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Abstract: 

This paper presents the results of an experimental study conducted to identify the parameters 

of the laser machining process that yield the best results when working with Hastelloy C276, a 

nickel-based alloy commonly used in the aerospace, defense, energy, and food processing 

industries. Laser cutting is a non-contact thermal cutting process that uses a high-power laser 

beam to melt and vaporize the material. The Box-Behnken design with ANOVA analysis was 

utilized to determine the impact of laser machining process parameters (laser power, cutting 

speed, and gas pressure) on Heat-Affected Zone (HAZ) and surface roughness (Ra). Applying 

specific optimization techniques, a set of approximate optimal parameters was obtained. 

According to the results, a laser with a power of 2400 watts, gas pressure of 15.66 bar and 

cutting speed of 2232.58 mm/min yielded machined components with the best possible quality 

and efficiency, with a surface roughness of 0.78 (µm), HAZ of 0.127 mm. Overall, the Box- 

Behnken design approach with response surface methodology (RSM) is a powerful tool that 

can be used to optimize laser machining process parameters for the material Hastelloy C-276 

sheet. With this approach, the process parameters can be adjusted to yield the desired 

performance and quality of the machined parts. Furthermore, the results of this study 

demonstrate the importance of setting the laser power to the optimal value in order to achieve 

the best results. 

Key words: Heat affected zone (HAZ), Surface roughness (Ra), Laser power, Cutting speed, 

Gas pressure 

 
1. INTRODUCTION 

Hastelloy is a family of nickel-based alloys that contain varying amounts of molybdenum, 

chromium, and other elements to provide high strength, corrosion resistance, and heat [1]. 

These properties make Hastelloy ideal for use in harsh environments such as chemical 

processing, oil and gas production, and aerospace [2]. It has also been a highly attractive 

material for naval/marine applications [3]. Laser cutting is a precise and efficient cutting 

method that has gained popularity in recent years due to its ability to cut a wide range of 

materials with high accuracy and speed [4]. Laser cutting of Hastelloy has unique challenges 

due to its high melting point, low thermal conductivity, and tendency to form a hard and brittle 

heat-affected zone (HAZ) during cutting [5]. In this research paper, we will explore the recent 
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developments in laser cutting of Hastelloy and the potential applications of this process in 

various industries. Compared to traditional cutting methods such as plasma cutting or water jet 

cutting, laser cutting has several advantages when it comes to cutting Hastelloy [6,7]. As a 

first advantage, laser cutting does not involve any motorized power or touch with the material 

being removed [8-10]. Second, laser cutting produces a narrow kerf width and a small HAZ, 

resulting in minimal material waste and distortion. Third, laser cutting can achieve high cutting 

speeds and accuracy, making it suitable for mass production and complex geometries [11]. 

However, laser cutting of Hastelloy has limitations. The high energy input of the laser beam 

can cause melting, vaporization, and oxidation of the material, leading to surface roughness, 

cracking, and porosity [12-14]. In addition, the thermal stress induced by the laser beam can 

cause distortion and residual stress in the material. The quality of laser cutting for Hastelloy 

depends on various process parameters such as laser power, cutting speed, focal position, assist 

gas, and nozzle diameter [15]. The laser power determines the amount of energy delivered to 

the material, affecting the cutting depth, kerf width, and edge roughness [16]. The cutting speed 

affects the heat input and cooling rate of the material, influencing the microstructure and HAZ 

width. The focal position determines the focus diameter and shape of the laser beam, affecting 

the spot size and energy density at the cutting surface. The assist gas, usually nitrogen or 

oxygen, helps to remove the molten material and protect the cutting zone from oxidation [17- 

19]. The nozzle diameter affects the gas flow rate and pressure, affecting the gas flow pattern 

and the shape of the molten pool. To improve Hastelloy C-276's wear resistance [20] used laser 

surface treatment in an argon atmosphere, where they found the adjusting the laser's 

specifications to produce a hard, durable layer without annealing in advance is a method to 

achieve it. Ra and HAZ were measured after being machined from Inconel 718, a nickel-based 

superior alloys, to determine the impacts of various laser cutting parameters. employing an X- 

ray and a scanning electron microscope. CO2 laser cutting process factors which enhance Ra, 

HAZ, kerf width, and material removal rate (MRR) when machining stainless steel were 

investigated using a preference selection index [21]. Used experimental data and the RSM 

method to do a statistical analysis While machining sheets of polycarbonate with a laser, the 

properties "Ra and geometry" are influenced by the process parameters of the laser, which 

include the laser power, the rate of cutting, and the focal location. In order to get a high 

frequency cut while employing a Nd:YAG laser with pressurized gas, a multi-objective 

optimization of the kerf deviation, kerf width, and kerf taper [24]. Parametric studies conducted 

on laser machining processing parameters such as laser power, cutting speed, and gas pressure 

discovered that laser power seems to have a significant impact on Ra and top kerf when 

working with stainless steel (ASTM 304) [25]. Particle swarm optimization, a swarm-based 

optimization method, was used to optimize the objective function, i.e., the geometrical quality, 

of a test done on Inconel-718 to use a pulsed Nd: YAG laser beam. [26] is being carried out 

research in order to examine the quality of laser cutting in relation to the processing parameters 

of CO2 laser cutting for the aluminum alloy AA5083. These processing parameters include 

laser power, scanning speed, pulse frequency, and the gas pressure. Joshi et al., [27] carried out 

a study to use a pulsed Nd-YAG laser and a Box-Behnken design to investigate kerf geometry 

and metallurgical variation in resource aluminum alloy (Al 6061-T6) with selected settings of 

lamp current, pulse width, pulse frequency, and cutting speed. Their goal was to determine how 

these variables affected the kerf geometry and the metallurgical variation. Sharifi et al., [28] 
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conducted experimental research on the CO2 laser cutting of the material Al 6061 T6 alloy in 

order to investigate the impacts of laser process parameters such as speed, laser power, standoff 

distance, and sheet thickness on temperature and cutting-edge quality. It was discovered that 

the power of the laser has a significant impact on the output qualities that were examined. 

Anghel et al., [29] determine the impact of factors such as laser power, cutting speed, focal 

location, and gas pressure on efficiency feature of Surface roughness, operational research is 

conducted utilizing CO2 laser during the profile cutting of gears manufactured of alloy stainless 

steel 304. Elsheikh et al., [30] had carried out investigative research utilizing RSM in order to 

determine the impact of cutting variables such as cutting speed, gas pressure, laser beam power, 

and sheet thickness on cutting quality for said materials poly methyl methacrylate. 

Producing complicated profiles using more conventional methods is a challenging task that 

takes a significant amount of time. In order to achieve the level of accuracy, it is necessary to 

adjust the laser process parameters to their optimal values. In this article an effort is made by 

using Box-Benhken design to determine the impact of varying laser process parameters on the 

size of the heat affected zone (HAZ) and the surface roughness (Ra). In this research paper, the 

effects of process parameters on the cut quality, heat-affected zone are observed. 

 
2. METHODS AND MATERIALS 

In this research, the material chosen was Hastelloy C-276 sheet or plate of the desired thickness 

and dimensions. Clean the surface of the material to remove any dirt, oil, or debris. Place the 

material on a flat and stable work surface. 

Hastelloy C-276 is made up of 15.5% chromium, 0.6% magnesium, 0.088% carbon, 0.034% 

silicon, 0.001% Sulphur, and 0.004% phosphorus. In addition, it has 0.004% phosphorus and 

0.001% Sulphur. The level of carbon, which has a range of values, is managed so that it is 

appropriate for almost all the service applications. The results of the Spectro analysis are 

presented in Table 1, which details the chemical composition of Hastelloy C-276; Table 2 

meanwhile, details the mechanical properties of the materials that were utilized in the research 

[31].  

 
Table 1. Chemical composition of Hastelloy C-276 

Element C Mn Si S P Cr Ni Mo Co W Fe V 

W% 0.005 0.41 0.02 0.002 0.005 15.83 Bal 16.36 0.05 3.45 6.06 0.17 

 
 

Table 2. Carbon steel's mechanical characteristics 

Material 
Tensile strength 

(MPa) 

Yield strength 

(MPa) 
Elongation Density 

Hastelloy C-276 790 355 40% 8.89/cm3 

 

 

Fig. 1 represents the laser cutting process of Hastelloy C-276 samples. The location of the focal 

plane in relation with the upper surface Hastelloy C-276 sheet having thickness of 3.7mm, is 

illustrated in the Fig. 2. 
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Fig. 1. The laser cutting process of Hastelloy C-276 sheet 

 

 

Fig. 2. The location of the focal plane in relation with the upper surface Hastelloy C-276 sheet 

 
Laser system setup: For experimentation on the system a set up the laser cutting machine in a 

well-ventilated area with appropriate safety measures in place, including safety glasses, gloves, 

and a face mask is utilized. Before the experimentation it was ensured that the laser beam is 

properly aligned and focused. By using nitrogen as the assist gas, the cutting experiments are 

performed in a continuous 4 kW CO2 laser cutting machine. Large number of trials were 

performed on the set up to determine the cutting parameters based on the thickness and 

composition of the Hastelloy material. These parameters include the laser power, cutting speed, 

and focal length of the lens. The parameters will depend on the specific laser cutting system 

being used and the desired cutting quality. Table 3 shows the input process parameter with their 

limiting range 
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Table 3. Input process parameter with limiting range 

