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Abstract: Aluminum alloys grade 6061-T6 are characterized by their excellent properties and processing 

characteristics which make them ideal for varieties of industrial applications under cyclic loading, aluminum 

alloys show less fatigue life than steel alloys of similar strength. In the current study, a nanosecond fiber laser of 

maximum pulse energy up to 9.9 mJ was used to apply laser shock peening process (LSP) on aluminum thin 

sheets to introduce residual stresses in order to enhance fatigue life under cyclic loading Box-Behnken design 

(BBD) based on the design of experiments (DOE) was employed in this study for experimental design data 

analysis, model building and optimization  The effect of working parameters spot size (ω), scanning speed (v) 

and pulse repetition rate (PRR) at three levels on the fatigue life expressed by the number of cycles (noc) were 

investigated The experimental results show an exclusive and significant percentage increase in the fatigue life of 

505.25% and 477.81% when the ω= 0.04 mm and PRR= 22.5 kHz for two scanning speeds 200 mm/s and 500 

mm/s respectively The optimized data extracted from the built model suggest a number of input parameters sets 

to enhance the performance of the process. 

Keywords: fiber laser, aluminum alloy, LSP, high speed, DOE, fatigue. 

1. Introduction 

   Aluminum alloys grade 6061-T6, are 

characterized by their good corrosion resistance, 

high strength-to-weight ratio and high 

toughness. Their excellent processing and 

welding characteristics make them ideal for 

varieties of industrial applications. Aluminum 

alloys find their ways widely in aircraft, 

automobiles, locomotives, couplings, marine, 

hydraulic pistons, appliance fittings, valves 

parts, bike frames and other industries [1, 2].               

   Under cyclic loading, aluminum alloys show 

less fatigue life than steel alloys of similar 

strength [3]. Laser shock penning (LSP) is 

introduced as one of a cold work surface 

treatment that enhances fatigue life [4]. Many 

research works revealed that mechanical 

properties such as tensile strength, hardness, 

wear resistance, and corrosion resistance are 

notoriously improved with LSP [5, 6].   

Introducing residual stresses disrupt cracks 

growth rate and improve mechanical properties 

such as wear-resistance and fatigue life [7]. 

Short pulse lasers of high intensity (1 GW/cm
2
) 

improve the surface strength and disrupt flaw 

propagation by imparting a layer of high 

compressive residual stresses [8, 9]. Even 

though nanosecond pulses are shorter than 

millisecond pulses, the interaction’s nature 

remains thermal compared with shorter pulses 

such as femtosecond pulses [10, 11]. LSP is a 

process in which intense-short laser pulses pass 

through a transparent confining medium (such 

as water or glass) and focus on a metal surface 

covered with an absorbing layer. The latter may 

be an aluminum foil or black film that 

immediately vaporizes to form expanded plasma 

resulting in shockwaves against the processed 

metal followed by residual stresses and 

microstructure alterations [12]. When the 

pressure of the shockwave exceeds the 

material's dynamic yield strength, or HEL 

mailto:ali.mohammed1201a@ilps.uobaghdad.edu.iq


A. M. Khudhair et al., Iraqi J. Laser 20(2), 8-17 (2021) 

9 
 

(Hugoniot Elastic Limit), the material exhibits 

extremely high-stress deformation of about 10
6
-

10
7
 GW/cm2 in a short time, causing local 

plastic deformation and compressive residual 

stresses [13]. 

   Many research works investigate the role of 

LSP in enhancing the performance of cyclic 

operation for aluminum parts. Rubio-González 

et al. [14] evaluated the effect of different values 

of pulse densities on the residual stress field and 

fatigue crack initiation life. The study revealed 

higher pulse densities reduce fatigue crack 

growth and improve the fracture toughness 

characteristics for tested Al 6061-T6 alloy. 

Ahmed R. Alhamaoy et al. [15] had applied LSP 

to improve the cycle fatigue performance for Al 

6061-T6 shafts coated with gel as an ablative 

layer without adding confining medium. Their 

results show a significant increase in the fatigue 

life when higher laser pulse energy is used. X. 

