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Mechanical properties optimization of weldment such as tensile 

strength, microhardness and impact toughness are of prime 

importance in welding technology. The main aim of this research is 

to investigate the microstructural evolutions and also optimization of 

tensile strength in dissimilar laser welding between Inconel 625 

superalloy and AISI 430 ferritic stainless steel. It was found from the 

microhardness measurements that the hardness is increased form 

AISI 430 base metal toward Inconel 625 superalloy. This can be 

attributed to the inherent higher hardness of Inconel 625 and 

formation of very fine structure and also fine precipitations in the 

weld metal which are distributed uniformly. Formation of very fine 

structure and precipitations is due to the rapid cooling rate of the 

weld metal during laser welding process. Design of experiment 

based on the response surface method was used in order to optimize 

the tensile strength of the weld joints. Three process parameters i. e. 

pulse duration, lamping current and also travel speed were chosen as 

the main parameters which are considerably affecting the tensile 

strength of the weld joint. It was found that the lamping current has 

a higher impact on the tensile strength of the weld joints.   
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1-Introduction 

Dissimilar welding between various materials 

and alloys are extensively used in many 

industrial applications. A defect free weld joint 

is one of the main issues in the welding 

processes which are used in oil, petrochemical 

and also power generation applications. Besides 

chemical composition of base metal and filler 

metal, welding process parameters play a major 

role in microstructural features and are effective 

factors which specify corrosion resistance, 

mechanical properties and weldability of 

metals. In many cases, joining of nickel based 

alloys to stainless steels at elevated 
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temperatures and corrosive environments is 

inevitable. On the other hand, replacing of 

nickel based alloys by stainless steel is 

necessary to reduce cost [1]. 

Inconel 625 is one of the well-known nickel 

based superalloys which is strengthened by 

adding chromium and niobium alloying 

elements and formation a solid solution. This 

alloy has a good weldability [2]. Ferritic 

stainless steels are soft magnetic materials and 

have excellent corrosion resistance. Theses 

alloys are inherently don’t considered as 

weldable metals but owing their excellent soft 

magnetic properties and very good 
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machinability are extensively used in solenoid 

valves in chemical environments [3]. 

Laser welding is an appropriate joining process 

of high temperature materials such as nickel 

based alloys. Low heat input, high power 

density and high travel speed are the main 

advantageous of laser welding process [3]. The 

costs are still the biggest disadvantage of this 

innovative process. In addition, Weldment 

position must be accurate; it should be 

controlled in the focusing range of laser beam. 

Moreover, the weldability of high reflectivity & 

high-thermal conductivity material would be 

changed by laser, such as aluminum, copper and 

their alloy etc. Weld bead geometry, 

mechanical behavior and welding induced 

distortion are the most important criteria which 

determine the weld joint quality. The heat input 

to the materials caused by welding process can 

undesirably change the above-mentioned 

features. The welding process parameters affect 

heat input and consequently play an important 

role in determining the performance of welded 

joints [4,5]. Therefore, choosing of the proper 

welding process parameters in order to attain an 

improved weld quality is always a challenge for 

welding engineers. Design of experiment is a 

suitable method which is used in various 

manufacturing industries in order to improve 

the quality of productions [5-8]. Ramkumar et 

al. studied gas tungsten arc welded joint 

between Inconel 718 and AISI 430 ferritic 

stainless steel. The welding was carried out by 

ER2553 and ERNiCrMo-4 filler metals. The 

obtained results showed that a homogenous 

weld metal is formed by welding with these two 

filler metals and grain coarsening and also 

formation of Nb-riched phases are occurred in 

the heat affected zones of 430 ferritic stainless 

steel and Inconel 718, respectively. Laves and 

sigma phases were not observed in the 

ERNiCRMo-4 weld metal. Moreover, no 

solidification or liquation cracking was 

observed owing the presence of niobium and 

molybdenum elements. The microhardness 

measurements showed that the hardness of 

ER2553 weld metal is higher than that of 

ERNiCrMo-4 weld metal due to the presence of 

skeletal delta ferrite. In addition, the hardness of 

ERNiCrMo-4 is higher than that of AISI 430 

base metal. It was also reported that in both 

weld metal no crack, microfissure and 

lamination are formed during bending test [7]. 

