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In this study, the effect of applying electromagnetic vibration 

simultaneously along with welding to improve the mechanical 

properties of the Incoloy 825 superalloy weld metal was 

investigated. The samples were welded by the GTAW method and 

the simultaneous application of electromagnetic vibration under 

voltages from zero to 30 volts. The impact toughness and hardness 

of the weld metals produced by different voltages were measured. 

The microstructure of base and weld metals was investigated by an 

optical microscope and SEM. Microstructural studies showed that 

the weld metal has a fully austenitic matrix with fine precipitates on 

the grain boundaries and within the grains. It was found that the 

application of electromagnetic vibration by the fragmentation of the 

dendrite tips and their entry to the weld metal molten pool contribute 

to the increasing of heterogeneous nucleation and therefore grain 

refinement. The result of impact and hardness tests depicted that by 

applying the electromagnetic vibration the impact toughness and 

hardness of the weld metal are increased from 27.7 to 35.3 jols and 

from 205.5 to 257.7 Vickers, respectively. It was found that 

electromagnetic vibration improves the hardness and impact energy 

of the weld metal by affecting the parameters, refined equiaxed 

dendrites, structure within grains and better distribution of 

precipitates. 
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1. Introduction 
Superalloys are one group of the important 

engineering materials that show resistance to heat, 

corrosion, and oxidation and are divided into three 

groups, namely Nickel, Iron-Nickel, and Cobalt-

based [1-3]. The Incoloy 825 superalloy (alloy 825) 

is one of the Nickel-Iron-based superalloys, which 

have excellent mechanical properties and are 

resistant to corrosion at relatively high temperatures. 

Alloy 825 is used in different industries such as the 

aerospace industries, the equipment of oil and gas 

wells, the nuclear industries, the manufacture of the 

acidic environments tubes, the lines of injecting 

chemical materials, and the under-pressure 

equipment [4]. Good weldability can be expected 

because of the presence of high Nickel and 

Chromium in this alloy and the presence of the 

austenitic structure [5-7]. 

The solidification microstructure and grain size of the 

weld metal severely affect the mechanical properties 

and sensitivity to the hot cracking of the weld metal. 

To control the grain structure, different methods, 

including inoculation and external excitation, such as 

molten pool stirring, arc oscillation, arc pulsation, are 

utilized [8-9]. The vibration and stirring of weld pool 

are extremely effective in the weld metal 

solidification microstructure and solidification 

modes so that making and applying the optimized 

vibration can play a key role in the correction of 

solidification structure, the improvement of 

mechanical properties, and the decreasing of 

sensitivity to the hot cracking of weld metal [9]. In 

general, vibration can be applied to the weld pool by 

three methods, namely ultrasonic, mechanical, and 

electromagnetic ones [10-11]. 

The applying of electromagnetic vibration 

simultaneously with welding by the alternating 

current resulted in applying the Lorentz force to the 

weld pool and molten vibration with the same 

frequency. The turbulence and agitation of the weld 

pool lead to increasing the dendrite tips 

fragmentation, thereby detaching the partial melting 

grains and decreasing the weld pool temperature. 

Decreasing the pool temperature causes greater 

stability of the fragmented dendrite tips, detached 

grains, and heterogeneous nucleation places in the 

weld pool [8-9]. 

Dehmolaei et al. [10] investigated the effect of 

electromagnetic vibration on the microstructure of 

dissimilar weld joints of alloy 800 and HP heat 

resistant steel. They reported that vibration, in 

addition to refining the weld metal structure, causes 

the unmixed zone to be eliminated at the interface. 

The research of Ghadam Dezfuli et al. [12] showed 

that the use of electromagnetic vibration during 

welding of 304 stainless steel ameliorates the weld 

metal structure and changes the solidification 

structure from columnar mode to the fine equiaxed 

dendritic. It was found that vibration can reduce the 

sensitivity to the hot cracking of the weld metal. By 

studying the effect of ultrasonic vibration on the weld 

joint properties of 321 stainless steel, Nabahat et al. 

[13] showed that vibration with variation in the 

morphology and size of ferrite and austenitic 

dendrites leads to an increase in grains refinement 

and improves the impact energy and hardness of the 

weld metal. The investigations by Parvin Singh et al. 