Q. Zhang et al. [16] applied two-sided LSP for 

Al 7050-T6 alloy to study residual stresses 

formation, surface feature and fatigue fracture 

morphology. The compressive residual stress 

cracks initiation and propagation rate. J. Shenget 

al. [17] utilized different laser pulse energies to 

study their effects on the crack propagation 

behavior for Al 6061-T6 alloy. They concluded 

that residual stresses caused by expanded 

plasma pressure could cancel tensile residual 

stress, reduce the notch driving force as well, 

and finally delay fatigue.  Liu et. al., [18], has 

studied the effects of laser power density on the 

fatigue life of Al 7050 alloy subjected to LSP. 

Both the experimental and numerical results 

showed that a carefully chosen laser power 

density, when treating materials like aluminum 

alloys, can prevent internal cracking. 

   This paper aims to study the effects of 

manipulating LSP working parameters on the 

fatigue life of Al 6061-T6 alloy and utilize a 

statistical approach to develop a model capable 

of optimizing the working parameters of the 

process. 

2. Experimental Work 

   An Al 6061-T6 thin plate was employed in 

this investigation. The chemical composition 

analysis (Table 1) was carried out at the 

Baghdad lab of the State Company for 

Inspection and Engineering Rehabilitation 

(SIER) in Baghdad. A tensile test was applied 

for a group of specimens to evaluate the 

mechanical properties of the alloy. The tensile 

specimens were cut and prepared according to 

the standard test method ASTM-E8 [19]. The 

tensile test was performed at speed of 2 mm/min 

using 100 kN Universal Testing Machine 

(Tinius Olsen (H100kU)\USA) under plane 

stress conditions.  

Table (1) The Chemical Composition of Employed 

Al 6061-T6 Alloy 

Element The percentage ratio % 

Si 00.677 

Fe 00.548 

Cu 00.236 

Mn 00.131 

Mg 00.844 

Cr 00.179 

Zn 00.0046 

Ti 00.0787 

P 00.0012 

Pb 00.0094 

Al 97.2 

   Table (2) lists some of the mechanical 

properties for the employed alloy according to 

the applied tensile test. 

Table (2) Mechanical properties of Al 6061-T6 

Property Experimental 

Yield Strength (MPa) 276 

Ultimate Strength (MPa) 310 

Elongation % 12% 

Modulus of elasticity (GPa) 68.9 

   A thin plate of Al 6061-T6 of 1.6 mm 

thickness were cut in rectangular shapes of 10 

mm ⤬ 100 mm dimensions according to the 

requirement of the fatigue testing device. Black 

paint was uniformly sprayed with a consistent 

thickness of 140 μm over the processed area on 

both sides of the specimen surface as a 

protective ablating layer as shown in figure (1a). 

A water layer of 2 mm to 3 mm height over the 

upper surface of the specimen was applied as a 

transparent confining layer and to support the 

built pressure by the plasma plume and reduce 

possible thermal effects. A nanosecond fiber 

laser model RFL-P\China (Figure (1b)) that was 

used in the current study has the following 

characteristics of 1064 nm wavelength, 81 ns 

pulse duration, max average power of 100 W 

and max pulse energy of 9.9 mJ. 
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Figure (1): Experimental setup: a) fatigue test 

specimen final dimensions and state, b) specimen 

during processing 

   The laser beam was focused on the target with 

a focusing lens of 100 mm focal length and 

directed over the working area plane via 

Galvano mirrors with a high-speed reaching > 

10000 mm/s maximum value. The irradiation 

pattern was in a one direction single pass with a 

variable overlap value along the laser beam 

direction and the constant overlapping ratio of 

10% between two adjacent processed lines. The 

laser beam intensity in LSP should be high 

enough to cause plastic deformation in the metal 

surface. Here, the built pressure value (P) should 

be at least twice the yield strength value for the 

alloy. The sufficient value of laser beam 

intensity (I) can be calculated according to the 

following relation [20]: 

 (   )       
√ 

    
 √ √        ( ) 

where a is the fraction of absorbed energy that 

contributes to the plasma's thermal energy and Z 

is the lower shock impedance between the metal 

and the confined fluid. [21, 22]. 