To the author’s knowledge, no research was 

found in the literature on the dissimilar welding 

between Inconel 625 and AISI 430 stainless 

steel. Hence, the main aim of this research is to 

investigate the microstructural evolutions 

during laser welding of Inconel 625 and AISI 

430 stainless steel base metals. Also, an attempt 

was done on the optimization of laser welding 

parameters in order to obtain the maximum 

tensile strength of the weld joints. The authors 

believe that the results of this study would help 

with exploiting full advantages of these alloys. 

 

2- Materials and experimental procedures 

2-1- Base metals and experiments 

The used base metals in this study were Inconel 

625 and AISI 430 ferritic stainless steel with 

thickness of 0.8 mm. the chemical compositions 

of the alloys were analyzed by optical emission 

spectroscopy (OES) method and the results are 

shown in Table 1. The lap joint configuration 

was chosen for joining of these two base metals 

and a fixture was used for this purpose as shown 

in Fig. 1. The selected parameters and their 

levels are listed in Table 2. 

 

Table 1. Chemical compositions of the base metals. 
 

Weight percent of the elements  

 Ti Cu Si C Nb Mn Mo Cr Ni Fe 
Base 

metals 

A l-0.16, 

Co - 0.09, 

S-0.008, 

P-0.15, 

B-0.003 

0.27 0.03 * 0.043 3.70 trace 8.59 21.07 base 4.85 Inconel625 

S-0.005, 

P-0.018, 

B-0.003 

0.009 0.02 0.32 0.30 0.02 0.36 0.02 17.09 0.14 base AISI430 
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Fig. 1. Experimental set-up for laser welding used in this study. 

 
Table 2. The selected process parameters, symbols and working range. 

 

Parameters Unit Symbol  Working range  

   -1 0 1 

Lamping current A I 130 157 185 

Travel Speed mm/s V 5 6.7 8.3 

Pulse Duration ms Tp 6 7.5 9 

 

 

The welding process was done normal to the 

rolling direction of the sheets using a Nd:YAG 

(IQL-20) laser machine. In order to avoid any 

weld pool contamination from surrounding 

atmosphere, Argon inert gas was used as a 

shielding gas with a flow rate of about 20 l/min. 

In all cases, the focal length and also pulse 

frequency were considered 4 mm and 20 Hz, 

respectively. In order to decrease the systematic 

errors in experiments, the welding process runs 

were performed randomly. 

In order to investigate the microstructural and 

metallurgical evolutions, the welded samples 

with full penetration were chosen and cut from 

the weld seam cross section. Revealing the 

microstructure was done in two steps: the first  

 

step for etching AISI 430 stainless steel and the 

second one for etching Inconel 625, Vilella (5 

ml HCl, 1 g picric acid, and 100 ml ethanol) and 

Kalling (5 g CuCl2, 100 ml HCl, 100 ml 

ethanol) reagents were used for macro etching 

of AISI 430 stainless steel and Inconel 625, 

respectively. An optical microscope was used in 

order to metallographic observations.  

Microstructure of the welded area and the 

fracture surfaces were analyzed using WEGA 

TESCAN scanning electron microscope (SEM) 

equipped with energy dispersive x-ray 

spectroscopy (EDS) system. 

Tensile test specimens were cut from the 

welded samples using wire cut machine 

according to Fig. 2 [9].  

 

 
Fig. 2. Dimension of the tensile test specimen [9]. 
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An INSTRON4486 universal tensile test 

machine was used for tensile test. Figure 3 

shows a typical sample of the tensile test 

specimens. 

 

3-Results and discussions 

3-1- Microstructure of the weld metal 

The macrostructure of a typical laser welded 

sample is shown in Fig. 4.  