Input process parameters Unit Notation Min Limit Max Limit 

Laser Power Watt LP 2400 3800 

Cutting Speed mm/min CS 1100 2400 

Gas Pressure Bar GP 11 17 

 

 

3. DESIGN OF EXPERIMENTS 

Box–Behnken designs, created in 1960 by George E. P. Box and Donald Behnken, are 

experimental designs for response surface methodology [32]. Each component, or independent 

variable, has one of three equally spaced values, commonly −1, 0, +1. (The following aim 

requires three levels.) The design should suit a quadratic model with squared terms, two-factor 

products, linear terms, and an intercept. The quadratic model's coefficient-to-experimental 

point ratio should be fair (in fact, their designs kept in the range of 1.5 to 2.6). The estimation 

variance should rely mostly on the distance from the center (this is achieved exactly for the 

designs with 4 and 7 components) and not change considerably inside the smallest (hyper) cube 

containing the experimental points. Rotatability Box-Behnken design outperforms three-level 

full factorial design, central composite design (CCD), and Doehlert design despite its weak 

corner coverage of nonlinear design space. Same kind of methodology was adopted by various 

researcher in the past for different processes and obtained the good results [33-39]. A specific 

number of factors are placed through all factorial design combinations in each block, while the 

remaining factors are retained at the center values. In the Box–Behnken design for three factors, 

three blocks vary two factors through the four potential high and low combinations. Include 

center points (in which all factors are at their central values). As per the stated design of 

experimental strategy the cutting parameters have been employed for the cutting and the 

experiments are performed on the Hastelloy material. During all the trials, the laser beam 

impact angle was kept at 900. A uniform distance was kept between the square profiles cut (20 

mm × 20 mm × 3.7 mm), during each consecutive trial and in a single pass and a key-hole cut 

was also made in each specimen, for the purpose of measuring the kerf width. 

In order to reduce the allowable range of process parameters and to sort out the acceptable 

upper and lower level of parameters. Under this experiment, complete cutting, the minimum 

value (surface roughness, Heat affected zone) were the governing aspects considered for 

determining the working ranges. The list of all parametric settings of rotatable central 

composite designs, that are running along with their obtained corresponding responses are 

listed in the Table 4. 
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Fig. 3. Geometrical features of the cross-section of the kerf 

 

Table 4. Experimental design matrix with the corresponding results for Hastelloy C276 

Sr. 

No. 

Laser power 

(watt) 

Cutting speed 

(mm/min) 

Gas pressure 

(bar) 

HAZ 

(mm) 

Surface roughness 

(µm) 

1 3100 1762.5 14 0.190 0.95 
2 3800 1762.5 17 0.196 1.17 

3 3100 2400.0 11 0.199 1.02 

4 3100 1762.5 14 0.191 0.96 

5 3100 2400.0 17 0.188 0.99 

6 3800 1762.5 11 0.191 1.16 

7 3800 1125.0 14 0.209 1.15 

8 2400 1125.0 14 0.153 0.89 

9 2400 2400.0 14 0.136 0.77 

10 2400 1762.5 17 0.123 0.86 

11 3100 1125.0 11 0.214 1.08 

12 3800 2400.0 14 0.196 1.10 

13 3100 1762.5 14 0.190 0.96 

14 2400 1762.5 11 0.148 0.88 

15 3100 1125.0 17 0.201 1.09 

 

After the cutting operation is complete, remove the Hastelloy material from the laser cutting 

machine. Inspect the cut for any rough edges, burrs, or other imperfections. Use appropriate 

post-processing methods to remove any imperfections and achieve the desired surface finish. 

Overall, laser cutting of Hastelloy requires careful attention to detail and adherence to safety 

protocols. By following the experimental strategy outlined above, one can achieve a clean and 

precise cut with minimal heat-affected zone. 

 
3.1 Analysis of HAZ 

Table 5. demonstrates the Box-Benhken design along with the “ANOVA” results for the 

obtained quadratic model of "HAZ." The "F-value" that was calculated for the model to be 

1878.98, which indicates that the model is credible and reliable. This is because the F-value is 

a measure of the overall variation in the model which is explained by the term and the 

regressors. In addition to this, the model terms, and square terms for "laser power" (LP), "gas 
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pressure" (GP), and "cutting speed" (CS), were discovered. Table 5  shows the "F-value" 

for each term, such as linear, squared, and interaction. A term with higher "F-value" would have 

a bigger effect on the model. The "laser power" has a "F-value" of 10623.10, which is higher 

than other parameters, indicating it has the most impact on "HAZ," followed by the "cutting 

speed" parameter and the "gas pressure" parameter. The value of "Pred R-Squared," which was 

found to be 99.61%, is in good agreement with the value of "Adj R-Squared," which was found 

to be 99.92%. These values are both measures of the model's goodness of fit, with R-squared 

representing the proportion of the variance in the dependent variable that can be explained by 

the independent variables. In addition, the P value for each of the parameters was found to be 

less than 0.05, indicating that the parameters are significantly contributing to the results 

obtained. 

The Box-Benhken design is a powerful tool for finding the most impactful parameters for a 

given model. By using this design, it is possible to determine which parameters have the most 

significant effect on the model's outcome and to make decisions based on the results obtained. 

The F-value, R-squared and P-value are all indicators of the model's reliability and accuracy, 

which is essential in determining the best parameters for the model. In this case, the higher F- 

value and R-squared values indicate that the model is credible, and the lower P-value suggests 

that the parameters are contributing significantly to the results obtained. This provides insight 

into the parameters that have the most impact on "HAZ," and can be used to make data-driven 

decisions and optimize the model accordingly. 
 

Table 5. ANOVA analysis of HAZ 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 0.0107 0.0012 1878.98 0.00 

Linear 3 0.0074 0.0025 3889.74 0.00 

LP 1 0.0067 0.0067 10623.10 0.00 

CS 1 0.0004 0.0004 663.95 0.00 

GP  1 0.0002 0.0002 382.11 0.00 

Square 3 0.0031 0.0010 1626.14 0.00 

LP*LP 1 0.0026 0.0026 4068.38 0.00 

CS*CS 1 0.0003 0.0003 535.43 0.00 

GP*GP 1 0.0000 0.0000 1.98 0.22 

2-Way  3 0.0002 0.0001 121.05 0.00 

LP*CS 1 0.0000 0.0000 6.32 0.05 

LP*GP 1 0.0002 0.0002 355.26 0.00 

CS*GP 1 0.0000 0.0000 1.58 0.26 

Error 5 0.0000 0.0000   

Lack-of-Fit    3 0.0000 0.0000 2.50 0.30 

Pure Error 2 0.0000 0.0000   

Total 14 0.0107    

S: 0.0007958 R2: 99.97 % R2(adj): 99.92% R2(pred): 99.61 % 

 

Regression equation for HAZ 

   HAZ = 0.1508+ 0.000322 LP-0.000105CS-0.01518 GP- 0.0 LP*LP+ 0.00 CS*CS+ 

                0.000065GP*GP + 0.00 LP*CS + 0.000004 LP*GP+ 0.00 CS*GP -------------------- (1) 
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3.2 Analysis of Surface Roughness 

The developed statistical model is tested by ANOVA, the results for the surface roughness are 

presented in Table 6. From this table the F value of 1251.81 suggests that the model is 

statistically important. also, since "Prob > F" is less than 0.05, the term containing factor effects 

such as "Laser Power" (LP), "Gas Pressure" (GP), and "Cutting speed" (mm/min) is important. 

Moreover, the obtained F value with possible probability i. e. P for all terms is presented in 

Table 4. Form this table it has been determined that the "F-value" of "laser power" is 9493.64, 

which is significantly greater than the values of the remaining variables. The "laser power" 

parameter is known to have the greatest influence on the "Surface roughness" metric, trailed by 

the "cutting speed" and "gas pressure" indices. Once again, the model's "Pred R-Squared" score 

of 99.61% demonstrates excellent concordance with the "Adj R-Squared" score of 99.88%. 

 

Table 6. ANOVA analysis of surface roughness 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 0.206548 0.022950 1251.81 0.000 

Linear 3 0.187775 0.062592 3414.09 0.000 

LP 1 0.174050 0.174050 9493.64 0.000 

CS 1 0.013612 0.013612 742.50 0.000 

GP 1 0.000112 0.000112 6.14 0.056 

Square 3 0.016923 0.005641 307.70 0.000 

LP*LP 1 0.000041 0.000041 2.24 0.195 

CS*CP 1 0.002156 0.002156 117.62 0.000 

GP*GP 1 0.015203 0.015203 829.23 0.000 

2-Way 

Int. 
3 0.001850 0.000617 33.64 0.001 

LP*CS 1 0.001225 0.001225 66.82 0.000 

LP*GP 1 0.000225 0.000225 12.27 0.017 

CS*GP 1 0.000400 0.000400 21.82 0.005 

Error 5 0.000092 0.000018   

Lack-of-

Fit 
3 0.000025 0.000008 0.25 0.858 

Pure 

Error 
2 0.000067 0.000033   

Total 14 0.206640    

S: 0.0042817 R2: 99.96% R2(adj): 99.88% R2(pred): 99.73% 

 

 

Regression equation for surface roughness  

        Ra = 2.192+ 0.000134 LP- 0.000323 CS - 0.20274GP - 0.0 LP*LP+ 0.0 CS*CS+  

                 0.007130 GP*GP+ 0.00 LP*CS + 0.000004 LP*GP - 0.000005 CS *GP--------------(2) 
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4 RESULTS AND DISCUSSION 

The influence of laser machining process parameters like “laser power”, “cutting speed”, “gas 

pressure”, on “HAZ” and “surface roughness” is evaluated in detailed. The material is removed 

away because of the intense focused laser at the cutting zone. The results are discussed with 

the corresponding output characteristics as follows: 

 
4.1 Heat affected zone (HAZ) 

The effect that processes parameters, those used in laser machining, such as “laser power”, 

“cutting speed”, “gas pressure”, on “HAZ” is shown as the main effects plots for “HAZ” in 

Fig. 4. Throughout the laser cutting of Hastelloy C-276, it is impossible to prevent seeing 

"HAZ." As the amount of "laser power" goes up, the performance feature "HAZ" goes up 

gradually. This occurs since the value of "laser power" grows, its intensity on the workpiece 

material for machining also increases, which results in a degradation of the side upper face of 

the cutting zone as illustrated in Fig. 4. To reduce how much "laser power" affects "HAZ," a 

minimum number is preferable. It is observed from Fig. 5 that as the value of “cutting speed” 

increases, the performance characteristics “HAZ” decreases. As the value of “cutting speed” 

increases, it reduces the time for machining and interaction of “laser power” with the workpiece 

material results in desirable HAZ. 

