcomes were considered according to the 

objective of the study in supporting the hardness by strain hardening. The higher attained 

a significant increase in the hardness associated with less consumed optical energy, the 

most clean and flawless surface, observed by the high-resolution SEM images, which 

indicates hardening with cold work. The best hardness value is conducted at a Pd of 4.46 

GW/cm2 reaching a hardness of 57.6 HV at an OV of 43% and 53.8 VHD at an OV of 

77.3%. The X-Ray diffraction analysis (XRD) revealed a reduction of 56% in grain size 

compared to the original alloy and increase in the number of dislocations density by 

378%. 
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1. Introduction  

Aluminium grade 6xxx (Al-Mg-Si) are heat 

treatable alloys characterized by good corrosion 

resistance, low density, good strength to weight 

ratio [1], good coupling of strength and 

toughness and low cost [2,3]. Strictly speaking, 

such grade of aluminum alloy produces easily a 

range of microstructures when subjected to heat 

treatments [4]. Their excellent weldability and 

good machinability make them preferable in 

different applications of industry [5]. All these 

functions boost demands for such alloys in the 
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industries of aircraft, automotive, marine, 

structural members, hydraulic pistons, electrical 

fittings, bike, and frames, etc. [6-8]. 

Enhancement of surface hardness can improve 

some mechanical properties such as wear, tear 

resistance and fatigue life by imparting residual 

stresses [8]. The facility of non-contact feature 

provides simplicity, processing localized 

regions, and high quality in laser surface 

hardening, which could make selective laser 

hardening a solution, especially for complex 

geometries [10,11]. Hardening can be done in 
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two routes, either thermally through heating and 

quenching at a certain cooling rate to introduce 

new phases in the microstructure [11-13] or by 

imparting residual stresses at the surface and 

below to a certain depth. The latter process 

involves ablation of a thin coat on the surface of 

the metal by short laser pulses. This generates 

an exaggerated plasma pressure capable of 

introducing cold working through generating 

enough density of dislocations, twining, residual 

stresses and compressive residual stresses 

[14,15].  

Shortening the pulse width leads to fewer 

thermal effects during the interaction of the laser 

with matter due to decreasing the interaction 

time regarding electron cooling and lattice 

heating times [16]. Although nanosecond pulses 

are much shorter than milliseconds, the nature 

of the interaction is still associated with greater 

thermal effects compared to employing shorter 

pulses such as femtosecond and picosecond 

pulses [17]. Irradiation of a metal surface with 

nanosecond pulses results in sequential 

processes due to interaction between laser beam 

and matter [18]. Surface temperature rise 

followed with melting, vaporization, plasma 

formation and shockwaves are the fundamental 

processes to achieve material removal via 

ablation [19]. This may yield side effects such 

as heat affected zone (HAZ), micro cracks, 

recast layer, surface roughening and extruded 

flakes. However, processing with nanosecond 

pulses yield significantly fewer thermal effects 

at the substrate compared with the microsecond 

and millisecond pulses [14,18]. Ablation with 

nanosecond pulses is a thermal process in nature 

and it may introduce metallurgical phase change 

in the target metal as well as pressure waves 

creating in residual stresses at the end of the 

process [21]. Covering the base metal with an 

absorbent layer, such as a polymer or sprayed 

coat switches the interaction between the laser 

and coated layer rather than the underlying 

metal itself. The high power density of the laser 

ablates and vaporizes the layer and ionizes the 

atoms forming a plasma plume of enough 

pressure to do plastic deformation on the metal. 

Confining the interaction and plasma plume 

with a window such as a water layer 

significantly magnify the induced pressure and 

deformation at the target [20,21]. 

 Many researches showed that processing 

metals surfaces with nanosecond laser pulses 

can contribute in reinforcing the surface 

hardness in expense on morphology 

degradation. O. Netprasert et al. [24] 

experimentally investigated the effect of 

average power, speed and pulse overlap on the 

surface hardening for AISI 420 stainless using 

nanosecond pulse fiber laser. The optimum 

parameters resulted in an increase in surface 

hardness to 250% over a depth of 60-80 μm with 

no melting or surface damage noticed after the 

process. M. Ezzat et al. [25] employed pulsed 

nanosecond Nd: YAG laser in treating an 

aluminum alloy grade 1100 to enhance surface 

hardness associated with studying surface 

morphology. The peak value for Vickers 

microhardness was recorded before the laser 

intensity exceeded 750.16 MW/cm2 where a 

drop in value begins. A. Mostafa et al. [26] 

studied the feasibility of using two wavelengths 

for a nanosecond Nd:YAG; 1064 nm and its 

second harmonic generation 532 nm in 

increasing the hardness of an aluminium alloy 

grade 7075. Without coating on the metal 

surface, a direct proportionality was found 

between the energy density and the number of 

shots per unit area with the hardness which 

reached its maximum value of 80 HV. A. 