As can be seen, the weld bead profile is 

acceptable and is free from any crack. Figure 5 

shows the optical micrographs of fusion zone 

microstructure. It can be observed that the 

microstructure is fully austenitic which is 

solidified with a dendritic morphology. The 

microstructures from two different regions of 

fusion zone are shown in Fig. 6 in which the 

direction growth of dendrites is different in each 

grain. In other words, a competitive growth 

between the grains and solidification 

boundaries can be revealed. Actually, these 

boundaries are the interface between packets 

with aligned dendrites. Toward fusion 

boundary, the columnar grains and dendrites are 

observable. However, some equiaxed grains can 

be seen in this area (See Fig. 7).  

 

 

 

 
Fig. 3. A typical tensile test specimen of dissimilar laser weld joint. 

 

 

 
 

Fig. 4. Macrostructure of a laser weld joint between Inconel 625 and AISI 430 stainless steel. 

 

 
 

Fig. 5. Optical micrograph of laser welded fusion zone. 
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Fig. 6. Optical micrographs of fusion zone showing equiaxed and columnar dendritic structures. 

 

 

 
Fig. 7. Variation in solidification mode across fusion zone [14]. 

 

It has been shown that the solidification mode is 

changed in the fusion zone from the fusion line 

toward center line [10, 11]. Niobium and 

molybdenum as two major alloying elements in 

the Inconel 625 are prone to segregate during 

solidification of the weld metal. Rapid 

solidification in laser welding process lead to a  

high undercooling and consequently formation 

a very fine structure during this process. 

Difference in undercooling value at the 

solidification front due to the presence of  

 

various alloying elements, especially those with 

distribution coefficient lower than 1 (such as 

niobium and molybdenum) lead to formation a 

 columnar dendritic structure and also 

formation a second phase between these areas. 

Weld metal microstructure in vicinity of heat 

affected zones has a columnar dendritic 

structure so that a composition gradient is 

created in these areas. On the other hand, 

accumulated alloying elements recoiled from 

solidified weld metal in the core of dendritic 
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arms lead to severe segregation. This is more 

severe in the laser welding process which has a 

rapid solidification. 

To clarify this, the following equation should be 

considered: 
−𝑚𝑐0(𝑘−1)

𝑘𝐷L
≤

𝐺

𝑅
            (1) 

Where G is temperature gradient, DL denotes to 

diffusion coefficient in liquid phase, m stands 

for the slope of liquidus line, k and R are 

distribution coefficient and solidification rate, 

respectively. 

It has been shown that in a constant temperature 

gradient, the solidification rate in the center line 

is maximum, whereas this value is minimum in 

fusion line. On the other hands, it has been 

shown that by decrease of G to R ratio from 

fusion line toward center line the solidification 

mode is changed from columnar dendritic to 

equiaxed structure. This is due to the inverse 

relation between G/R ratio to constitutional 

undercooling and therefore decrease in G/R 

value leads to increase in constitutional 

undercooling and hence formation of an 

equiaxed structure is favored. 

It should be noted that the heat input is also an 

effective factor on the microstructure. It has 

been shown that in a constant welding speed, 

temperature gradient (G) is decreased by 

increase in heat input and hence the G/R ratio is 

decreased and constitutional undercooling at the 

front of solid/liquid interface is increased. In 

this condition an equiaxed structure is expected 

to be formed (Fig. 7). So, equiaxed structure is 

formed in the center line and then columnar 

dendritic structure is created in vicinity of 

fusion line [10, 11]. 