It is observed from the Fig. 6-8 as the “gas pressure” increases; there is a gradual 

decrease in the performance characteristics “HAZ”. Whenever the value of “gas pressure” 

increases, the focused of the beam is more confine towards the cut results in reduction of 

“HAZ”. Further, “gas pressure” gives to the cooling of the workpiece and therefore, greater 

values of gas pressure contribute towards reduction in the amount of the surrounding “HAZ”. 

It is concluded that the minimum “HAZ” would occurs at lower values of “laser power” and 

higher value of “cutting speed”. 

 

 
Fig. 4. Main effects plots of HAZ 
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Fig. 5. Interaction plots of HAZ 

 

 

  
Fig. 6. Surface plot of HAZ vs GP, CS 

 hold values LP 

Fig. 7. Surface plot of HAZ vs GP, LP 

 hold values CS 

 

 
 

  
Fig. 8. Surface plot of HAZ vs CS, LP hold values GP 
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4.2 Surface Roughness (Ra) 

The main effect of selected laser machining parameters like “laser power”, “cutting speed”, 

“gas pressure” on “Ra” is shown in Fig. 9. As the value of “laser power” increases the 

performance characteristic “Ra” is degrading rapidly. This occurs because as the value of “laser 

power” increases, its strength on the workpiece material for machining increases which 

degrades the side face of the specimen. To reduce the effect “laser power” on “Ra” minimum 

value is desirable. It is observed from Fig. 10 as the value of “gas pressure” increases; the 

performance characteristics “Ra” improved gradually. This is because as the value of gas 

pressure increases it creates thrust at side face along with “laser power” which produces intense 

energy to cut the specimen smoothly. 

 

 
Fig. 9. Main effects plots of Surface roughness 

 
 

 
Fig. 10. Interaction plots of Surface roughness 
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The effect of selected laser machining parameters like “laser power”, “cutting speed”, “gas 

pressure” on “Ra” is shown in Fig.11-13. As the value of “laser power” increases the 

performance characteristic “Ra” is degraded rapidly. This occurs because as the value of “laser 

power” increases, its strength on the workpiece material for machining increases which 

degrades the side face of the specimen. To reduce the effect “laser power” on “Ra” minimum 

value is desirable. It is observed from response plots, as the value of “gas pressure” increases; 

the performance characteristics “Ra” improved gradually (little effect). This is because as the 

value of gas pressure increases it creates thrust at side face along with “laser power” which 

produces intense energy to cut the specimen smoothly. 

 

 

 
 

Fig. 11. Surface plot of Ra vs GP, CS 

hold values LP 
Fig. 12. Surface plot of Ra vs GP, LP 

hold values CS 

 

 

 
Fig. 13. Surface plot of Ra vs CS, LP hold values GP 
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Fig. 14. Contour plot of CS vs GP,  

hold values LP  

 

Fig. 15. Contour plot of Ra vs CS, 

hold values LP 

 

 

  
Fig. 16. Contour plot of GP vs LP, 

hold values CS  

 

Fig. 17. Contour plot of CS vs LP, 

hold values GP  

 

 

 

  
Fig. 18. Contour plot of GP vs LP, 

hold values CS 

Fig. 19. Contour plot of CS vs GP, 

hold values LP 
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4.3 Optimization and confirmation test 

The results of using the Box-Behnken design approach with response surface methodology 

(RSM) to optimize laser machining process parameters for the material Hastelloy C-276 sheet 

revealed that when using the optimal combination of parameters, including a laser power of 

2400 watts, gas pressure of 15.66 bar, and cutting speed of 2232.58 mm/min, yielded an 

increase in the performance and quality of the machined parts. Specifically, this combination 

yielded a surface roughness of 0.78 (µm), a heat-affected zone (HAZ) of 0.127 mm. These 

results demonstrate that this combination of parameters is the optimal choice for achieving the 

highest performance and quality of the machined parts. Furthermore, the results reveal that the 

laser power has the greatest influence on the performance and quality of the machined parts, 

followed by the feed rate and the scanning speed. Therefore, it is important to adjust the laser 

power to the optimal value in order to achieve the best results. 

Overall, the Box-Behnken design approach with response surface methodology (RSM) 

is a powerful tool that can be used to optimize laser machining process parameters for the 

material Hastelloy C-276 sheet. With this approach, the process parameters can be adjusted to 

yield the desired performance and quality of the machined parts. Table 7 shows the predicted 

and actual results of optimized parameter where obtained result shows good agreement with 

the predicted results. 

 

Table 7. Predicted and actual results of optimized parameter 

Sr. 

No. 
Parameter  Level Predicted results Actual results % error 

1 LP (watt) 2400 
Ra = 0.78 (µm) Ra = 0.80 (µm) 

2.56 

2 GP (bar) 15  

HAZ = 0.127 (mm) HAZ = 0.135 (mm) 6.29 3 CS (mm/min) 2232 

 

 

 
Fig. 20. Optimization plot 
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5. CONCLUSIONS 

In this study, the laser machining process parameters for the material Hastelloy C-276 sheet 

are improved with the help of Box Benhken design approach with response surface 

methodology. This approach is used to determine the most optimal values for the parameters. 

The primary goal of this investigations is to optimize the output characteristics, which include 

"HAZ" and "Ra" for the selected range of process parameters which include "laser power," 

"cutting speed," "gas pressure," The major conclusions of this research are that the Box- 

Behnken design approach with response surface methodology (RSM) is a powerful tool that 

can be used to optimize laser machining process parameters for the material Hastelloy C-276 

sheet in order to achieve the desired performance and quality of the machined parts. 

1. "Laser power" is found to be the most significant factor in determining Ra and HAZ. 

2. Using the many process factors that are taken into consideration, regression models are 

created for "HAZ," "Ra," These regression models are optimized in order to acquire the best 

possible value of the process parameters that are being considered for the laser machining 

process.  

3. Specifically, the optimal combination of parameters yielded an increase in performance and 

quality of the machined parts with a surface roughness of 0.78 (µm) and HAZ of 0.12 mm.  

4. Furthermore, it was determined that the laser power has the greatest influence on the 

performance and quality of the machined parts, followed by the feed rate and the cutting 

speed, thus emphasizing the importance of setting the laser power to the optimal value. 

5. The research also showed that the optimal combination of parameters for laser machining of 

Hastelloy C276 included a laser power of 2400 watts, gas pressure of 15.66 bar, and cutting 

speed of 2232.58 mm/min.  

6. This demonstrates that the Box-Behnken design approach with response surface methodology 

(RSM) can maximize the performance and quality of the machined parts by adjusting the 

process parameters to the optimal values. Additionally, the results of this study demonstrate 

the importance of setting the laser power to the optimal value in order to achieve the best 

results.  

7. Additionally, the results of this study demonstrate that the Box-Behnken design approach 

with response surface methodology (RSM) can be used to optimize laser machining process 

parameters for the material Hastelloy C-276 sheet in order to achieve the desired performance 

and quality of the machined parts. 
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Abstract 

Hastelloy C276, a nickel-based alloy widely utilized in aerospace, defense, energy, and food 

processing, was the subject of an experimental investigation presented here in order to 

determine the optimal laser machining process parameters for this material. In laser cutting, a 

high-powered laser beam melts and vaporizes the material without ever touching it. The effects 

of laser machining process parameters (laser power, cutting speed, and gas pressure) on Kerf 

width, surface roughness (Ra), Heat-Affected Zone (HAZ) were studied using the Taguchi 

method experimental design with the analysis of variance (ANOVA) methodology. Which 

measurement is the most precise is determined using the signal to noise ratio. Using certain 

optimization techniques, a set of parameters that are close to the best ones was constructed to 

achieve the good results. 