[14] revealed that the use of mechanical vibration 

during the welding of mild steels develops the fine 

grain structure and improves the yield strength and 

ultimate tensile strength of the weld metal. The 

effects of the electromagnetic vibrations of the 

welding on the weld metal microstructure of the 304 

stainless steel in a simultaneous manner were 

investigated by Anderson et al. [15]. They reported 

that vibration could cause grains refinement and 

decrease the space between the primary and 

secondary dendritic arms. Sakthivel et al. [16] 

reported that mechanical vibrations during the 

welding contribute to the grains refinement and 

improves the mechanical properties of the weld metal 

of 316 stainless steel. The effect of the arc vibrations 

on microstructure and mechanical properties of 

Tantalum weld joints was studied by Sharier et al. 

[17] found that the greatest effect of arc vibration is 

on the fusion zone and that the heat-affected zone 

(HAZ) leads to the formation of fine equiaxed grains 

in the fusion zone and the reduction of the grain size 

in the HAZ. 
Due to the wide applications of alloy 825 and the 

desirable effects of vibration on the microstructural 

and mechanical properties of weld joints, the 

influence of electromagnetic vibration on the 

microstructure aspects and mechanical properties in 

the alloy 825 weld joints was evaluated. The welding 

was carried out by the GTAW method. 
 

2. Experimental details 
In this study, alloy 825 with an 8 mm thickness as a 

base metal and Inconel 82 (ER NiCr-3) with a 2.4 mm 

diameter as a filer metal were used. Table 1 shows 

the chemical combination of base and filler metals. 
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Table 1. Chemical composition of base and filer metals (Wt%)  

 Incoloy825 Inconel82 Chemical composition Incoloy825 Inconel82 

%C 0.03 0.1 %Al 0.09 0 

%Fe 31.4 3 %P 0 0.3 

%Ni 43.3 67 %Nb 0.06 2-3 

%Cr 19.65 18-22 %Ti 0.75 0.75 

%Cu 1.51 0.5 %Si 0.13 0.5 

%Co 0.74 0 %S 0 0.15 

%V 0.03 0 
%Mn 0.21 2.5-3.5 

%Mo 2.13 0 

 

or welding, specimens with the dimensions of 100 

mm×50 mm×8 mm from the base metal were 

prepared. All butt joints were provided in 35º V 

grooves. The welding routes were performed by gas 

Tungsten arc welding with the direct current 

electrode negative (GTAW-DCEN). One of the weld 

joints was produced without vibration, and the others 

were produced under the concurrent electromagnetic 

vibration at the voltage levels of 6, 12, 20, 25, and 30 

V. Figure 1 shows illustrate the schematic of the 

electromagnetic vibration welding apparatus.  

In order to study the microstructure of the base and 

weld metals, the specimens of 10×20×8 mm 

dimensions were cut from the weld joints so that the 

weld bead could be placed in the middle of them. All 

the specimens were ground on the Silicon Carbide 

paper of 60-3000 grit and then were polished on 

nylon cloth with the 0.25 µm diamond paste. The 

microstructures were investigated using an optical 

microscope model MEIJI Techno-IM7200 and a 

scanning electron microscope (SEM) equipped with 

EDS point analysis model MIRA3-TESCAN. The 

specimens were electro-etched by the oxalic acid 

solution under 20 V for 15 seconds.  

To measure the average length and width of the 

dendrites, the Image J software version 1.52V was 

used, and about one hundred fifty measurements 

were made to analyze each image. For this purpose, 

each image was divided into five zones, and inside 

each area, three circles with a diameter of ten 

millimeters were selected, and ten measurements (the 

length and width of dendrites) were performed inside 

each circle. 

The Vickers hardness test (INNOVATEST Nexus 

Series) was performed on three specimens of each 

weld and base metals with a 30 kg load. From each 

weld metal, three samples (with 5 mm ×5 mm ×55 

mm dimensions) based on ASTM E23 standard were 

prepared, and then the impact test was performed on 

all of them. At last, the average hardness and impact 

tests results for the three samples were reported. The 

fracture surfaces were investigated by SEM.
 