Segregation of alloying elements can be 

considerably influenced by solidification rate 

and some theories have been developed in order 

to make a correlation between microsegregation 

of alloying elements [10]. Segregation of 

alloying elements is restricted at high 

solidification rates such as laser welding 

process. Restriction of alloying elements-rich 

solid dendritic or interdendritic liquid can cause 

a significant difference between microstructure 

of a solidified casting alloy and a solidified weld 

metal. According to the calculations, 

distribution coefficient (k) of nickel, chromium 

and iron is larger than 1 [10]. This leads to 

segregation of alloying elements into the 

dendrite core. In contrast, the k value of some 

elements such as niobium in nickels based 

alloys is lower than 1 and therefore this element 

is segregated into the interdendritic spaces. In 

addition, the presence of other alloying 

elements restricts solubility of niobium in 

nickel based alloys. Figure 8 shows SEM 

micrograph of columnar dendritic structure 

adjacent to the fusion line. In this area the G/R 

value is high and a columnar dendritic structure 

is formed. Ming Pang et al. have been also 

reported that the formation of equiaxed 

structure is favored when the G/R value is low 

enough [12]. 

 

 
 

Fig. 8. SEM micrograph of the weld metal microstructure. 
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As shown in Fig. 9, in the center line of fusion 

zone, equiaxed structure is nucleated and  

growned and columnar dendritic structure 

growth is hindered. In the center line, dendritic 

structure is grown randomly and without any 

preferred crystallographic direction. Janaki et 

al. have been shown similar results at this area 

[13]. In order to show microsegregation of 

niobium and molybdenum during solidification 

of the weld metal, EDS analysis was conducted 

and the results are shown in Figs. 10 and 11. 

According to the obtained results it can be seen 

that the structure is rich from iron, chromium 

and nickel elements whereas niobium and 

molybdenum have been diffused from dendritic 

core toward interdendritic spaces. As shown in 

Fig. 9, it is obvious that the interdenritic spaces 

(which are rich from molybdenum and 

niobium) are lighter than dendritic cores. As 

discussed earlier, a composition gradient is 

created due to the microsegregation of niobium  

and molybdenum. This composition gradient 

causes a preferred corrosion at the dendritic 

cores (which are poor from molybdenum and 

niobium). As a result, corrosion in these areas is 

severe during etching process, and dendritic 

core would be darker. 

 

3-2- Evaluation of mechanical properties  

In order to evaluate the mechanical properties 

of Inconel 625/AISI 430 dissimilar laser welded 

joints, tensile test, microhardness measurement 

and fractographic analysis were performed. As 

mentioned above, all of the welded samples 

were free from any discontinuities which 

indicate that the laser welding processes were 

performed successfully. 

 

3-2-1- Tensile properties evaluation 

Tensile test results of some typical welded 

samples (sample A, B and C are welded with 

low heat input, medium heat input and high heat 

input, respectively) are shown in Fig. 11. 

It should be noted that the tensile test was 

conducted normal to the welding direction. The 

prepared tensile test specimen was shown in 

Fig. 3. The mechanical properties of three 

typical welded samples are listed in Table 3. 

 

 
Fig. 11. Tensile test results of some typical laser welded samples. 

 

 
Table 3. Elongation and tensile strength of three typical welded samples. 

 

Tensile Strength 

(MPa) 

Elongation 

(%) 

Specimen type 

71.47 0.64 1 

155.78 4.83 6 

190.77 7.1 15 
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According to the tensile test results (Fig. 11), it 

was found that all of the welded samples were 

fractured from outside of the weld metal and 

fracture was occurred from heat affected zone 

of weaker base metal i. e. AISI 430 ferritic 

stainless steel. This indicates a weld joint with 

acceptable strength which is due to the 

formation of fine equiaxed structure of the weld 

metal. It has been reported that ferritic stainless 

steels are usually welded at annealed condition 

[14]. So, some softening is expected in the heat 

affected zone of ferritic stainless steels due to 

the grain growth induced by heat delivered to 

the materials during laser welding. As a result, 

fracture is occurred from soft heat affected zone 

of AISI 430 ferritic stainless steel during 

transverse tensile test. Grain growth in heat 

affected zone of AISI 430 stainless steel leads 

to decrease in strain rate hardening and hence 

the strength doesn’t significantly increase 

before fracture. This can explain fracture from 

heat affected zone of AISI 430 ferritic stainless 

steel [15-17].  