Keywords: Heat-Affected Zone (HAZ), surface roughness (Ra), Kerf Width, Hastelloy C-276, 

cutting speed, laser power, gas pressure, Taguchi Method, 

 
1. INTRODUCTION 

Hastelloy is a group of nickel-based alloys with excellent strength, corrosion resistance, and 

heat resistance due to the addition of molybdenum, chromium, and other metals in various 

proportions. Because of its durability and resistance to corrosion, Hastelloy is frequently used 

in industries like chemical processing, oil and gas production, defense, and aerospace. It has 

also been a very desirable material for use in maritime situations [1-3]. Since it can cut many 

different materials quickly and precisely, laser cutting has become increasingly popular in 

recent years. Due to its high melting point, limited thermal conductivity, and tendency to form 

a hard and brittle heat-affected zone (HAZ) during laser cutting, Hastelloy presents unique 

challenges [4-5]. In this investigation, the state of laser cutting technology for Hastelloy and 

discuss its possible uses across a range of sectors. When it comes to cutting Hastelloy, laser 

cutting has several advantages over more conventional methods like plasma or water jet cutting 

[6-7]. 

To begin, laser cutting is a type of cutting that does not involve any physical contact and does 

not call for the use of any sort of mechanical force, which lowers the possibility of the material 

being damaged. Second, laser cutting results in a thin kerf width as well as a smaller heat 

affected zone (HAZ). These characteristics contribute to the reduction of production waste and 

mailto:sagaraswar123@gmail.com
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damage. Finally, laser cutting can reach high cutting speeds and maintaining high levels of 

accuracy, which makes it a perfect option for applications involving mass manufacturing and 

complex structures [8-11]. Yet, there are several restrictions when it comes to cutting Hastelloy 

using a laser. The tremendous amount of energy that is being input by the laser beam has the 

possibility of causing the material to melts, vaporize, and oxidized, which can result in surface 

roughness, cracking, and porosity [12-14]. In additional to this, the thermal stress that is 

generated by the laser beam may leave the material with a distorted appearance and an 

increased level of residual stress. When cutting Hastelloy with a laser, the accuracy of the cut 

is determined by several different process parameters, including the laser power, cutting speed, 

focal location, assist gas, and nozzle diameter. Cutting depths, kerf width, and edge roughness 

are all affected by the amount of energy given by the laser [15-16]. The cutting speed influences 

the amount of heat that is transferred into the material as well as the time at which it cools, 

which also influences the material's microstructure and HAZ thickness. The spot size and 

energy density at the cutting surface are both affected by the focal location because it is 

affecting the focus diameter and structure of a laser beam. The assist gas, frequently composed 

of nitrogen or oxygen, works to evacuate the molten material, and prevent oxidation in the 

cutting zone [17-19]. The gas flow rate and pressure are affected by the size of the nozzle, 

which changes the gas flow pattern and the shape of the molten pool. Laser surface treatment 

in an argon atmosphere was used to improve the wear resistance of Hastelloy C-276. 

This is where consumers found the best laser parameter settings for making a wear-resistant 

surface without making a brittle phase [20-21]. Researchers looked at how certain laser cutting 

process parameters affect Ra and HAZ when Inconel 718, a nickel-based super alloy, is 

machined. Using an X-ray and a scanning electron microscope. aimed to utilize the preference 

selection index technique to identify the optimal values for the CO2 laser cutting process 

parameters that enhance the target qualities during machining of stainless steel (Ra, HAZ, kerf 

width, and MRR). laser process factors including laser power, cutting speed, and focal position 

were analyzed statistically using the RSM method to determine their effect on the 

characteristics "Ra and geometry" when cutting polycarbonate sheets. Using a compressed gas 

and a Nd:YAG laser, one can achieve a high-frequency cut, The kerf deviation, kerf breadth, 

and kerf taper were all represented in a multi-objective optimization [22–24]. Particle swarm 

optimization, a swarm-based optimization method, was used to maximize the objective 

function, i.e., the geometrical quality, of an experiment conducted on Inconel-718 using a 

pulsed Nd:YAG laser beam [25]. Analyze the effect of variables including laser intensity, 

cutting speed, focus point, and gas pressure, when cutting the profile of gears made of alloy 

stainless steel 304, surface roughness and operational studies are undertaken using a CO2 laser 

[26]. Investigation research using RSM to examine the effect of cutting variables such as 

cutting speed, gas pressure, laser beam power, and sheet thickness on the cutting quality of 

poly methyl methacrylate materials [27]. Experimental studies on the effects of speed, laser 

power, standoff distance, and sheet thickness on temperature and cutting-edge quality during 

CO2 laser cutting of Al 6061 T6 alloy. It was found that the evaluated output quality is 

significantly affected by the power of the laser [28]. 

The quality of the cut made on Hastelloy C 276 is the highest importance, hence the primary 

purpose of this study is to investigate the parameters that influence the cutting process on 

specific machines. Therefore, in order to construct the experimentation, a Taguchi L9 and an 
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orthogonal array was utilized to find the ideal settings for the laser cutter so that the Kerf 

width, average surface roughness, and HAZ of the cutting material can be kept to a minimum 

in the most efficient conditions for Hastelloy C 276. This will allow for the most accurate 

cutting possible. A study has investigated how the three major process parameters like laser 

power, cutting speed, and gas pressure have an impact on the kerf width, average surface 

roughness, and the HAZ during a process. 

 
2. METHODS AND MATERIALS 

 

2.1 Taguchi Method 

Genichi Taguchi created a set of mathematical techniques sometimes referred to as "robust 

design methods" to enhance the quality of manufactured items; these techniques have since 

found applications in engineering, biology, advertising, and more [29-32]. Expert statisticians 

have praised Taguchi's efforts and the results they've produced, especially his work in 

developing designs for analyzing variance, but they've also pointed out the ineffectiveness of 

several of Taguchi's recommendations [33-34]. 
 

2.1.1 Loss functions in the statistical theory 

In the past, treatment effects were estimated using mean-unbiased estimators in statistical 

models. Least squares estimators have the smallest variance of any mean-unbiased linear 

estimators under the assumptions of the Gauss-Markov theorem. The law of large numbers, 

which states that sample means converge to the true mean, also provides comfort for the 

prevalent use of mean comparisons. In his experimental design textbook, Fisher stressed the 

importance of comparing treatment means. however, loss functions were avoided by Ronald 

A. Fisher [35]. 

 

2.1.2 Taguchi's use of loss functions 

Taguchi's knowledge of statistical theory came primarily from those who, like Ronald A. 

Fisher, shied away from loss functions. Taguchi, responding to Fisher's approach to 

experimental design, saw in it an opportunity to improve the average results of a process. 

Indeed, long-term programs to improve harvests were a major inspiration for Fisher's work, 

specifically programs to compare agricultural yields under different treatments and blocks. 

However, Taguchi realized that in much industrial production, there is a need to produce an 

outcome on target, for example, to machine a hole to a specified diameter, or to manufacture a 

cell to produce a given voltage. He also realized, as had Walter A. Shewhart and others before 

him, that excessive variation lay at the root of poor manufactured quality and that reacting to 

individual items inside and outside specification was counterproductive. 

Therefore, he argued, quality engineering must first consider the costs associated with poor 

quality in a variety of contexts. Quality costs are often calculated as the number of products 

that are out of specification times the price per unit for rework or scrap in traditional industrial 

engineering. Taguchi, on the other hand, pushed for manufacturers to widen their perspectives 

to include societal cost. Any manufactured item that deviates from nominal will incur some 

loss to the customer or the larger community, whether it be through premature wear and tear, 

difficulties in interfacing with other parts (which are also likely to deviate widely from 

nominal), or the need to build in safety margins. Manufacturers tend to disregard these costs 
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because they have little bearing on their bottom line and are instead concerned with their own. 

Analyses of public economics show that these externalities hamper the effective functioning of 

markets. 

Taguchi claimed that if manufacturers took steps to reduce such losses, it would improve their 

brand's reputation, help them gain market share, and ultimately increase revenues. This would 

be comparable to the tragedy of the commons. 

When an item is extremely minute, any losses are minimal. Within the bounds of the 

specifications, we can ignore the possibility of losses, as Donald J. Wheeler put it. Losses 

increase when we deviate from nominal, and we reach the specification limit when the losses 

are no longer ignorable. Taguchi sought a statistically meaningful way to reflect these losses, 

which W. Edwards Deming would characterize as “unknown and unknowable”. Taguchi 

outlined three cases in which [36] 

• Larger the better (for example, agricultural yield), 

• Smaller the better (for example, carbon dioxide emissions), 

• On-target, minimum-variation (for example, a mating part in an assembly). 

In this context, the Taguchi method was used to establish the optimal values for the processing 

variables that would result in the lowest kerf width, Surface roughness and HAZ during the 

CO2 Laser cutting. Taguchi suggested adopting orthogonal arrays to collect unique information 

and analyzing the information to discover the optimal approach variables. The Taguchi quality 

concept design suggests that there are three possible output features to consider when 

evaluating the signal-to-noise ratio: the lower-the-better, the higher-the-better, and the nominal-

the-better. Using orthogonal arrays, this approach requires only a small sample size to 

evaluate a wide variety of parameters. There is a correlation between a higher signal-to-noise 

ratio and improved output characteristics. In this case, the best S/N ratio performance can be 

achieved at the stage of the process parameters. The lower kerf width, Surface roughness and 

HAZ have been chosen for the characteristics that will maximize machining productivity. The 

measurements of output period were used in the following equation to determine the values for 

the lower is better criterion for the corresponding S/N ratios. 

 

S/N ratio (ɳ) = -10log10 
1 
∑n

 
 

𝑦 i 2 

 

2.2 Material 

n i=1 

Hastelloy C-276 with 3.7 mm sheet was selected as the material for this investigation. Hastelloy 

C-276 is split into its essential chemicals and presented in Table 1. The preparation of the 

material, a sheet made of Hastelloy that has the required thickness and dimensions. It is 

important to clean the surface of the material so that any dirt, grease, or debris can be removed. 