 
Fig. 1. Schematic of the electromagnetic vibration device 

 

3. Results and discussion 

3.1. Microstructure  

3.1.1. The microstructure of base metal  
The Incoloy 825 microstructure has been illustrated 

in Figure 2. The optical image (Figure 2a) indicates 

the microstructure of the as-received alloy 825 

containing an austenitic with precipitates in the 

matrix and along the grain boundaries. The SEM 

image in Figure 2b reveals two types of precipitate 

with different sizes and morphologies. The polygonal 

type (coarser) is in the matrix and on the grain 

boundaries, while the spherical type (finer) is more in 

the matrix [18]. Figures 2c and 2d (EDS analysis 

results) show that the polygonal and spherical types 

are TiN (or Ti(N,C)) and TiC, respectively [19]. The 

same results have been reported by other researchers 

[20-22].
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Fig. 2. Microstructure of Incoloy 825 a. optical image b. SEM image c. EDS analysis of TiN precipitate         d. EDS 

analysis of TiC precipitate 

 

3.1.2. Microstructure of weld metal 
Figure 3 shows the weld metal microstructure at 

different vibrational voltages. The figure illustrates 

that in all images, the structure is austenitic, and by 

increasing the intensity of vibration, the structure of 

the weld metal has become finer. It can obviously be 

seen from the figure that the finest structure is 

obtained at 30 V. Figure3 reveals that the 

microstructure of the weld metal is a solidified 

equiaxed dendritic in which the grains in the weld 

center are finer, and by increasing the intensity of the 

applied magnetic fields the finer equiaxed dendritic 

grains are obtained. The results of the image analysis 

from the length and width of dendrites in different 

specimens have been presented in Table 2. As can be 

observed in Table 2, by applying the electromagnetic 

vibration, the average length and width of the 

dendrite in the weld metal from 241.1418 µm and 

17.6368 µm (no vibration) are reduced to 28.4161 

µm and 7.7081 µm (vibration with 30v), respectively. 

Electromagnetic vibration causes the agitation and 

turbulence of the weld pool. The high turbulence of 

the weld pool leads to increasing the dendrite tips 

fragmentation, detaching the partial melting grains 

from base metal, and decreasing the weld pool 

temperature. The entry of the fragmented dendrite 

tips and detached grains into the weld pool increases 

the heterogeneous nucleation places in the weld pool, 

thereby forming a finer structure after solidification 

[23-24]. In addition, the turbulence of the molten 

pool contributes to a further decrease in the pool 

temperature and an increase in the cooling rate, 

thereby reducing the distance between the dendrites 

arms from the fusion line toward the weld center. As 

a result, it is expected that finer equiaxed dendrites 

are formed in the weld center [18, 25-27]. 

 
Table. 2. The average length and width of dendrites in weld metal for different vibration voltages 

30V 25V 20V 12V 6V 0V  

28.4161 64.8960 65.9405 73.3534 135.6367 241.1418 The average length of dendrites (µm) 

7.7081 8.56179 8.9592 9.6856 13.6517 17.6368 The average width of dendrites(µm) 
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By increasing the cooling rate, the solidification rate 

(R) is increased. The increase of the solidification 

rate and the constitutional supercoiling (the reduction 

of G/R ratio) from the pool boundary toward the 

centerline of weld make an alteration to the 

solidification mode from the columnar mode (close 

to the fusion line) to the axial dendrite in the weld 

center. Increasing the intensity of electromagnetic 

vibration will make this alteration more evident 

(Figure 3) [23,25-26]. By increasing the solidification 

rate and growth speed (G) due to vibration, the 

distance between the dendrite arms and the columns 

in the weld metal will be decreased, and the tendency 

to refinement will be increased in this area [28-29]. It 

has been found that the weld metal structure, 

including fine equiaxed dendrites in respect to 

columnar grains, has more ductility and that the 

possibility of the segregation and accumulation of 

alloy elements with low melting temperatures on the 

grain boundaries will be lower [9]. 

The SEM image of the weld metal (Figure 4a) shows 

many precipitates with an irregular shape in the 

matrix (finer) and on the grain boundaries (coarser). 