Regarding presence of various regions with 

different properties and deformation behaviors  

in dissimilar weld joints, interpretation of 

fracture mechanism in these joints is more 

complex than that of similar weld joints. In 

other words, deformation in a soft region 

adjacent to a harder region may lead to fracture 

from other regions.  

As can be seen from the tensile test results, the 

welded samples have a continuous yield 

features and don’t show a yield point. Softening 

of heat affected zone due to the grain growth is 

harmful for deformation of laser welded 

components. Fracture form heat affected zone is 

also confirmed by scanning electron and optical 

microscopy. Grain growth in heat affected zone 

leads to decrease in density of grain boundaries 

in this region in contrast to the weld metal and 

even base metal. In regions with large grain size 

dislocations movement is faster and easier and 

hence deformation is concentrated in this 

region. In other words, the majority of plastic 

deformation in tensile test is taking place in 

regions in which dislocations are less pinned 

[18]. A fractured tensile test specimen is shown 

in Fig. 12. 

 

3-2-2- Fractography 

Studying the fracture surface is a valuable 

method for analyzing the fracture of welded 

components. For this purpose, fracture surface 

of three typical welded samples (i. e. a samples 

welded with low, medium and high heat inputs) 

were analyzed by SEM. As discussed earlier, 

fracture was occurred from heat affected zone 

of AISI 430 stainless steel. The fracture surfaces 

of different laser welded samples are shown in 

Figs. 13-15. The presence of dimples in the 

fracture surface indicates ductile fracture of 

laser welded samples. The coarse dimples in the 

fracture surfaces are indications of completely 

ductile fracture [19, 20]. The only difference 

between the tensile characteristic of laser 

welded samples is variation in their fracture 

energies and also the depth of each dimples 

observed in the fracture surfaces. Very small 

area in the fracture surface of low heat input 

sample has brittle fracture features. This can be 

due to the presence of some porosity in the weld 

line which is formed due to the instability of 

laser beam. The sample with greatest dimple 

depth is a sample with highest heat input (See 

Fig. 15). Since deep dimples are indications 

from ductile samples, thus the sample with 

highest heat input has higher elongation in 

comparison to other welded samples. Also, the 

dimple size has an inverse relation to the 

strength of materials. So, the smaller dimple 

size leads to higher strength [21]. 

 

 
 

Fig. 12. A typical fractured tensile test specimen. 
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Fig. 13. Fracture surface of the laser welded sample with low heat input. 

 

 

 
 

Fig. 14. Fracture surface of the laser welded sample with high heat input. 
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Fig. 15. Fracture surface of the laser welded sample with medium heat input. 

 

3-2-3- Microhardness measurement 

In order to investigate the hardness of various 

zones of the welded joints, Vickers 

microhardness was done on the overall cross 

section of the joints from one base metal to 

another. Microhardness profile is an appropriate 

criterion which confirms the formed 

microstructures at various zones. Figure 16 

shows the microhardness profiles of two welded 

samples (a welded sample with a high input (A) 

and a sample with a low heat input (B)). For 

each zone, microhardness measurements were 

taken from three points at an interval of four 

times the indenter size to avoid the effects of 

localized strain hardening in vicinity of the 

indentation. Finally, the averages of the three 

measurements were reported. Generally, an 

increasing trend in the hardness value can be 

observed from AISI 430 ferritic stainless steel 

base metal toward Inconel 625 base metal. It is  

 

 

well-known that nickel based superalloys have 

higher hardness than that of metals with fully 

ferritic structures. As shown in Fig. 16, the 

average hardness at the weld metal across the 

center line is higher than that of AISI 430 base 

metal and lower than that of Inconel 625. This 

can be attributed to the formation of different 

phase and microstructure in this area. 