Put the materials down on a work area that is stable and level. Hastelloy C 276 has 15.5% 

chromium, 0.6% magnesium, 0.088% carbon, 0.034% silicon, 0.001% Sulphur, and 0.004% 

phosphorus. Carbon level, which has a mixed value, is kept at a level that is good for most 

service uses. After Spectro analysis, Table 1 shows the chemical composition of the sample, 

and Table 2 shows how the materials used in the research worked. 
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Table 1. Chemical composition of Hastelloy C-276 

Element C Mn Si S P Cr Ni Mo Co W Fe V 

W% 0.005 0.41 0.02 0.002 0.005 15.83 Bal 16.36 0.05 3.45 6.06 0.17 

 
 

Table 2. Carbon steel's mechanical characteristics 

Material 
Tensile strength 

(MPa) 

Yield strength 

(MPa) 
Elongation Density 

Hastelloy C-276 790 355 40% 8.89/cm3 

 
2.2.1 Experimental setup 

The laser cutting machine is set up as shown in Fig 1 which is continuous 4 kW CO2 laser 

cutting machine. This machine set up was utilized for the said investigations, where it is kept 

in a well-ventilated area. The cutting operations were performed with safety glasses, gloves, 

and a face mask. Before the experiment, the laser beam was checked to make sure it was aligned 

and focused correctly by performing the trail experimentations in a Nitrogen assist gas. 

Fig. 1. Experimental set up of laser cutting process 

 

3. PROCESS PARAMETERS AND DESIGN OF TESTS (DOE) 

Research can carry out more methodically by using the Design of Experiments. The process 

factors and their respective levels are presented in Table 3. When analyzing a wide variety of 

parameter options, the Taguchi technique employs a straightforward layout of orthogonal 

arrays and a limited number of test cycles. The research utilized a Taguchi-based experimental 

setup with a typical L9 orthogonal array and three levels of three essential process parameters, 

such as laser power, cutting speed, and gas pressure. 
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Table 3. Process Factors and Levels 
 

Input process Unit Notation Min Limit Max 

Laser Power watt LP 2100 3500 

Cutting Speed mm/min CS 1200 2500 

Gas Pressure bar GP 12 16 

 
L9 orthogonal arrays are used to estimate a high number of critical effects in a perpendicular 

way with a small sample size. These arrays are also used to set up experiments that use a L9 

orthogonal matrix. Table 4, shows DOE with the obtained surface roughness, kerf width, HAZ 

and S/N ratio for each experimental condition 

 
Table 4. DOE with the obtained surface roughness, kerf width, HAZ and S/N ratio 

Exp. 

No. 
LP CS GP 

Ratio of 

kerf width 
SNRA1 

Surface 

Roughness 
SNRA2 HAZ SNRA3 

1 2100 1200 12 1.17 2.64 0.84 1.51  0.16 15.91 

2 2100 1850 14 1.91 -1.48 0.74 2.61 0.14 17.07 

3 2100 2500 16 0.85 4.84 0.70 3.09 0.12 18.41 

4 2800 1200 14 1.49 -0.45 0.95 0.44 0.19 14.42 

5 2800 1850 16 1.12 2.42 0.90 0.91 0.16 15.91 

6 2800 2500 12 1.29 1.66 0.90 0.91 0.16 15.91 

7 3500 1200 16 1.56 0.32 1.12 -0.98 0.22 13.15 

8 3500 1850 12 1.09 0.81 1.06 -0.50 0.24 12.39 

9 3500 2500 14 1.31 1.39 1.03 -0.25 0.21 13.55 

 
 
 

4. RESULTS AND DISCUSSION 

The Taguchi method was successfully applied to conduct the nine different experiments. The 

results of the tests conducted on kerf width, surface roughness and HAZ are displayed in Tables 

4, along with the relevant S/N ratios. When carrying out machining operations, it is usual 

practice to make achieving low kerf width, surface roughness and HAZ values to make 

ensuring a high level of quality and accuracy. So, for kerf width, surface roughness and HAZ, 

it's best if the data given is as low as possible. 

The ratio of kerf width, should also be evaluated after the principal effects plots have been 

drawn (Fig 2). The monitoring features are organized with the use of an orthogonal matrix. The 

ratio of kerf width measurements, as represented in terms of the signal-to-noise ratio (S/N), are 

shown in Table 5. 
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Table 5. Response Chart for Ratio of kerf width Signal-to-Noise Ratios 

Level LP (Watt) CS (mm/min) GP (bar) 

1 1.310 1.407 1.183 

2 1.300 1.373 1.570 

3 1.320 1.150 1.177 

Delta 0.020 0.257 0.393 

Rank 3 2 1 

 

 

 

Fig. 2.  Plots of the main effects for Ratio of kerf width 

 

  

Fig. 3. Effect of laser process parameter on kerf width 

 

In a similar manner, one should plot the primary impacts plots and evaluate the surface 

roughness. An orthogonal matrix is utilized to facilitate the organization of the monitoring 

characteristics. Table 6 presents the results of surface roughness measurements, which are also 

expressed in terms of the S/N ratio (Fig 4). 
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Table 6. Response chart for surface roughness signal-to-noise ratios 

Level LP (Watt) CS (mm/min) GP (bar) 

1 0.7600 0.9700 0.9333 

2 0.9167 0.9000 0.9067 

3 1.0700 0.8767 0.9067 

Delta 0.3100 0.0933 0.0267 

Rank 1 2 3 

 

 
Fig. 4. Plots of the main effects for Surface Roughness 

 

 

          

Fig. 5. Effect of laser process parameter on surface roughness  

 
 

After the principal effects plots have been drawn, the HAZ should also be assessed (Fig 6). 

Control parameters are organized using an orthogonal matrix. Table 7 displays the HAZ 

measurements as represented by the signal-to-noise ratio (S/N). 
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Table 7. Response chart for HAZ Signal-to-Noise ratios 

Level LP (Watt)  CS (mm/min) GP (bar) 

1 17.14 14.50 14.74 

2 15.42 15.13 15.02 

3 13.03 15.96 15.83 

Delta 4.10 1.47 1.08 

Rank 1 2 3 

 

 
Fig. 6. Plots of the main effects for HAZ   

 

        

Fig. 7. Effect of laser process parameter on HAZ 

   

During laser processing, the parameters that control the laser can have a substantial impact on 

the kerf width, surface roughness, and heat-affected zone (HAZ) of the material being 

processed. The kerf width, surface roughness, and HAZ are all crucial factors that can influence 

the quality and performance of materials that have been processed with a laser. The kerf width, 

surface roughness, and height at zone (HAZ) are all affected by the laser process parameters 

listed below. 
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Laser power: It was discovered that increasing the power intensity increase the kerf width. 

Greater melting and evaporation of material with higher laser power typically leads in deeper 

melting and greater HAZ. Because larger melt pools form and solidification rates increase, this 

can also lead to increased surface roughness. However, less intense lasers may cause uneven 

melting and lower surfaces roughness. 
 

Cutting speed: It was discovered that reducing the cutting speed increase the kerf width. Rapid 

movement of the laser energy across the material at higher cutting speeds results in less heat 

generation and faster solidification, both of which contribute to a lower surface roughness. 

When cutting at extremely high speeds, there is a risk of partial melting and lower material 

removal rates, both of which may lead to an increased surface roughness. 
 

Gas pressure: During laser cutting, the kerf width, surface roughness and HAZ can be changed 

by the type and flow rate of the gas. Having the right amount of gas flow can help to remove 

dirt and reducing the formation of oxides which can improve the quality of the surface. But too 

much gas flow can also cause turbulence and result in higher kerf width, surface roughness. So 

moderate value of gas pressure is suggested. 
 

In order to achieve the desired kerf width, surface roughness, and HAZ characteristics, it is 

essential to optimize laser process parameters for a particular material and application, as the 

effects of these parameters can be complex and may vary depending on the specific material, 

laser system, and processing conditions. 

 

5. VALIDATION OF EXPERIMENT 

Predictions were made for the ratio of kerf width, Surface Roughness, and HAZ by utilizing 

the information obtained from the Taguchi method and applying it to the ideal circumstances. 

The Taguchi Method predicted that the kerf width would be 1.30, when the laser power was 

2800 watts, the cutting speed was 2500 mm/min, and the gas pressure was 16 bar, while 

conducting the actual experiment, it was found that the ratio of kerf width is 1.12. 

The Taguchi Method predicted a surface roughness of 1.08, where the laser power was 3500 

watts, the cutting speed was 1850 mm/min, and the gas pressure was 12 bar. The surface 

roughness was measured 1.07 when the experiment was being performed. Similarly, the HAZ 

was predicted to be 0.083 using the Taguchi method, at 2100 watts of laser power, 2500 

mm/min of cutting speed, and 16 bars of gas pressure, In the real experiment, under perfect 

conditions, measured a HAZ of 0.08. 

Table 8. Confirmation Test for Ratio of kerf width, HAZ and Surface roughness 
 

Output LP CS GP Predicted Actual % 

Ratio of kerf 2800 2500 16 1.30 1.12 1.60 

Surface roughness 3500 1850 12 1.08 1.07 1 

HAZ 2100 2500 16 0.083 0.08 3.75 
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6. CONCLUSIONS 

In this study, the parameter design of the Taguchi method was used to study and explain the 

relationship between kerf width, surface roughness, and HAZ in CO2 laser cutting operations. 