   The fatigue test was carried out with the 

alternating bending device (type HSM20) by 

applying a predefined load for each specimen 

group at the free end of the specimen. Each 

experiment was conducted at room temperature 

using a constant load with zero mean stress and 

a frequency of 25 Hz. The produced specimens 

through the LSP process were classified 

according to the set of utilized working 

parameters. Each set was subjected to six  tests 

of different fatigue stresses 263, 235, 222, 217, 

210 and 205 MPa. Eighteen specimens were 

distributed for each fatigue stress sub-group.    

This makes the overall number for the seventeen 

groups of working parameters is 306 specimens. 

3. Design of Experiments 

   Design of experiments (DOE) is a method for 

planning, carrying out, analyzing and 

interpreting experiments in a systematic way. 

DOE employs statistical tools to analysis the 

effect of input variables and their interactions on 

a response or group of responses. This approach 

decreases the number of experiments required to 

develop an experimental model that can be used 

to investigate the effect of process factors and 

their interactions on the response [22, 23]. 

Manipulating of input variables at the same time 

is possible with DOE to identify the important 

interactions that may be not observed when 

applying experiments with one factor at a time 

method [24]. Response surface methodology 

(RSM) is a mathematical and statistical 

technique based on DOE can efficiently model 

and analyze any process in which the response 

affected by input variables [25]. RSM can 

predict the response at various process variables 

as well as optimize it through find the values of 

variables that produces the best desired 

condition for the response [26] . 

   Design-expert v13 software package was used 

in current study to perform DOE, analyses data, 

build RSM model and optimize the process 

through Box-Behnken design (BBD). 

Optimization was benefit for predicting the 

optimum process variables that yields best 

fatigue life. In RSM, the general second-order 

polynomial model was used as a functional link 

between the independent variables and the 

response surface [27]: 

     ∑    
   

  
  ∑ 

 

   

∑    

 

     

          

       ( ) 
where Y is the response, the set bo, bii and bij 

are linear, quadratic and interaction regression 

coefficients, xi and xj are the independent 

variables and e is the experimental/residual 

error. 

   Design Expert ® V13 statistical software 

package from Stat-Ease Inc. was utilized to 

build the statistical model and analyze the 

obtained experimental data. BBD was used for 

three input independent variables namely the 

pulse repetition rate (PRR), laser spot size (ω) 

and scanning speed (v) on the dependent 
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response fatigue life. The range of input variable 

was designed and defined for the software to 

suggest the number and set of input variable for 

each experiment. Table (3) lists the lower and 

higher range for each input variable and their 

corresponding coded levels. The experiments 

were carried out to obtain the response values 

which inserted into the software later.  

Table (3) Input parameters ranges and their coded 

levels 

Variable 
Actual values at coded levels 

-1 0 +1 
PRR (kHz) 20.00 22.5 25.00 

ω (mm) 0.02 0.03 0.04 
v (mm/s) 200.00 350 500.00 

4. Results and Discussion 

4.1 Experimental Results 

   The fatigue life values representing the 

responses are expressed by the number of cycles 

(noc) for each applied stress. The extracted 

experimental results for noc were inserted into 

DOE to finish data insertion. The experimental 

design considered three levels, three 

independent input parameters (PRR, ω, and v), 

and seventeen experiments. Table (4) presents 

the average fatigue life value of three specimens 

for each set of parameters group subjected to 

different loads as well as the raw metal noc 

values.    

   

 

   Two of the applied experiments for different 

sets of input parameters show significant fatigue 

life: experiments 6 and 16. It could be deduced 

from both experiments the PRR of 22.5 and ω of 

0.04 mm are the optimum operating conditions 

at the upper and lower scanning speed ω values 

of 200 mm/s and 500 mm/s. Compared with raw 

specimens, noc for these two sets of parameters 

recorded a percentage increase in fatigue life of 

505.25% and 477.81% for experiments 6 and 

16, respectively, as seen in figure (2). 