Kadhim et al. [27] deduced that the laser pulse 

energy has a direct relationship with surface 

microhardness for aluminium alloy grade 2024-

T3 when coated with paint and irradiated with 

nanosecond laser pulses. They found that the 

impact of shockwaves due to applying laser 

pulses has a direct relationship with the surface 

hardness. Increasing the pulse energy of one 

Joule would increase the microhardness by 4.8 

times than before treatment, degrade the surface 

roughness from 0.5 to 1.55 μm and decrease the 

wear rate to 34%. 

The work aims to elect an best value of 

hardness associated with a minimum value of 

degradation in the surface quality represented by 

the less microroughness and thermal defects for 

6061 aluminium alloys. The combination of the 

nanosecond laser as a precise tool and CAD 

features gives the facility of hardening selected 
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discreate regions on metal surfaces to apply 

surface hardening. The process was applied 

using high speed fiber nanosecond laser to 

investigate the impact of nanosecond pulses on 

the surface in the creation of dislocations and 

residual stresses which contribute to the increase 

in surface hardness. The highest value of surface 

hardness is not the only criterion, it should be 

associated with a surface of acceptable 

roughness and no or less thermal defects such as 

voids, microcracks, and recast ejected molten 

metal. It is worth mentioning that these could 

attained when the interaction is done with the 

polymeric coat only, not with the base Al metal 

and this could be achieved through investigating 

the optimum working parameters. 

2.  Experimental  

2.1 Samples preparation 

An aluminum alloy grade 6061-O of 1.6 

mm thickness, was employed in the current 

investigation. The chemical composition of the 

alloy analysis was performed through the XRF 

technique and tabulated in Table 1. Vickers 

hardness (VHD) and roughness tests were 

applied to the raw sample of the alloy. the 

roughness (Ra) was taken in two directions 

along the laser spot motion vector (Rax) and 

normal to the vector (Ray) as presented in Table 

2. 

The samples were cut as square shapes of 

side length 76 mm and then cleaned with 

distilled water and ethanol. After that, they were 

coated with a thin layer of black paint for two 

purposes: to ablate and build a plasma plume of 

specific pressure, as well as to shield the base 

metal from excessive heating and direct contact 

with the laser.  

Table 1: The chemical composition of employed aluminium 6061-O alloy 

 Si % Fe % Cu % Mn % Mg % Cr % Zn % Ti % others % Al % 

Test 

values 
0.571 0.411 0.187 0.091 0.801 0.20 0.010 0.062 0.015 97.7 

Standard 

[28] 
0.4-0.8 0.0-0.7 

0.15-

0.40 
0.0-0.15 0.8-1.2 

0.04-

0.35 

0.0-

0.25 

0.0-

0.25 
--- 

95.85-

98.56 

Table 2: The microhardness and surface roughness for employed aluminium 6061-O alloy 

Vickers Hardness VHD (HV) 32 

Surface Roughness Ra (µm) 
Rax 0.549 

Ray 0.688 

 

2.2 Samples processing 

A single-mode Q-switched fiber laser from 

Wuxi Raycus Fiber Laser Technologies Co., 

LTD. / China, Model WXRFL that operates at 

the fundamental wavelength of 1064 ± 4 nm has 

been utilized in the hardening process of the raw 

aluminum samples. The laser system has an 

average power of 100W, 81 ns pulse duration, 

and a frequency range of pulses from 10 to 100 

kHz. The laser system is equipped with a 

focusing lens of 12.5 mm focal length and an x-

y Galvo scanner to direct the laser beam over the 

working plane with a maximum high speed of 

6000 mm/s.  