The main goal is to find the best combination of “laser power”, “cutting speed”, and “gas 

pressure” to get the best output qualities, such as “kerf width”, “Ra”, and “HAZ”. The 

following conclusions can be drawn from the experiments conducted for this study: 

1. By varying the laser power, cutting speed, and gas pressure, the ideal processing conditions 

for reducing the ratio of kerf width were determined to be 2800 watts, 2500 mm/min, and 

16 bars, respectively. 
  

2. According to the research and findings, the laser power is the most crucial component in 

determining the appropriate ratio of kerf width. 
 

3. Effective HAZ and Surface roughness characteristics were identified based on the analysis. 

The best HAZ and surface roughness can be achieved primarily by optimizing the laser's 

power. 
 

4. The optimum conditions for reducing Surface roughness are 3500 watts of laser power, 1850 

mm/min of cutting speed, and 12 bars of gas pressure. The optimal values for reducing HAZ 

are 2100 watts of laser power, 2500 mm/min of cutting speed, and 16 bar of gas pressure. 
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A B S T R A C T  
 

 

The predictive accuracy of the finite element (FE) based packages are broadly based on the 

compatibility of adopted non-linear numerical procedures and incorporated material models. 
However, the routine way to define concrete material is not applicable to the concretes containing 

substitute materials in place of conventional concrete ingredients. Therefore, in this work, appropriate 

definition of materials in terms of stress-strain relations have been utilized to simulate the 
experimental work of RC beams containing coarser fractions of recycled concrete aggregates (RCA). 

The entire work has been carried out into two phases; an experimental work and the simulation of 

experimental work using FEA package, ABAQUS. In the experimental part, three number of full-
scaled beam specimens were tested to failure through four-point monotonous loading. The 

replacement level of natural coarse aggregates was taken as 0.0, 50 and 100% by direct substitution. 

In the simulation phase, in addition to laboratory evaluated properties like compressive stress, tensile 

stress and elastic modulus, the measured stress-strain relationship for reinforcing steel and 

constitutive relationship for recycled aggregate concrete (RAC) reported in the literature have been 

considered as an input. The stress-strain relationships of RAC selected from the literature has been 
treated as user defined model. Besides the strength, serviceability in terms of deflections, crack 

patterns and load deformation characteristics of simulated beams have been investigated and 

compared with those of laboratory tested beam specimens.  

doi: 10.5829/ije.2023.36.05b.15 

 
 

NOMENCLATURE   

FEA Finite element analysis NA Natural aggregate 

RC Reinforced concrete NAC Natural aggregate concrete 
RCC Reinforced cement concrete LVDT Linear variable differential transformer 

 
1. INTRODUCTION1 
 
A good number of FEA packages have been developed 

to evaluate the response of RCC structural forms during 

last few decades. The performance in terms of accuracy 

of these packages are broadly based on the adopted non-

linear numerical procedures and incorporated material 

models [1]. These models mainly categorised into two 

classes such as empirical models and continuum 

mechanics-based models [2]. Initially continuum 

mechanics-based models were confined to isotropic and 

homogeneous materials. However, with an advancement 
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in technology and broadened requirement, these theories 

have been extended to heterogeneous materials like 

concrete [3]. On the other hand, in the construction 

industry, sustainability become an urgent necessity of an 

hour, and to that end, utilization of waste products as a 

substitute material for concrete ingredients become 

evident [4]. Eventually, the use of recycled aggregates 

in concrete making and structural applications of such 

concrete is started gaining momentum [5, 6]. However, 

the analysis of such structural elements containing RAC 

requires special attention as the concrete models 

available in these softwares are not compatible with the 

modified properties and stress-strain relationships of 

RAC. Because RAC beams exhibit higher strains and 

deflection and lower or similar cracking moments than 
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conventional ones [7, 8]. Nevertheless, some packages 

offer freedom to the users to use laboratory evaluated 

index properties and measured stress-strain 

relationships. ABAQUS is one of such softwares which 

offers freedom to users to use user-defined material-

models with ease.  

As discussed in the preceding paragraph, the use of 

FEA packages has become the essential component of 

the modern analysis and design procedures pertaining to 

civil engineering structures [9]. With the rapid growth 

of FE techniques and material constitutive models in the 

last decade, the numerical methods have become more 

significant, since they can successfully simulate difficult 

or even complicated cases [10]. An important part of 

numerical analysis has been the development of a 

numerical method that works well with measured 

uniaxial stress-strain relationships [11]. Computer 

programs like LS-Dyna, ABAQUS and ANSYS are 

being extensively used [12]. On the contrary, some 

analysis software’s have the limitations regarding the 

simulation of appropriate support conditions. For 

instance, to establish the line contact in order to 

simulate the steel rollers as point loads and supports to 

carry out the analysis of four-point bending test of RCC 

beam specimens. The software is programmed in such a 

way that only finite dimensions can create the support 

and load contacts. Therefore, in some studies [13, 14] 

steel plates (finite dimensions) in place of steel rollers 

were considered to define and simulate the support 

condition (as no alternative left to simulate rollers) even 

though the companion laboratory tests on RCC beams 

consist of steel rollers. Besides this, the input 

parameters assigned prior to simulation of structural 

components or structure as a whole plays very crucial 

role especially when alternate materials for concrete 

ingredients are to be used aiming sustainable 

development [15, 16]. It should be noted that the routine 

way to define concrete material is not applicable to the 

concretes containing substitute materials in place of 

conventional ingredients. In such a scenario, it becomes 

inevitable to carry out the simulation in the way the user 

manual administers. Few software offer liberty to the 

users to describe material behaviours employing 

measured stress-strain relationships as an input.  

Typically, a FEA package is deemed to be 

competent in producing reasonable predictions when the 

variation between the anticipated and the experimentally 

measured values of certain structural attributes is less 

than 20% of the measured values, such structural 

characteristics typically include the load vs. 

displacement profiles, the load-carrying capacity, etc. 

and the qualitative behaviour pattern matches, such as 

the crack patterns at various load stages are also 

considered. Furthermore, FEA software is called 

objective and generic when it can accurately estimate 

structural behaviour for any structural concrete setup 

without recalibrating the constitutive model or 

parameters [3].  

In this work, ABAQUS was employed to simulate 

numerically the experimental work of RC beams of 

concrete containing coarse RCA, subjected to pure 

flexure failure. To ascertain the efficacy of the FE 

model, the typical constitutive model for RCA-concrete 

available in literature was examined with the 

corresponding experimental results of the beam 

specimens. Moreover, the flexural behaviour of beams 

obtained from the numerical-analysis was compared 

with the measured results in terms of the flexure 

strength, load deflection behaviour and crack patterns. 
 
 

2. EXPERIMENTAL INVESTIGATION  
 

In this experimental investigation, total three number of 

beam specimens were cast and tested to the failure in 

order to assess the structural behaviour of RCA-

concrete beams. All the beam specimens were 2100 mm 

long and designed for a cross-section of 125 mm width 

and 250 mm depth according to Indian Standards IS 456 

[17], and were tested over 1800 mm simply supported 

span with 150 mm overhangs on each side. For all the 

beams, the shear-span of 600 mm was considered. The 

four-point loading was applied to the beam specimens in 

order to get no shear force in the region of constant 

moment. The region of constant moment was defined 

600 mm, which was equal to the one-third of effective 

span. The nominal top reinforcement was curtailed in 

the region of constant moment to eliminate the effect of 

it on pure flexure failure, as the beam section was 

desired to be singly reinforced. Thermo-Mechanically 

Treated (TMT) steel rebars conforming to IS 1786 [18] 

were used to form cages. The measured yield strength of 

Fe500 grade rebar was 500 MPa. The reinforcement 

details of the beam specimens are depicted in Figure 1.  

The concrete containing RCA extracted from the 

debris of demolished RCC structures was used to cast 

test specimens. The control concrete mixture containing 

natural coarse aggregates was designed by absolute 

volume method, conforming IS 10262 [19] whereas the 

mix for RAC was designed by the direct weight 

replacement method (DWRM). In the DWRM, the 

natural coarse aggregates were replaced with an 

equivalent weight of recycled coarse aggregate particles. 

The weight proportion of recycled coarse aggregates in  

 

 

 
Figure 1. Typical reinforcement detail  
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TABLE 1. Mixture composition (in terms of ratios by weight) and measured properties of the NAC and the RCA-concretes 

Mix 

Id 

RCA replacement 

level 
Cement 

Mixing 

Water 

Fine 

aggregates 

Coarse NA 

(4.75-20 mm) 

Coarse RCA 

(4.75-20 mm) 

HRWRA (% by 

weight of cement) 

Compressive 

strength (MPa) 

R0 0 1.0 0.45 1.92 2.82 0.00 1.0 30.00 

R50 50 1.0 0.45 1.92 1.41 1.41 1.0 28.50 

R100 100 1.0 0.45 1.92 0.00 2.82 1.0 26.50 

 

 

TABLE 2. Simmary of test and simulation results 

Beam Id 
Replacement 

ratio (%) 

Measured ultimate 

load (kN) 

Ultimate load predicted 

by ABAQUS (kN) 

Measured displacement 

at ultimate load (mm) 

Displacement at ultimate load 

predicted by ABAQUS (mm) 

R0 0 84.00 87.72 14.10 14.41 

R50 50 80.50 84.37 12.96 13.70 

R100 100 78.00 81.65 12.01 12.40 

 

 

the total coarse aggregates of the concrete mix is 

specified as the recycled coarse aggregate replacement 

percentage. The replacement level of natural coarse 

aggregates with RCA in percentage was as follows: 0.0, 

50 and 100%. Control concretes are identified in this 

investigation by the generic name of NAC whereas the 

concretes containing full fractions of the recycled coarse 

aggregates are identified by the generic name of RCA-

concrete. Except for substitution of the natural coarse 

aggregate particles with the recycled coarse aggregate, 

the other constituents in these two concrete types were 

nominally the same. The mixture composition and 

concrete compressive strength using 150 x 300 mm 

cylindrical specimens of the NAC and the RCA-

concrete used in the experimental programme are given 

in Table 1. 