   The experimental data was represented on 

boxplot graphs to discover their variability or 

dispersion, outliers and symmetry. Boxplots 

graph in figure (3) show the impact of each 

input parameter at its three levels on data

Table 4: BBD for extraction the response values for fatigue life. 

E
x

p
er

im
e
n

t 
N

o
. Parameters values  

(Coded values) 
Responses: Average fatigue life (noc) ⤬ 10

4
 (cycle) 

PRR 

(kHz) 

 

ω 

(mm) 

v 

(mm/s) 

noc at 

263 

(Map)   

noc at 

235  

(MPa)   

noc at 

222 

(MPa)   

noc at 

217 

(MPa)   

noc at 

210  

(MPa)   

noc at 

205 

(MPa) 

Raw specimens 

 (not processed)  
4.273 9.229 10.749 12.286 15.077 18.508 

1 22.5 (0) 0.03 (0) 350 (0) 5.636 9.633 18.468 28.078 38.794 46.812 

2 22.5 (0) 0.03 (0) 350 (0) 6.052 13.098 20.233 30.226 43.900 57.098 

3 25 (1) 0.04 (1)  350 (0) 4.701 10.717 20.381 30.267 41.874 57.619 

4 25 (1) 0.03 (0)  500 (1) 8.568 15.770 21.818 30.688 43.413 51.920 

5 25 (1) 0.03 (0) 200 (-1) 4.676 10.903 21.948 31.284 41.023 51.164 

6 22.5 (0) 0.04 (1) 500 (1) 13.123 20.904 32.610 43.441 73.353 112.021 

7 22.5 (0) 0.02 (-1) 500 (1) 3.760 9.598 19.013 24.047 30.297 38.351 

8 20 (-1) 0.04 (1) 350 (0) 4.834 11.011 20.417 30.214 40.217 50.703 

9 22.5 (0)  0.02 (-1) 200 (-1) 4.746 10.433 20.812 29.850 40.661 50.106 

10 22.5 (0) 0.03 (0) 350 (0) 6.052 13.098 20.233 30.230 43.900 57.098 

11 22.5 (0) 0.03 (0) 350 (0) 62.112 10.343 18.757 26.992 36.890 51.329 

12 22.5(0)  0.03 (0) 350 (0) 5.120 11.250 13.601 22.551 31.489 50.226 

13 20 (-1) 0.02 (-1) 350 (0) 4.378 9.569 20.191 30.144 31.727 54.378 

14 20 (-1) 0.03 (0) 500(1)  4.046 10.253 19.050 23.986 34.063 44.319 

15 20 (-1) 0.03 (0) 200 (-1) 4.691 11.914 22.453 29.870 40.263 49.000 

16 22.5 (0) 0.04 (1) 200 (-1) 10.652 20.428 31.201 40.243 64.010 106.942 

17 25 (1) 0.02 (-1) 350 (0) 4.378 9.569 20.191 30.144 31.723 54.378 
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 Figure (2): The percentage increase in fatigue life 

for the processed specimens at an applied stress of 

205 MPa 

characteristics and distribution. The high level 

of ω demonstrates more different amounts when 

compared with the other two parameters PRR 

and v, as seen in figure (3a). On the other hand, 

the other two levels of ω exhibit no effect of 

variability of the response and shorter whiskers. 

The more significant variability for noc data and 

wider whiskers can be observed at least for two 

levels of the v parameters as shown in figure 

(3b). 

   No outlier was observed where the whiskers 

length is shorter than the 1.5 times the 

interquartile range. The longer boxes of low and 

high levels for v indicates wider distribution, 

that is, more scattered data. Figure (3c) 

demonstrates less distribution and outlier data 

for the three levels of the parameters PRR. The 

median lines of the three boxplots overlap with 

their adjacent boxplots, and then there is likely 

to be no effective differences between the three 

levels.  

 

 

 

Figure (3): Boxplots representation for the 

distribution of data at three levels for each input 

parameter: a) spot size ω, b) scanning speed v and 

 c) pulse repetition rate PRR. 

   For all three graphs, it can be seen that most of 

the boxplots for the three parameters are skewed 

(asymmetric) and don’t follow a normal 

distribution.   