Each cut squared sample, of 76 mm side 

length, is divided into 36 zones of 8⤬8 mm side 

length for irradiation, each zone was processed 

with a different set of working parameters as 

shown in Figure 1a. Each sample was treated by 

immersing it in deionized water to a depth of 3 

mm beneath the water's surface. Figure 1b 

illustrates a schematic for the setup where the 

laser beam is focused on the coat surface to 

achieve ablation. The laser spot covers the 

working area during the hardening process by 

scanning the area with multiple passes of hatch 

spacing (H) of 10%. Another overlap is done 

between sequential laser pulses (OV) along the 

scanning speed vector of a variable value 
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depending on the scanning speed, laser spot 

diameter, and the frequency of pulses. 

2.3 Working parameters 

Three working parameters were employed 

in this investigation to process 36 zones on each 

cut-squared sample, with three cut samples the 

total number of processed zones became 108. 

Employing an identical set of working 

parameters, every zone was repeated three times 

to obtain an average value for each requested 

outcome. Laser beam power density, the 

frequency of pulses, and the overlapping ratio 

between laser pulses are the three investigated 

parameters. The power density was varied 

through changing the spot diameter or pulse 

frequency while the overlap ratio varied by 

manipulating the frequency of pulses and 

scanning speed which taken out according to the 

following relations [29]: 

  

 

  
Figure 1. (a) 36 different selectively processed zones with different sets of parameters, (b) The experimental setup (not 

in scale) 

𝑃𝑑 =
4𝑃𝑎𝑣

𝜋 𝑓 𝜏 𝐷2 
                                                   (1) 

𝑂𝑉 = 1 −
𝑣

𝐷 𝑓 
                                                   (2) 

where Pav is the average power (W), f is the 

frequency of pulses (Hz), τ is the pulse duration 

(ns), D is the spot diameter (mm), and v is the 

scanning speed (mm/s).  

Experiments were done through 

investigation of the effect of each single 

parameter variation on the surface hardness and 

resulting roughness. Every input parameter 

under study was varied over a defined range of 

values while keeping the others constant, which 

yields a set of data servers the intended goals. 

This procedure was repeated three times by 

varying each parameter considered to be of 

interest and thus obtaining a family of important 

data for that purpose. Table 3 tabulates the 

minimum and maximum limits of utilized 

working parameters.The experiments are 

designed based on one factor at a time method 

for the range of each factor with a regular 

increase ensuring changeable variation in the 

outcome of interest. This route can ensure an in-

depth exploration of each individual effect on 

the surface hardness and side effects of 

processing.  

 
Table 3: The minimum and maximum limits of working 

parameters ranges. 

Parameter Units 
Minimum 

limit 

Maximum 

limit 

Frequency (f) kHz 20 25 

Power 

density (Pd) 
GW/cm2 3.39 19.65 

Overlap ratio 

(OV) 
% -12 80 

 

2.4 Experimental tests 

Evaluation of the microhardness values was 

applied through many Vickers hardness tests 

using a Digital Micro-hardness tester (Q-Time, 

36 8⤬8mm zones on a 

single cut sample of 

76×76 mm 

Q-Switched Fiber 

ns Laser System Galvo 

Scanner 

Focused 

Laser Beam 

Sample 

Ablation 

of Coat 

(a) (b) 

CAD design 

Plasma 

Plume 
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TH-715) (China). Measurement of surface 

roughness, arithmetic mean roughness Ra, was 

applied in two directions; along and normal to 

the velocity vector in the x-direction (Rax) and 

y-direction (Ray) respectively. The test was 

carried out through a roughness tester AR-132C 

(China). Scanning electron microscope type 

Axia ChemiSEM from Thermo Fisher Scientific 

Inc was utilized to observe the surface condition 

of samples and investigate the surface 

alterations after the hardening. 

The microstructural characteristics of the 

metal before and after surface processing were 

compared and evaluated using X-ray diffraction 

(XRD) analysis using a Shimadzu 

diffractometer. The measured width of the 

diffracted peaks at full-width half maximum 

(FWHM) provides insight into crystallographic 

information and structural analysis utilizing the 

Williamson-Hall method [23]: 

𝛽 𝑐𝑜𝑠 𝜃 =
𝐾𝜆

𝐷
+ 4𝜀𝑠𝑖𝑛𝜃                                    (3) 

where β is FWHM (rad), K is a constant 

depending on the crystallite size, λ is the x-ray 

wavelength (0.15406 nm), D is the crystallite 

size, θ is the Bragg angle (rad) and ε is the 

induced strain.  

The slope and intercept of the linear plot 

between the terms β cosθ versus 4 sinθ give 

information about the microstrain (ε) and grain 

size (Kλ/D) respectively.  