Diffusion of solvent elements i. e. niobium and 

molybdenum from the lattice solid solution and 

microsegregation of them is the main reason 

responsible for decrease in hardness of the weld 

metal [17, 20]. In addition, the hardness of the 

weld metal in vicinity of Inconel 625 is higher 

than that of vicinity of AISI 430. This can be 

related to the formation of higher fraction of 

chromium carbide and also a stronger solid 

solution due to the higher concentration of 

chromium in the Inconel 625. The lower 

hardness in heat affected zones is also because 

of the grain growth in these areas [16]. 
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Fig. 16. Microhardness profiles of two typical samples. 

 

3-3- Optimization of tensile strength 

It was mentioned earlier that all of the laser 

welded samples were fractured form the heat 

affected zone of AISI 430 ferritic stainless steel. 

This was due to the grain coarsening with lower 

hardness of this area. Regarding to the 

complexity of laser welding process in choosing 

proper parameters values, achieving the 

maximum tensile strengths of the weld joint via 

a more accurate study based on the 

mathematical modeling is of prime importance. 

The complexity of this process arise from 

significant changes (which are usually 

undesirable) in weld bead geometry, weld metal 

microstructure, residual stress and… due to the 

little changes in parameters values. For this 

purpose, this section is discussed about the 

optimization of the process parameters in order  

to obtain the maximum tensile strength by 

means of response surface methodology. Hence 

a theoretical model will be proposed which 

make a correlation between the process 

parameters and tensile strength. According to 

the correlation between mechanical properties 

and microstructural features, any factors that 

influence temperature conditions (temperature 

gradient, peak temperature and temperature 

distribution), cooling rate and weld bead 

geometry, can considerably affect properties of 

the weld joints. It has been shown by other  

 

 

researchers that three factors i. e. lamping 

current, pulse duration and travel speed have 

significant effect on the mechanical properties 

of laser welded components [22-24]. Thus, 

these parameters were considered as the main 

effective factors. After determining the main 

process parameters, the working limit of each 

parameter was appointed based on experimental 

efforts and literatures. In order to find the range 

of each selected parameter, trial experiments 

were performed by changing one parameter at a 

time, while keeping other process parameters at 

a constant setting. The weld bead appearance 

and weld soundness were inspected to identify 

the working limits of the welding parameters. 

The absence of macro defects with uniform, flat 

and smooth welded surface and the sound face 

were the criteria for choosing the conceivable 

and feasible working range. 

In order to conduct response surface 

methodology, three levels of each parameters 

were considered. A mathematical model 

developed based on regression was used to 

predict relation between welding parameters 

and tensile strength of each weld joint. Thus: 

𝜎𝑈𝑇𝑆 = 𝑓(𝐼, 𝑇𝑝, 𝑆, )           (4) 

Thus, the second order polynomial (regression) 

equation was used to represent the response 

surface 𝜎𝑈𝑇𝑆 is: 

𝜎𝑈𝑇𝑆 = 𝑏° + ∑ 𝑏𝑖𝑥𝑖 + ∑ 𝑏𝑖𝑖
𝑘
𝑖=1 𝑥𝑖

2 +𝑘
𝑖=1

∑ ∑ 𝑏𝑖𝑗𝑥𝑖𝑥𝑗
𝑘
𝑗=2𝑖<𝑗 + 𝜀        (5) 
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Where b  is the response of the central point, 

the coefficient ib
 is linear terms, the coefficient 

iib
 is the quadratic terms and the coefficient ijb

refers to the interaction terms [25-27].  

All the co-efficient were calculated for their 

significance at 95% confidence level. 

Accordingly, when the calculated value of P 

corresponding to a coefficient exceeds the 

standard tabulated value for the desired level of 

confidence (say 5%), the coefficient becomes 

insignificant. The significant regression 

coefficients were recalculated and the final 

models were developed using only these 

significant coefficients.  

Design of experiment matrix and the order of 

the test are also shown in Table 4. 

The results of variance analysis (ANOVA) are 

given in Table 5. 

 
Table 4. Design of experiment matrix. 

 

Exp. 

No. 