The first placeholder in the nomenclature of the 

beam represents replacement of natural coarse aggregate 

in concrete. The second placeholder (digits) indicates 

the level of replacement in percentage. For example, in 

the beam specimen R100 indicate 100% replacement of 

natural coarse aggregate.  
 
 

 
Figure 2. Schematic test set-up for beam tests 

After 24 hours of casting, the formwork was 

removed, and all the beam specimens were kept in a 

normal environment condition, enclosed with wet jute 

gunny bags until they were tested at 28 days of age. The 

beam specimens were surface dried after 28 days of 

curing, followed by application of a single layer of 

white wash to facilitate detection of crack formation and 

growth. The test setup for a typical beam in four-point 

loading across a simply supported span of 1800 mm is 

illustrated in Figure 2. On the side faces of the beams, 

an orthogonal grid of lines spaced 50 mm vertically and 

100 mm horizontally was marked to aid with crack 

tracing. Each specimen was tested in a load frame of 

capacity 2000 kN in order to evaluate load carrying 

capacity of the beam specimens. The monotonically 

increased load was applied on the top face of the beams 

with the help of a 1000 kN capacity hydraulic jack until 

the beam failed. Before the actual loading, preloading 

was performed to ensure that the load cell and LVDT 

sensor function normally. The applied load was 

measured with the load cell. At the load point, two 

rollers were used to transfer equal applied load to each 

support through the steel beam arrangement as seen in 

Figure 2. Hinge and roller supports are illustrated in 

Figure 2 and the deflections at the load-point were 

measured using LVDT. 
 

 

3. THE FINITE ELEMENT MODELLING 
 

A FEA package is known for realistic predictions of the 

behaviour of structural forms in terms of structural 

characteristics. Load carrying capacity, load-

deformation, moment-curvature relations and pattern 

matches like the crack patterns corresponding to 

different load stages and failure modes are some of 

them. Moreover, it should be capable of predicting the 

realistic behaviour of any structural form without 

recalibration. The main requirements of FEA modelling 

are as follows: 1) to adopt a constitutive relationship to 
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describe the material nonlinearity of concrete, steel 

rebars and their mutual interactions; 2) to incorporate a 

nonlinear numerical procedure that is effectively 

capable of implementing internal stresses redistribution 

forced by material nonlinearity against imposed external 

loadings plus a numerical description on cracking 

process.  

Though the peak stress value is assumed to be 

implicit due to the gradual degradation of the stiffness 

related to residual material strength after a peak stress 

yet the numerical procedural scheme adopted by most of 

the softwares were developed independent of material 

models. The majority of FEA packages employed an 

iterative procedures based on numerical techniques like 

Newton-Raphson method. The iterative procedure is to 

account for the checks for redistribution of stresses 

during crack openings and crack closure, besides the 

simultaneous checks on convergence in each iteration. 

The iterations are repeated till the convergence criterion 

met resulting into attainment of predefined minimum 

value of residual forces estimated from the use of 

equilibrium equations. 

 
3. 1. Geometry Definition            There are several 

approaches available to create geometry of an element 

in ABAQUS out of which the simple objects method 

has been used. The 3D geometry of the element is 

created in create part tab by taking modelling space and 

element type. The cross section (125 mm thick and 250 

mm deep) of the concrete beam was created and the 

beam was extruded in the direction of length. By 

adopting the prescribed procedure to create elements, 

geometrical model of beam specimens created in 

ABAQUS is depicted in Figure 3 (a). For the simplicity 

of assembling the elements, datum planes were created 

using create partition cell tool. 
The steel reinforcement (both main steel and 

stirrups) was modelled as wire elements in ABAQUS as 

per the experimental reinforcement detailing. Elements 

of reinforcement i.e., tension bar, top bar and stirrups 

were created individually under the create part section 

and assigned a cross section area of these wire elements 

as a truss element. These elements were assembled and 

rearranged using translate, rotate and linear pattern 

instance tool in the assembly section by providing 

required spacing, effective covers and other details 

according to reinforcement assembly. The 8 mm 

diameter bar was used as web reinforcement and top 

bars in the beams whereas the 12 mm diameter bar was 

used as a main steel provided at the bottom. The 

nominal top reinforcement in the compression zone was 

curtailed in order to achieve the effect of singly 

reinforced section in predefined region of pure bending 

as described earlier. The reinforcement cage similar to 

actually used in the beam is modelled which is shown in 

Figure 3(b). 

 
(a) Geometrical modelling of beams and supports 

 
(b) Configuration of reinforcement 

Figure 3. Geometry of the beam specimen created in 

ABAQUS 
 

 

3. 2. Material Definition            In the FE analysis 

part, the brittle-cracking model available in ABAQUS is 

employed as a material model. This yields better results 

when the behaviour of concrete material is governed by 

tensile cracking. The behaviour in compression is also 

idealised to be linear before cracking. In order to detect 

the crack initiation and propagation, a simple Rankine 

yield criterion has been utilised. According to Rankine 

yield criterion, the material starts cracking when 

resultant principal stress crosses the concrete tensile-

strength. It is obvious that the crack surface is 

perpendicular to the major principal tensile stress. 

Subsequently other developed cracks are normal to the 

existing crack at the same location. Unlike other 

models, in this model, crack closing and reopening is 

allowed. Crack gets bridged as soon as the resultant 

principal stress becomes compressive after 

redistribution of stress. Moreover, it uses smeared crack 

model philosophy to characterize the non-ductile 

response of concrete. 
The Brittle-cracking model includes two modes of 

failures as follows: 1) Mode-I based on tension-

stiffening and Mode-II is on the basis of shear-retention. 

In strain-softening the stress linearly goes on decreasing 

to zero. As per the model, in the post-peak region, the 

strain is 10 times that of failure strain when the stress 

resumes to zero value. The crack initiation is controlled 

by Mode-I while the post-peak cracks are governed by 

both the modes.  To model shear-behaviour, the post-

cracking shear-modulus is defined in terms of the 

fractions of non-cracked shear-modulus. The model 

treats shear-retention in terms post-cracking shear-

stiffness which is defined in terms of opening strain 

normal to crack. 
 

3. 2. 1. Concrete            ABAQUS offers freedom to 

user to define the material of practical relevance. It 

defines the concrete behaviour in terms of Concrete 
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Damage Plasticity (CDP) model. The other input 

parameters should be evaluated in the laboratory or 

idealised values reported in the literature may be used in 

absence of data. However, the real values are expected 

to use as an input in order to get accurate analysis.  

The stress-strain relation of concrete used in the 

numerical-analysis should to be determined by testing 

the specimen in the laboratory. Figure 4 depicts the 

window to enter user defined material definition in the 

form of compression test stress-strain data and damage 

parameter on the basis of inelastic strain. Likewise, 

tensile test stress-strain data and damage parameter of 

the material model can be fed up to define the CDP 

model for concrete. 

In this investigation, typical constitutive model for 

RAC was proposed by Suryawanshi et al. [11] which is 

used to define the concrete behaviour as follows: 

�̅� = 𝑎(𝜀̅ ) + 𝑏(𝜀̅ )2 + 𝑐(𝜀̅ )3 + 𝑑(𝜀̅ )4 (1) 

where, 𝜎 is the normalized stress, 𝜀̅  is the normalized 

strain. Constants 𝑎, b, c and d were determined by 

regression analysis of test data. Constant a has definite 

meaning and may be defined in terms of percentage 

replacement of NA. Other coefficients b, c and d were 

expressed in relation of a. 

 

3. 2. 2. Steel Reinforcement          As discussed in the 

preceding sections, ABAQUS allow users to enter the 

stress-strain relationship of steel as input data so that the 

software can effectively simulate the behaviour of 

reinforcement steel. Figure 5 shows the appearance of 

dialogue box after entering the measured stress-strain 

values. It should be noted that, the ABAQUS accepts 

only inelastic strain values and corresponding stress 

 

 

 
Figure 4. Details of stress-strain relations for concrete as 

an input parameter 

 
Figure 5. Details of measured stress-strain relations for 

reinforcement as an input parameter 

 

 

values. The value of inelastic strain is determined as a 

difference of total strain and elastic strain. 
 

3. 3. Modeling of Support and Load Points            
Unlike few FEA packages, ABAQUS allows to model 

and simulate curved elements like steel rollers used at 

loading points and supporting points through perfect 

contact as illustrated in Figure 6. The force was applied 

to beam by displacement controlled strategy as per 

prescribed deformation rate at the centre-point of the top 

surface of the spreader beam. The supports, in the form 

of two steel rollers used in experiments were modelled 

by appropriate boundary conditions on a line of contact. 