4.2 Model Analysis 

   BBD based on RSM with three independent 

parameters as input variables and their 

interactions was utilized to develop the response 

surface models and their interactions. The 

response surface was tailored to fit the 

experimental results obtained from the executed 

experiments. The models predict found the 

responses noc at the various combination of 

working parameters PRR, ω and v. The 

adequate model without aliased terms after 
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eliminating some combinations of nominal and 

weird words. 

   Axiomatically, all of the responses for noc at 

different applied stresses show different values 

but approximately the same behavior when 

modeled. Thus, one of these models will be 

presented in the current section, reflecting the 

general conduct of fatigue lives at different 

applied stresses. The following analysis for the 

obtained model and optimization is related to 

the response at the applied pressure of 205 MPa. 

It is worth to mention the quadratic model was 

failed to represent the significance of the build 

model and its related input parameters. This 

may be related to the nature of obtained data in 

term of two significant results among almost the 

same level of data for the others. The cubic 

model handles the situation after elimination 

some diagnosed aliased combinations of input 

parameters. The mathematical model that 

benefits for predicting the response noc as a 

function of a set of the input parameters PRR, ω 

and v is as follow: 

         ⤬          ⤬             
⤬            
⤬                   
     ⤬             
⤬              
⤬               

                
⤬         
              ( ) 

   One-way Analysis of variance test (ANOVA) 

was applied for the reduced cubic model given 

in table (5) to test the null hypothesis and 

analyze the statistically significant differences 

between the means of variables.

 

   The F-value of 58.36 for the developed model 

implies the model is significant. There is only a 

0.01%chance that this large F-value occur due 

to noise. The observed significant p-value of 

0.0001 makes both terms of the model are 

significant. Among the duration of three input 

parameters, the v is found effective for both F-

value and p-value. Likewise, the combinations 

of input parameters were found significant 

except the term ω.v2 was insignificant where 

the p-values greater than 0.10. The Lack of Fit 

F-value of 0.0228 implies that the Lack of Fit is 

unimportant relative to the pure error. There is 

an 88.73% chance that a Lack of Fit F-value this 

large could occur due to noise. Non-significant 

lack of fit is a good value to the model fit. 

   The fit statistics reveal an R
2
 value of 0.9923 

close to unity and has good agreement with an 

adjusted R
2
 value of 0.9753. The Adequate 

Precision (Adeq) value measures the signal to 

Table (5): ANOVA test for noc at applied stress of 205 MPa. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-value p-value  

Model 1.013⤬10
10

 11 9.207⤬10
8
 58.36 0.0001 significant 

PRR 4.469⤬10
5
 1 4.469⤬10

5
 0.0283 0.8729  

ω 1.5  ⤬10
7
 1 1.5  ⤬10

7
 0.9593 0.3723  

v 2.637⤬10
8
 1 2.637⤬10

8
 16.71 0.0095  

PRR . ω 5.146⤬10
8
 1 5.146⤬10

8
 32.62 0.0023  

ω . v 2.984⤬10
8
 1 2.984⤬10

8
 18.91 0.0074  

PRR
2
 1.533⤬10

9
 1 1.533⤬10

9
 97.16 0.0002  

ω
2
 1.870⤬10

8
 1 1.870⤬10

8
 11.85 0.0184  

v
2
 1.063⤬10

9
 1 1.063⤬10

9
 67.36 0.0004  

PRR . v 2.691⤬10
8
 1 2.691⤬10

8
 17.06 0.0091  

ω.v
2
 3.896⤬10

7
 1 3.896⤬10

7
 2.47 0.1769  

ω
2
v 2.624⤬10

9
 1 2.624⤬10

9
 166.3 <0.0001  

Residual 7.889⤬10
7
 5 1.578⤬10

7
    

Lack of 

fit 
4.469⤬10

5
 1 4.496⤬10

5
 0.0228 0.8873 

not 

significant 

Pure 

error 
7.844⤬10

7
 4 1.861⤬10

7
 

  
 

Cor 

Total 
1.021⤬10

10
 16 
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noise ratio. The model shows an Adeq Precision 

value of 28.049, where a ratio greater than 4 is 

desirable. This can give an indication that the 

model could be used to navigate the design 

space. Figure (4) shows the distribution of the 

actual data points of the response depicted by 

the experiments on each run versus the predicted 

values evaluated by the model. It can be seen 

data points distributed along the 45o line 

indicating good agreement of experimental and 

expected results by the model. 