The broadening of the diffraction peak is 

related to the changes in grain size as in the 

Scherrer equation [30]: 

𝐷 =
𝐾𝜆

𝛽 𝑐𝑜𝑠 𝜃
                                                        (4) 

D is related directly to the dislocation 

density through [31]:  

𝜌 =
1

𝐷2
                                                                 (5) 

The extent of residual stresses was 

calculated from the XRD test using sin2Ψ 

method where ψ is an angle that describes the 

orientation of the sample with the diffraction 

vector. The slope of the line in the d spacing - 

sin2Ψ plot was used in analyzing the extent of 

residual stresses according to the following 

relation [32]: 

𝜎𝑟 =
𝑚

𝑑
(

𝐸

1 + 𝜈𝑝
)                                               (6) 

where σr is the induced residual stresses, m 

is the slope of the d - sin2Ψ plot, E is the 

modulus of elasticity, and νp is the Poisson's 

ratio of the material. 

3. Results and discussion 

3.1 Microhardness 

Laser hardening was carried out by 

processing several sample groups that were 

classified based on different sets of parameters. 

Each sample gave a distinct value of hardness 

which yielded diverse output of results. It was 

found that the OV had a significant effect on the 

obtained microhardness. The effect of varying 

OV on the microhardness was studied at three 

classified levels of Pd domains; low level ranges 

from 3.93 to 4.91 GW/cm2, moderate level from 

6.98 to 8.73 GW/cm2 and high level from 15.72 

to 19.65 GW/cm2. Figure 2 shows the impact of 

OV on the microhardness (VHD) values along 

the low-level range of power densities where all 

curves exhibit the same behavior. These 

experiments applied with a spot diameter of 0.04 

mm, range of frequencies from 20 to 25 kHz, 

and range of scanning speeds from 200 to 500 

mm/s. The microhardness exhibits considerable 

variations horizontally along the range of OV 

variance and vertically by switching between 

different values of Pd’s. The maximum values 

of hardness can be noticed at the highest 

scanning speeds where the OV between pulses 

is the minimum. Decreasing the speeds leads to 

an increase in the OV accompanied by a 

reduction in the hardness. When the scanning 

speed drops more, the increase in the percentage 

of OV yielded ascending in the hardness values 

again giving a flipped Gaussian shape for each 

curve of power density. The hardness values are 

magnified as higher Pd levels are utilized to a 

certain extent. The hardness values exhibit an 

increasing trend as the Pd switched from 3.39 to 

4.09 GW/cm2 reaching the peak at 4.46 

GW/cm2. However, beyond this level, the whole 

of the curves belonging to the Pd's of 4.46 and 
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4.68 GW/cm2 start decreasing. The largest 

hardness values are conducted at a Pd of 4.46 

GW/cm2 reaching a hardness of 57.6 HV at an 

OV of 43% and 53.8 VHD at an OV of 77.3%.   

Although the calculations showed power 

density values in the giga ranges which are 

considered extremely high, the behavior of the 

curve can be justified by the extent of diffused 

thermal energy inside the target. This can be 

determined by the ratio of average laser power 

to scanning speed to determine the average 

poured energy per unit area [33]: 

𝐸𝑎 =
𝑃𝑎𝑣

𝑣 𝐷 
                                                            (7) 

where Ea is the average energy input 

(J/cm2). 

 

  
Figure 2. Effects of OV percentage on the surface hardness (VHD) at low levels of Pd ranges from 3.93 to 4.91 GW/cm2 

In addition, an increase in the number of 

pulses in a single position (N) on the surface of 

a sample devotes poured energy and its thermal 

side effects on the surface. The number of pulses 

on a single spot for a given speed and frequency 

can be expressed as follows [34]: 

𝑁 =
𝐷 𝑓

𝑣 
                                                               (8) 

where N is the number of pulses irradiated 

on a single spot on the sample surface. 

Figure 3 shows the impact of increasing Ea 

and N on the hardness values of the zone that 

recorded the best hardness values which 

processed Pd of 4.46 GW/cm2, f of 22 kHz, and 

D of 0.04 mm. The behavior of the curve 

indicates that the hardening process passes 

through two phases; nonthermal, or cold, and 

thermal. The former is due to the result of the 

high mechanical pressure which yields cold 

working that induces residual stresses on the 

metal surface and beneath. At low values of OV 

(43%), the Ea is 1.75 kJ/cm2, and N is 0.55 

pulses/spot, the black coat efficiently ablated. 