The supports were assumed as a rigid body and 

restricted to a predefined point as a reference. The 

movement reference point in vertical direction was 

restrained. Similarly, the steel rollers were modelled 

beneath the spreader beam used to apply load on the RC 

beam. The monitoring point to record the magnitude of 

applied load was placed at the centre-point of top 

surface of spreader beam. The position of the deflection 

monitors was the point where the LVDT was mounted 

in the prototype test. 
For the structured meshes, the ABAQUS solver 

allows the usage of first-order hexahedral components; 

however, for unstructured meshes it permits the use of 

both first and second-order tetrahedral elements. 8-

noded 3D hexahedral elements in the form of bricks 

(C3D8I) were employed in this investigation. The 

behaviour of traditional 8-noded elements is prohibited 

from being over rigid in bending by internally 

incompatible deformation modes, besides the normal 

degrees of freedom for displacement. The mesh being 

utilised for the concrete has an impact on how these 

components are implemented in the FE model. This 

work made use of the 3D linear truss (T3D2) element 

type with a mesh size of 10 mm. The geometry of a 

simulated beam with produced mesh elements is shown 

in Figure 6. 
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Figure 6. Finite element mesh of assembly 

 
 
4. RESULT AND DISCUSSION 
 

4. 1. Load Deflection Behavior              The results of 

beam tests are compiled in Table 2 for reference and 

compared against results obtained from the ABAQUS 

analysis. It is clearly seen that the load carrying capacity 

of the beam when analysed by ABAQUS software is 

found in the close range to that of experimentally 

obtained results. It has been observed that the load 

carrying capacity of the RAC-beam is marginally lesser 

and slightly higher deflections than that of the NAC-

beam. The ABAQUS analysis also indicate similar trend 

of reduction in load carrying capacity and increased 

deflections on higher replacement levels. Recent 

literature review on experimental flexure tests 

performed by Seara-Paz et al. [20] and Pradhan et al. [8] 

also agree that load carrying capacity of RAC-beam is 

lesser and shows higher deflection compared to NAC-

beam. This may be attributed to the reduction of 

modulus of elasticity of concrete corresponding to a 

higher degree of replacement of NA [21]. 
The comparison of experimentally obtained load-

deflection curves for beam specimens R00, R50 and 

R100 respectively are shown in Figure 7(a). A side-by-

side comparison of ABAQUS analysis load-deflection 

curves for each beam is also presented in Figure 7(b). 

The trends of load-deformation characteristics in both 

the analysis are similar. The RAC beams had a lesser 

cracking load than the NAC beams due to the presence 

of two types of interfacial transition zones (ITZ) [22]. 

The ITZ between residual mortar and virgin aggregate 

in and the ITZ between new mortar and residual mortar. 

On the contrary, the NAC has one ITZ (between fresh 

mortar and virgin aggregate). Moreover, the RAC 

beams exhibited lower stiffness after the cracking load, 

which may be attributed to the RCA-concrete having 

comparatively lower modulus of elasticity to that of the 

NAC [23]. 

Figure 8(a), (b) and (c) reveals load-deflection 

relationships of tested beam specimens correspond to 

different RCA replacement levels, 0.0, 50 and 100%. 

The load-deflection relationships generated by 

ABAQUS software are also shown in Figure 8(a), (b) 

and (c). After cracking, each specimen behaved almost 

linearly until the tension bar began to yield. Each 

specimen thereafter 

 
(a) Measured load-deflection relationship  

 
(b) Predicted load-deflection relationship 

Figure 7. Comprehensive comparison of trends of 

measured and predicted load-deflection relationships 

 

 

 
(a) Beam R00 

 
(b) Beam R50 
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(c) Beam R100 

Figure 8. Comparison of measured and predicted load-

deflection relationships of various beams 

 

 

exhibited nonlinear behavior until it reached its failure 

load. The beams then reached a ductile plateau which is 

typical behaviour of RCC flexural member. After 

enough rotation of the developed plastic-hinge, extreme 

stresses are developed in the compression zone of the 

specimens, culminating in crushing failure. 

 

4. 2. Cracking Behavior of RCA-Concrete Beam         
The cracking behavior of the beams in terms of the 

number, the orientation, and the extent of the cracks, 

was monitored throughout the loading history. The first 

crack started forming from the soffit of beam in the 

mid-span region, the region of maximum bending 

moment. The first crack occurred at 25 kN in R00-beam 

whereas the FEA simulation revealed it at 27.32 kN. 

Similarly, the first crack formed at 17.21 kN in R100-

beam and at 25.78 kN in simulated beam. All beam 

specimens containing RCA-concrete showed the 

tendency of first crack formation comparatively at lower 

load to that of beam containing NAC. With increase in 

applied load, additional flexural cracks were formed 

between the loading point and the support points. All 

these cracks propagated towards the compression zone 

revealed the typical crack-pattern of inclined flexure-

shear cracks. It is clearly seen that the R00-beams has 

the least number but prominent cracks (Figure 9), 

whereas the R100-beam comparatively has a greater 

number of minor cracks. The findings of this 

investigation were in good agreement with observations 

of past study [8], in which the cracks in the RCA beams 

were closely spaced than in the NA beams. This might 

be due to the weakened interfacial transition zone of 

RCA between the new mortar and the old attached 

mortar. Besides the experientially observed cracking 

patterns, the bands of principal tensile strains revealed 

in ABAQUS analysis also presented in Figure 9.  

On the contrary, it generates the bands of principal 

tensile strains [24]. The formation of tensile strain bands 

with specific colour to represent certain magnitude of  
 

 

 
R0 

 

 
R50 

 

 
R100 

Figure 9. Comparison of observed creack patterns with 

ABAQUS simulated principal tensile strain profiles 

 

 

strains can be compared with the actual crack patterns 

observed during experiments. The comparison of crack 

patterns of beams with different replacement levels of 

RCA is shown in Figure 9. along with the principal 

tensile strain patterns generated by ABAQUS. The trend 

of the principal tensile strain patterns generated by 

ABAQUS is comparable with the experimentally 

observed crack patterns. 
 
 

5. CONCLUSIONS 
 

In this comparative study, the flexural member was 

numerically investigated and compared with the results 

of experimental study. Based on the experimental 

findings and results of numerical analysis, the following 

conclusions have been drawn. 

1. The comparison of ABAQUS results and 

experimental observations revealed no major 

differences in the load carrying capacities of the 

beams. The trend of reduction in load carrying 

capacity and increasing mid-point deflections with 

increased replacement level in both the 

investigations are similar.  

2. The load deformation characteristics revealed by 

ABAQUS simulation is significantly in match with 

that of experimentally measured load-deformation 

relationships. Thus indicating the importance of well 

define material definitions in terms of measured 

stress-strain relations on yield of numerical 

simulations.  

3. Unlike other FEA packages, ABAQUS does not 

generate crack patterns. However, the crack patterns 

observed during experiments can be correlated with 
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the principal tensile strain profiles generated through 

numerical simulation. The cracking patterns and 

principal tensile strain profiles are found 

comparable.  

4. Besides, correct material definitions, other input 

parameters in terms of index properties of materials 

has a control on the quality of simulation.  

5. Geometric definition, well defined support 

conditions and appropriate selections of finite 

elements are the major factor influencing the 

outcomes of FEA analysis. 
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Persian Abstract 

 چکیده 
های مواد گنجانده شده است. با این حال،  های عددی غیرخطی اتخاذ شده و مدلبه طور گسترده بر اساس سازگاری رویه   (FE)های مبتنی بر المان محدود  بینی بستهدقت پیش

ابط تعریف مناسب مواد از نظر روروش معمول برای تعریف مواد بتن برای بتن های حاوی مواد جایگزین به جای مواد بتن معمولی قابل اجرا نیست. بنابراین، در این کار، از  

استفاده شده است. کل کار در دو مرحله انجام شده است.    (RCA)های بتن بازیافتی تر از سنگدانههای درشتحاوی بخش RCسازی کار تجربی تیرهای کرنش برای شبیه -تنش

ای ا مقیاس کامل از طریق بارگذاری یکنواخت چهار نقطه در بخش آزمایشی، سه نمونه تیر ب  .FEA،ABAQUSیک کار آزمایشی و شبیه سازی کار آزمایشی با استفاده از بسته 

درصد در نظر گرفته شد. در مرحله شبیه سازی، علاوه    100و    50،  0.0برای شکست مورد آزمایش قرار گرفتند. سطح جایگزینی سنگدانه های درشت طبیعی با جایگزینی مستقیم  

کرنش اندازه گیری شده برای فولاد تقویت کننده و رابطه سازنده برای بتن  -ششی و مدول الاستیک، رابطه تنشبر خواص آزمایشگاهی ارزیابی شده مانند تنش فشاری، تنش ک

انتخاب شده از ادبیات به عنوان مدل تعریف شده  RACکرنش -گزارش شده در ادبیات به عنوان ورودی در نظر گرفته شده است. . روابط تنش  (RAC)سنگدانه های بازیافتی 

ویژگی  و  ترک  الگوهای  انحراف،  نظر  از  سرویس  قابلیت  استحکام،  بر  علاوه  است.  شده  گرفته  نظر  در  کاربر  شبیه توسط  تیرهای  بار  تغییر شکل  با  های  و  بررسی  شده  سازی 

 شده آزمایشگاهی مقایسه شده است. های تیر آزمایش نمونه
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