 

Figure (4): Plot of predicted vs. actual data of the 

modified model in noc. 

   According to the experimental results and 

statistical analysis, RSM plots the three-

dimensional graphs for the response noc as a 

function of two or more input parameters. 

Figure 5 defines in 3D graph and contour plot 

the values of noc at a combination of two input 

parameters for a certain fixed value for the third 

one. The effect of PRR and ω for a fixed value 

of v 200 mm/s is illustrated in Figure 5a. The 

impact of PRR and ω on the fatigue life 

indicated that noc was maximum at ω=0.04 mm 

and PRR= 22.5 kHz. It is clear that noc has 

increased with increasing ω and PRR towards 

the maximum and moderate values respectively. 

For the same graph, if v switched to average 

values of 350 mm/s, the response surface 

decreases before increasing to the maximum at 

v=500 mm/s. High scanning speed results in a 

high cooling rate and low interaction time with 

the target, resulting in less roughness and high 

hardness.  

   However, when the speed declines, the 

interaction time increases, and the cooling rate 

decreases, resulting in increased surface 

roughness accompanied by lower hardness [28]. 

   The effect of PRR and v on the response, at 

fixed value of ω=0.03 mm, is depicted in Figure 

5b. Moving PRR from the moderate to high 

values gives higher values of noc at the 

terminals of v 200 mm/s and 500 mm/s. 

Changing the value of ω to the minimum lowers 

the response surface down and vice versa. The 

induced compressive residual stresses at the 

surface obviously increase for a certain depth 

with increasing ω [29]. 

   The effect of ω and v on the noc when the 

PRR at 22 kHz is shown in figure (5c). The noc 

shows two significant peaks when ω= 0.04 mm 

and v is at the maximum or minimum values. 

Lowering the value of PRR lowers the response 

surface and keeps the same pattern. This may be 

related to plasma formation rule related to the 

laser intensities value. At low intensity of less 

than 1 GW/cm2 LSP is not verified. At 

moderate range of 1 GW/cm2 to 7 GW/cm2, the 

plasma pressure reaches its maximum limit. 

When the intensity increases above 7 GW/cm2, 

plasma saturation and light shielding occur [30]. 
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   Figure (5): 3D response plots for noc. 

 4.3 Optimization 

   To enhance the fatigue life efficiency, the 

optimum suggested operating parameters were 

introduced by the model as shown in Figure 6. 

In the criteria of optimization, three optimized 

conditions were extracted out by setting three 

different criteria: 

a) Maximum response could be attained for 

PRR range of 22 - 25 kHz and ω range of 0.035 

– 0.04 mm when the experiment operates at v of 

500 mm/s as shown in Figure 6a. 

b) Figure 6b shows it is possible maximize the 

response through two conditions at constant 

value of ω equals to 0.04 mm and PRR range of 

21 – 25 kHz. The highest one is when v equals 

500 mm/s and the lowest one at v equals to 200 

mm/s . 

c) To maximize the response Figure 6c reveals 

two sets optimized conditions at PRR of 25 kHz. 

The largest one when the v equals 500 mm/s and 

ω=0.04 mm and the smaller one when the v 

equals 200 mm/s for same value of ω. 
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Figure (6): 3D response plots for desired response 

values. 

5. Conclusions 

   LSP treatment for Aluminum 6061-T6 thin 

sheets, reveals a significant improvement in 

fatigue life under cyclic loading. The following 

concluded remarks are extracted from the 

current study: 

1. Processing samples with LSP showed a 

variety range of improvement for the fatigue life 

with respect to the untreated samples. At two 

sets of input parameters, the results were highly 

considerable. When the PRR equals 22.5 kHz 

and ω was 0.04 mm the percentage increase in 

fatigue life was 505.25% and 477.81% at the 

minimum and maximum scanning speeds 200 

mm/s and 500 mm/s respectively. 