This led to a great build of plasma pressure on 

the metal surface enough to do cold work and 

attain a hardening of 57.25 HV. The second 

phase comes when the scanning speed is 

lowered which yields increasing in OV, Ea, and 

an increase in N, the incubation of pulses in a 

single position, moving the interaction from the 

cold toward the hot nature. Excessive heating 

causes heat treatment through heating and 

subsequent quenching in the metal bulk and the 

water at room temperature. 
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Figure 3. The role of Ea and N on the VHD variation at Pd of 4.46 GW/cm2 and f=22 kHz 

Returning to Figure 2, switching to different 

values of Pd’s results in the same behavior of 

curves but diverse values of microhardness. At 

low levels of Pd, the set of hardness is the 

lowest, and this rises as the power density 

increases in its maximum value at Pd of 4.46 

where the optimum result was discovered. This 

can be explained by the plasma pressure that 

built from the ablation of the black coat which 

should exceeds the dynamic yield strength [35]: 

𝑃 =
√𝑃𝑑 𝐴 𝑇 𝐿

4 
                                                   (9) 

where P is the built pressure (MPa), A is the 

absorption coefficient of the black coat, T is the 

transmittance of the window (water) and L is the 

reduced shock impedance between the metal 

and the window (kg s/m2). 

The strength and mechanical properties of 

Al 6061-O come from the dislocations and 

precipitates phases. However, elevating the 

temperature will lead to a reduction in the 

presence of these factors resulting in 

degradation in the yield strength [36]. The 

hardness of aluminum plate exhibit declines in 

hardness as the temperature increased from 

225oC and up [37]. 

At power densities higher than 4.46 

GW/cm2 namely at 4.68 and 4.91 GW/cm2, the 

curves go down traveling to lower values of 

microhardness accompanied by flattening of the 

values of hardness at the edges where it was 

maximum at the optimum value of 4.46 

GW/cm2.  

Minimizing the spot diameter to 0.03 mm and 

0.02 mm exaggerates the power density 

particularly at the lower values of f within the 

range from 20 to 25 kHz. At extreme power 

densities with the minimum spot diameter of 

0.02 mm at high speeds of 440 mm/s and 500 

mm/s, the OV between pulses was no longer 

exists which indicated by the negative sign. 

Compared with the low level of power density, 

as the graphs indicate the surface hardness of the 

alloy did not enhance at moderate and extreme 

power densities for the ranges 6.989 to 8.737 

GW/cm2 and 6.989 to 8.737 GW/cm2 

respectively. Both moderate and high levels 

share the same behavior as the low level but 

with significantly lower hardness values along 

the range as shown in Figure 4.   

The results showed that the low levels band 

of power densities gave the best VHD as well 

better values for other set of parameters. 

Switching to the moderate level band of Pd 

causes a retreat in the values of microhardness 

keeping almost the same order for the 

effectiveness of Pd on microhardness. Utilizing 

the high band of power densities alters the order, 

where the proportionality becomes inverse. The 

higher power density yields the lowest sets for 

values of VHD, this may be regarded as the 

thermal effect of extreme values of power 

density that causes this reduction.  

Although the frequency of pulses is 

considered when obtaining the pulse overlap 

and power density, the effect of it is somewhat 

unclear. The obtained experimental data for OV 

and f at the five low levels of employed Pd’s in 

a two-dimensional array were represented. By 

taking the transpose of the built array the 

effective frequency on the microhardness at 
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different levels of average OV was obtained as 

shown in Figure 5. It is clear in all levels of 

power densities that the better microhardness of 

each group of samples was in the last quarter of 

21 kHz to 22 kHz. This narrow band is classified 

as moderate f for the recommended employed 

range. 

Figure 6 shows the effective f for moderate 

and high levels of Pd's. In moderate levels, 

working with higher frequencies yields better 

values of VHD while for high levels the worst 

values of microhardness are at the lowest value 

of f and can be enhanced by increasing it 

towards 25 kHz. 

 
Figure 4. Effect of OV percentage on the surface VHD at two levels of Pd the high ranges from 15.762 to 19.658 

GW/cm2 and the moderate from 6.989 to 8.737 GW/cm2. 