Factors 

 

Lamping 

current 

 

Travel speed 

 

Pulse 

duration 

1 -1 -1 -1 

2 1 -1 -1 

3 -1 1 -1 

4 1 1 -1 

5 -1 -1 1 

6 1 -1 1 

7 -1 1 1 

8 1 1 1 

9 -1 0 0 

10 1 0 0 

11 0 -1 0 

12 0 1 0 

13 0 0 -1 

14 0 0 1 

15 0 0 0 

16 0 0 0 

17 0 0 0 

18 0 0 0 

19 0 0 0 

20 0 0 0 

 
Table 5. ANOVA results for tensile strength response. 

 

P T SE Coef. Coef. Term 

0.000 104.355 1.815 189433 Constant 

0.000 23.006 1.670 38.415 I 

0.702 -0.394 1.670 -0.658 S 

0.000 7.544 1.670 12.597 TP 

0.000 -11.028 3.184 -35.115 I×I 

0.122 -1.690 3.184 -5.380 S×S 

0.001 -5.011 3.184 -15.955 TP×TP 

0.000 6.310 1.867 11.780 I×S 

0.000 -10.317 1.867 -19.260 I×TP 

0.582 -0.569 1.867 -1.063 S×TP 
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According to the resulted ANOVA, after 

determination of the significant coefficients, 

mathematical model was developed by using 

these coefficients only after the elimination of 

the insignificant coefficients. The mathematical 

model in terms of coded factors is shown below: 

𝜎𝑈𝑇𝑆 = 189433 + 38.415𝐼 + 12.597𝑇𝑝 

−35.115𝐼2 − 15.955𝑇𝑝
2 + 11.780𝐼 × 𝑆 −

19.260𝐼 × 𝑇𝑝        (6) 

The validity of the above-mentioned 

mathematical model was evaluated using the 

ANOVA. ANOVA test results for the 

developed model are presented in Table 6. The 

results of the ANOVA showed that the 

regression is significant with linear, quadratic 

and interaction terms for the developed model. 

The accuracy of the model was checked by 

residual plots for 𝜎𝑈𝑇𝑆 as shown in Fig. 17.  

The normal probability plot of the residuals for 

𝜎𝑈𝑇𝑆, as shown in this figure, revealed that the 

residuals are falling on the straight line, 

indicating that the errors are distributed 

normally. The coefficient of determination, 

‘R2’, is used to find how close the predicted and 

experimental values are [25]. The value of ‘R2’ 

for the above-developed relationship is also 

listed in Table 6. It shows a high correlation 

between the experimental values and the 

predicted values. The ‘Pred R2’ of 99.16% is in 

a reasonable agreement with the ‘Adj R2’ of 

94.12%. All above considerations indicate the 

adequacy of the developed relationship. At final 

step, the main effect of each significant 

parameter was analyzed. Figure 18 shows the 

main effect plot of the selected factors on the 

tensile strength of the weld joints. It can be 

observed that there is a convenience 

relationship between each parameters and 

tensile strength. It can be concluded from the 

slope of each curve that the pulse duration and 

lamping current have more significant effect on 

the tensile strength. In other words, travel speed 

is a less effective factor. 

 
Table 6. ANOVA test results for checking adequacy of the proposed model. 

 