2. The experiments results show that both 

v followed by the ω are the most effective 

parameter reveal a wider variance in the fatigue 

life values represented by noc. 

3. The quadratic model failed to explore 

the design space due to the few numbers of 

significant results (only two) which may be 

considered as noise. Therefore, experimental 

modeling switched toward the cubic model after 

terminating the aliased combination of 

parameters. 

4. The presented model reveals a variety 

of conditions for improving the fatigue life 

results such as: when applying the v at 500 

mm/sec for PRR range of 22 – 25 kHz and ω 

range of 0.035 – 0.04 mm. Another optimization 

set when the scanning speed v at its maximum 

or minimum limits at ω of 0.04 mm and PRR 

from 21 to 25 kHz. 
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 السرعة فائقبالليزر  سفعلوُعالجة بالا

 

علي هحود خضير
6
راهين حسين, فرات اب 

2
 

 
1
 /خبيؼخ ثغذاديؼٓذ انهٍضس نهذساسبد انؼهٍب 

2
 خبيؼخ ثغذاد/كهٍخ انُٓذسخ انخٕاسصيً/قسى ُْذسخ انًٍكبرشَٔكس 

 
 

انزً ردؼهٓب يثبنٍخ لإَٔاع  انًؼبندخ يضٌب سٕٓنخثخصبئصٓب انًًزبصح ٔ T6-0001 َٕعرزًٍض سجبئك الأنٕيٍُٕو : الخلاصة

أقم يٍ سجبئك انصهت راد  ا نهكلالانزحًٍم انذٔسي ػًش ػُذيخزهفخ يٍ انزطجٍقبد انصُبػٍخ. رظٓش سجبئك الأنٕيٍُٕو 

ٔاط  100ػبنٍخ رصم إنى  ذسحُبَٕثبٍَخ ثقَٕع اننٍب  الأانذساسخ انحبنٍخ رى اسزخذاو نٍضس  فً انًًبثهخ. خٕاص انًٍكبٍَكٍخان

انفشم ػًش  ٔصٌبدح يٍ أخم رؼضٌض اخٓبداد داخهٍخ ضابفخشقٍقخ لاانٍضس ػهى صفبئح الأنٕيٍُٕو انهبث سفغػًهٍخ نزطجٍق 

رصًٍى  اسهٕة ثُبءً ػهى Box-Behnken (BBD)رى اسزخذاو رصًٍى  رحذ انزحًٍم انذٔسي. فً ْزِ انذساسخ انكلانً

ٔرحسٍُٓب. رى انزحقٍق فً رأثٍش انًجٍُخ ػهى َزبئح انًخزجش  رج( نزحهٍم ثٍبَبد انزصًٍى انزدشٌجً ٔثُبء انًُبDOEانزدبسة )

 يخزهفخ انقًٍخ ثلاثخ يسزٌٕبدث( PRR) بد( ٔيؼذل ركشاس انُجضv( ٔسشػخ انًسح )ωحدى انجقؼخ ) انزشغٍم ًْٔيؼهًبد 

فً ػًش انكلال (. أظٓشد انُزبئح صٌبدح حصشٌخ noc) انلاصيخ نحذٔس انفشم انًؼجش ػُّ ثؼذد انذٔساد كلالػهى ػًش ان

ٔ  mm/s  200ًسحاننسشػزً  ω = 0.04mm  ٔPRR = 22.5kHz٪ ػُذ 71...1٪ ٔ 505.25 يئٌٕخ قذسْب ثُست

mm/s 500  .ًى ػذح يقزشحبد نًؼهًبد الادخبل انزً يٍ انًًكٍ اٌ انًجُ رى انحصٕل يٍ انًُٕرج انزطجٍقًػهى انزٕان

 . ػهىيزًثهخ ثؼًش كلال أ أداء انؼًهٍخ ٔ رحسٍ انًخشخبد

 

 