 
Figure 5. Effects of pulse frequency on the surface VHD at low level of OV percentages range from 44% to 77.5% 

 

 
Figure 6. Effects of pulse frequency on the surface VHD at moderates and high levels of Pd’s for a range of OV 

percentages range from -11.75% to 77% 
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 3.2 Surface roughness 

Ablation of the polymeric coat on the metal 

surface creates a plasma plume enclosed in the 

water layer of a certain pressure, which may 

alter the surface state. In addition, when the 

threshold of the applied laser exceeds the 

ablation of the polymeric coat the surface 

condition may be more changed due to localized 

melting, thermal defects or ablation of the base 

metal. The surface roughness (Ra) was 

inspected in two directions in each sample, 

parallel to the direction of laser scan vector 

(Rax) and in the normal direction to the vector 

(Ray).  

Figure 7 shows the effect of OV on the Rax 

and Ray at all the low levels range of Pd (3.93 

to 4.91 GW/cm2) at which some better values of 

microhardness were obtained. along the x-axis it 

is clear that up to the range of 60% OV or even 

64% OV in case of 4.91 GW/cm2, the Rax is 

steady and have maximum value compared to its 

value when the OV increases drastically causing 

the Rax to decrease to lower level. At OV of 

68% and up, the role of Pd in the reduction of 

Rax to the minimum, of 0.5 μm, was clear where 

the curves shift down especially when the Pd at 

the maximum of 4.91 GW/cm2. Along the 

normal direction to the speed vector, the attitude 

is different, Ray values had an inverse 

proportionality with increasing the OV 

percentage, and direct proportionality with the 

Pd values. The sensitivity of Ray increases with 

the reduction of Pd. More OV to 80% and less 

Pd of 3.93 GW/cm2 yield lower Ray of 0.59 μm. 

The mutual effect of f in kHz and OV 

percentage on the roughness is illustrated in 

Figure 8. Along the x-direction, Rax tends to 

increase in an almost linear direct relationship 

with the f, but by switching to higher values of 

OV it tends to shift down toward finer roughness 

values. Along the y-direction, the relation 

between Ra and f is almost linear, and the 

relationship is converse. In addition, the Ray 

curves move down as the OV percentage values 

increase.    

 
Figure 7. Surface roughness in the two directions x and y as a function of OV percentage at low levels of Pd ranges from 

3.93 to 4.91 GW/cm2 
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Figure 8. Surface roughness in the two directions x and y as a function of f at low level of OV percentages range from 

44% to 78% 

3.3 Scanning Electron Microscopy (SEM) 

Imaging 

The high-resolution SEM images could be 

beneficial in giving evidence for the hardening 

nature whether it is cold through strain 

hardening or thermal processing. Figure 9 

shows an image of the surface of the raw metal 

before processing with nanosecond laser (Z1) to 

be a reference for comparison with other images 

after processing. The corrugated texture of the 

surface results from the cold rolling of the metal 

to resize its thickness. Figure 10 illustrates the 

SEM images for some elected zones on the 

processed samples from Z2 to Z7 that were 

evaluated later through XRD analysis in the next 

section. Zone Z2 was processed with moderate 

level of Pd of 7.76 GW/cm2 and OV of 48%, this 

caused defects due to ablation which can be 

recognized by some micro holes and grooves as 

well a reduction in the texture depth of the 

surface as shown in Figure 10a. Keeping the 

same Pd with more reduction in the OV to 26% 

in zone Z3 did not support the hardness 

significantly. On the other hand, it makes the 

number of surface defects larger and deeper 

with less reduction in the surface texture 

compared with zone Z2 features as illustrated in 

Figure 10b.  

Employing the maximum speed of 500 

mm/s and minimum laser spot diameter of 0.02 

mm in processing the zone Z4 has switched the 

Pd to an extreme value of 17.47 GW/cm2 and 

yielded a negative OV of -11%. This resulted in 

a normal value of hardness of 40.3 HV, and high 

distortion in the surface of sample Z4 through 

localized deep melting, craters, and deep 

ablation as Figure 10c depicts. The previous 

images indicated that the samples Z2, Z3, and 

Z4 were subjected to cold working due to the 

compression of the plasma plume as well as 

softening due to thermal effects which were 

represented by the normal values of hardness, 

and skimming due to surface ablation.  
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Figure 9. High resolution SEM image for the surface of the metal zone (Z1) before processing 

 

 
Figure 10. High resolution SEM images of some selected samples illustrate their hardened surfaces 

 

 

 

(c) Z4: Pd= 17.47 GW/cm2, OV= -11%, VHD= 40.3 HV. 