Source DF Seq SS* Adj SS† Adj MS‡ F P Significance 

Regression 9 33208.6 33028.6 3669.8 131.62 0.000 √ 

Linear 3 16348.3 16348.3 5449.4 195.44 0.000 √ 

I (A) 1 14757.1 14757.1 14757.1 529.26 0.000 √ 

S (mm.min) 1 4.3 4.3 4.3 0.16 0.702  

Tp (mms) 1 1586.8 1586.8 1586.8 56.91 0.000 √ 

Square 3 12593.5 12593.5 4197.8 150.55 0.000 √ 

I×I 1 11480.2 3391.0 3391.0 121.62 0.000 √ 

S×S 1 413.2 79.6 79.6 2.86 0.122  

TP×TP 1 700.1 700.1 700.1 25.11 0.001 √ 

Interaction   3 4086.8 4086.8 1362.3 48.86 0.000 √ 

I×S 1 1110.1 1110.1 1110.1 39.82 0.000 √ 

  I×TP 1 2967.6 2967.6 2967.6 106.43 0.000 √ 

S×TP 1 9.0 9.0 9.0 0.32 0.582  

Residual Error 10 278.8 27.9     

Lack-of-Fit 5 234.8 234.8 47.0 5.33 0.045 √ 

Pure Error 5 44.0 44.0 8.8    

Total 19 33307.4      

R2 = 99.16%  ,  Pred R2 = 94.12%  ,  Adj R2 = 98.41 

 

 

 

 

 

                                                           
* Sum of Square 
† Mean Square 
‡ Degree Freedom 
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Fig. 17. Normal probability plots of tensile strength response. 

 

 
Fig. 18. Plots of main effects on the tensile strength response. 

 

By using counter plots and 3D response graph, 

it would be capable to describe the effect of 

each process parameter. If a contour patterning 

of circular shaped contours occurs, this means 

the independence of factor effects, while 

elliptical contours may suggest factor 

interactions [25]. The interaction effect of the 

lamping current and the pulse duration on the 

tensile strength of the weld joints is shown in 

Fig. 19 using 3D response graph and counter 

plot. It can be clearly concluded that by 

increasing in pulse duration, tensile strength 

increases up to a maximum value and then 

decreases by further increase in pulse duration.  

 

When the pulse duration is low, the heat input is 

not sufficient to produce a cohesive, coalescent 

and continuous weld joint. Also at low heat 

input the penetration is not complete. By 

increasing in pulse duration, a coalescent joint 

with full penetration is achieved which shows a 

high tensile strength. By further increase in 

pulse duration, due to the low heat conductivity, 

enlargement of grains in heat affected zone is 

significant and thus a decrease in tensile 

strength is expected. As can be seen from this 

figure, the maximum tensile strength is 

achievable when the lamping current is between 

150 to 180 A. 
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Fig. 19. Interaction effect of lamping current and pulse duration on tensile strength value of the welded samples. 

 

 

 
Fig. 20. Interaction effect of lamping current and travel speed on tensile strength value of the welded 

samples. 

 

Counter plot and response graph showing the 

interaction effect of lamping current and travel 

speed is presented in Fig. 20. As can be seen, 

the tensile strengths of the weld joints are 

decreased by decreasing in lamping current and  

increase in travel speed. Increase in travel speed 

causes decrease in heat input and thus a joint 

with lack of penetration is produced. In other  

words, a maximum tensile strength is obtained 

when a complete coalescence and full 

penetration between two base metals is 

generated. Decrease in tensile strength at very 

high lamping current and very low travel speed 

is due to the excessive heat input which causes 

grain coarsening and therefore decreases in 

tensile strength. 

 

4- Conclusions 

1- Solidification mode in center line of the weld 

metal was completely very fine equiaxed 

structure, whereas the structure in fusion line 

was columnar dendritic structures which were 

competitively grown in different direction.  

2- The majority of formed carbides in the weld 

metal were niobium-rich carbides. Dendritic 

structure of solidified weld metal is 

accomplished with accumulation of nickel and 
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iron at the dendritic cores and microsegregation 

of niobium and molybdenum to the interdenritic 

spaces.  

3- The heat affected zone was very narrow in 

the samples with maximum tensile strength, 

while the welded sample with high heat input 

had a wide heat affected zone with larger grain 

size. 

4- The hardness profiles showed an increasing 

trend form AISI 430 base metal to the Inconel 

625 base metal. 

5- The five-level factorial technique could be 

employed easily for developing mathematical 

models used in predicting the tensile strength 

values of the welded samples within the 

workable region of the control parameters in 

dissimilar laser welding of Inconel 625/AISI 

430 joint. 

6-The ANOVA demonstrated that the lamping 

current was the most significant factor affecting 

the tensile strength value. In addition, the travel 

speed had a less effect on the responses. 
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