 

(a) Z2: Pd= 7.76 GW/cm2, OV=48 %, VHD= 40.38 HV. (b) Z3: Pd=7.76 GW/cm2, OV= 26%, VHD= 45.21 HV. 

(f) Z7: Pd=7 GW/cm2, OV= 33.5 %, VHD= 40.2 HV. 

(d) Z5:Pd=4.36 GW/cm2, OV= 44.5%, VHD= 57.25 HV. 

(e) Z6: Pd=4.36 GW/cm2, OV= 61%, VHD= 47.52 HV. 
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Figure 10d revealed that the strain 

hardening process was conducted with sample 

Z5 by employing Pd of 4.36 GW/cm2 and OV of 

44.5%. This is indicated by the highest hardness 

of 57.25 HV, the absence of thermal defects, and 

the high matching of the surface texture with the 

raw sample. The most significant improvement 

in hardness was conducted at the low levels of 

power density and, OV percentage ranging from 

43% to 58%. This recorded a maximum 

percentage increase in hardness of 80% 

compared with the raw metal hardness, which 

was associated with a clean, clear, and flawless 

surface, as well as non-thermal deformation.  

Employing the same Pd of zone Z5 in zone 

Z6 with increasing the OV to 61% makes results 

in ablation of whole surface ablation and 

hardness degradation to 47.52 HV as shown in 

Figure 10e. Increasing Pd to 7 GW/cm2 and 

reduction the OV to 33.5% degrades the surface 

quality and hardness to 40.2 HV in zone Z7 

compared with zone Z5. 

3.4 XRD Analysis 

The X-ray diffraction (XRD) analysis 

reveals the existence of narrow diffraction peaks 

for the raw sample which shows some 

broadening for the hardened zones without 

yielding additional peaks. The narrow and sharp 

peaks indicates that the utilized alloy has well-

ordered crystalline characteristics [38]. 

Aluminum 6061-O is an annealed soft and 

ductile alloy [39]. When the alloy is deformed 

with strain work, the diffraction peaks show 

some broadening indicates altering the 

crystalline sizes, microstrain, defects within the 

crystalline structure, and residual stresses [40]. 

The methodology put forth by Williamson and 

Hall was employed to ascertain the grain size 

and strain through the examination of peak 

width as a variable dependent on the diffraction 

peak position (2θ).  

Table 3 tabulates the obtained data derived 

from the XRD analysis of the crystalline 

structure of one raw sample and six hardened 

zones and the feature of each zone based on 

SEM observations. Processing with nanosecond 

laser pulses on the upper surface of the optimum 

zone Z5 resulted in a discernible reduction in 

grain size from 53.647 nm to noticeably lower 

values reaching 34.374 nm and the highest 

average strain of -903.81 με. The reduction is 

achieved by using Pd of 4.36 GW/cm2 and OV 

of 44.5 %. In percentage talk, a reduction of 

56% was observed in grain size when compared 

to the original raw sample and the number of 

dislocations density also increased by 378%. 

Increasing the OV from 44.5% to 61.11% in 

zone Z6 showed coarser grain size of 36.156, 

less numbers of dislocations of 0.6544 nm-2 and 

average strain of -789.27 με yielding a 

noticeable reduction in hardness to 47.52 HV. 

Despite Z4 being processed with extreme 

Pd of 17.47 GW/cm2 it doesn’t show a reduction 

in the grain size and average introduced strain. 

This lack of reduction is regarded to negative 

OV of -11% that was yielded from the high 

speed of 500 mm/s and minimum spot diameter 

of 0.02 mm. The hardened zone Z3 of 45.21 HV 

showed good reduction in the grain size and 

strain of 46.55nm and -850.82 με respectively. 

Z2 and Z7 samples show close results of 

reduction in grain size, strain and hardness. 

The hardening process initiates cold 

working and plastic deformation within the 

treated zones, resulting in the formation of 

beneficial compressive residual stresses. The 

presence of induced residual stresses has been 

observed to enhance the hardness of materials 

and impede the initiation and propagation of 

micro-cracks [35,36]. Figure 11 depicts 

graphical representations of residual stresses as 

a function of depth for both the raw sample and 

several hardened zones with varying working 

parameters.  

The graph illustrates that the raw sample 

exhibits a relatively low magnitude of residual 

compressive stresses, measuring at -22 MPa. In 

contrast to the latter, the hardened zones 

exhibited significant compressive residual 

stresses on the surface, with the minimum 

residual stress measuring -517 MPa at the 

surface and at zero depth. The maximum 

residual stress value of -127 was attained at a 

depth of 350 µm beneath the surface of the 

metal. The magnitude of residual stresses 

exhibits an ascending trend as one moves deeper 

below the surface, ultimately attaining a 

cumulative depth of 350 μm. 
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Table 3: Information extracted from the XRD test data for an untreated and hardened zones with the different process 

parameters. The grey shade refers to the best finding 

Z
o

n
e
 

P
d

 (
G

W
/c

m
2
) 

O
V

 (
%

) 

E
a

 (
k

J
/c

m
2
) 

N
 (

p
u

ls
es

/s
p

o
t)

 

H
a

rd
n

es
s 

(H
V

) 

A
v

er
a

g
e 

g
ra

in
 s

iz
e 

(n
m

) 

A
v

er
a

g
e 

d
is

lo
ca

ti
o

n
 

(n
m

-2
) 

A
v

er
a

g
e 

st
ra

in
 (

μ
ε)

 

S
u

rf
a

ce
 f

ea
tu

re
s 

Z1 The raw metal sample 32 53.647 0.1771 -426.6 Figure 9 

Z2 7.76 48.15 0.953 1.93 40.5 48.106 0.4321 -664.71 
Presence of little grooves & 

micro holes (Figure 10a) 

Z3 7.76 26 0.667 1.35 45.21 37.622 0.7064 -805.82 
More defects, holes &, ablated 

grooves (Figure 10b) 

Z4 17.47 -11.11 1 0.9 40.5 52.692 0.3468 -427.28 
Severe localized ablation, & 

recast materials (Figure 10c) 

Z5 4.37 44.45 0.5 1.8 57.25 34.374 0.8462 -903.81 
Ideal, clean & flawless 

(Figure 10d) 

Z6 4.37 61.11 0.714 2.57 47.52 36.156 0.6544 -789.27 
Fully ablated surface 

(Figure 10e) 

Z7 6.99 33.34 0.667 1.5 40.19 46.553 0.4614 -628.32 
Clean surface & little voids 

(Figure 10f) 

 

  
Figure 11. Compressive residual stress is induced on the subsurface layers of the hardened zones at different sets of 

process parameters 

 

4. Conclusions 

The investigation introduces a good potential 

solution to increase the durability of mechanical 

components through enhancement of wear 

resistance, and fatigue strength. The following 

are the concluding remarks from the current 

study: 

1. Manipulating a combination of the Pd 

and OV percentages results in different 

hardness values and could move the 

hardening mode from strain hardening to 

a hot nature. 

2. Employ low levels of Pd’s of 4.27 to 

4.91 GW/cm2 and OV percentages 

ranging from 38 to 58% yield the better 

values of the hardness of 47 to 57.6 HV. 

3. Transitioning from the low level of Pd to 

moderate and extreme levels within the 

ranges 6.989 to 8.737 GW/cm2 and 

6.989 to 8.737 GW/cm2 respectively did 

not improve the hardness associated 

with thermal surface defects in most 
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cases, particularly with high OV 

percentages. 

4. The choice of a suitable Pd and OV 

results in cold working deformation due 

to the effect of the high pressure of the 

plasma plume which induces residual 

stresses on the metal surface and 

beneath. At Pd of 4.46 GW/cm2 and OV 

of 43%, strain hardening of 57.25 HV 

was achieved through cold working 

without thermal side effects on the metal 

surface. 

5. Noticeable reduction in grain size from 

53.647 nm to noticeably lower values 

reaching 34.374 nm and the highest 

average strain of -903.81 με is achieved 

when the strain hardening is applied at 

Pd of 4.36 GW/cm2 and OV of 44.5 %. 

6. The frequency of pulses has a significant 

effect on the hardness. In the low level 

of Pd, the frequency in the band of 21.5 

to 22.5 kHz is recommended for 

processing while for moderate and high 

levels this narrow band changes and 

shows broadening. 

7. At the low levels of Pd, a reduction of 

Rax roughness for the zones processed 

with OV of 68% and up, especially when 

the Pd was at the maximum of 4.91 

GW/cm2. Along the normal direction, 

Ray values had an inverse 

proportionality with increasing the OV 

and direct proportionality with the Pd 

values. 
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