The EDS spectra obtained for these precipitates 

indicate that both fine and coarse precipitates are rich 

in Niobium and Nickel, Iron and Chromium (Figure 

4b). These precipitates may be identified as Niobium 

Carbide NbC (Fe, Ni, and Cr may have been obtained 

from the austenitic matrix). On the one hand, about 

%3 Niobium is in the chemical composition of the 

filler metal (Table 1); on the other hand, the 

coefficient of the Niobium distribution in the Nickel-

based alloys is less than one; hence, Niobium has the 

tendency toward the segregation in the interdendritic 

zones and forms the precipitates of NbC [9,18]. In 

addition, Figure 5 shows that vibration has made a 

more uniform distribution of precipitates in the weld 

metal microstructure. The existence of precipitates in 

the microstructure of the weld metal at the end of 

solidification, especially their uniform distribution 

(due to vibration), puts an obstacle to the movement 

of the grain boundaries through pinning, and 

therefore, the reduction of grain boundaries 

movement can contribute to the grains refinement 

and the increasing of hardness and strength [18,20].

 

 
Fig. 3. Optical images of the Inconel 82 weld metal microstructure at different voltages 
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Fig. 4. SEM image and EDS analysis of NbC precipitates in Inconel 82 weld metal 

 

 
Fig. 5. SEM images of the Inconel 82 weld metal microstructure at different voltages 

 

3.2. Mechanical Properties: 
Table 3 shows the results of the hardness and Charpy 

impact tests of weld metal at different vibration 

voltages. The results disclosed that the highest 

hardness amount for the specimen under 

electromagnetic vibration 30 V and the lowest 

amount for the specimen without vibration had been 

obtained. The presence of the delicate dendritic 

structure and equiaxed fine grains in the specimen 

under electromagnetic vibration with 30 V and the 

more uniform distribution of the precipitates in this 

situation raises the hardness of weld metal 

considerably. Figure 6 shows the hardness profiles 

from the weld center toward the base metal for the 

specimens under different vibration voltages. It has 

been observed that the greatest hardness in all the 

weld metals is related to the weld center, resulting 

from the greater amount of formation of fine 

equiaxed dendrites in the weld center. The decreasing 

of hardness in the heat-affected zone (HAZ) is due to 

the grain growth and dissolution of precipitates in 

HAZ, whose welding thermal cycles with the 

increasing of HAZ temperature cause these 

microstructural changes. 
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Table 3. The results of the hardness and Charpy impact tests of weld metal at different voltages 

 0V 6V 12V 20V 25V 30V 

Average Hardness (HV) 205.5 210.6 215.4 226.9 237.4 257.7 

Average energy (J) 27.3 30.5 31 31.2 31.6 35.3 

 

 
Fig. 6. Micro-hardness profile in weld and base metal for different vibration voltages 

 
An increase in the vibration facilitates the formation 

of the structure with the equiaxed fine grains in the 

weld metal center, thereby reducing the distance 

between the dendrite arms and the columnar grains. 

The grains refinement can simultaneously improve 

the hardness and impact toughness. Grain refinement 

based on the Hall-Petch equation (H: Hardness, H0 

and KH are constant, D: Grain Size) increases the 

hardness [30]. Also, grain refinement can improve 

the impact toughness by increasing grain boundary 

density as a barrier to crack propagation [9,13]. Due 

to the fact that vibration causes grain refinement and 

increases fine equiaxed dendrites, it can improve 

hardness and impact toughness at the same time. 

H =  H0 + KHD−
1

2                  (1) 

Therefore, it is expected that by increasing the 

vibration, an increase in the hardness amount will be 

observed. It is noteworthy that the presence of 

Niobium Carbide in the structure of the weld metal is 

the factor through which the hardness in this area is 

elevated and that the vibration of the weld pool 

distributes these precipitates with a finer size and a 

greater uniformity [31]. Besides the formation of the 

Carbide precipitates and the hindering of the 

movement of grain boundaries, Niobium improves 

the mechanical properties of the weld metal with 

dissolution in the austenitic matrix [32]. 

The results in Table 3 show that the best impact 

energy amount (27.3 J) for the specimen under 

electromagnetic vibration 30 V and the lowest amount 

(35.3 J) for the specimen without vibration have been 

obtained. It can be seen that by increasing the 

intensity of the applied vibration, the impact energy 

is partially improved. By applying the electromagnetic 

vibration and increasing its intensity, the 

microstructure of the weld metal is changed from the 

columnar dendrites to the equiaxed fine dendrites 

(particularly in the weld center). Increasing the 

equiaxed fine grains results in a decrease in the 

distance between the dendrite arms, thereby making a 
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better distribution of intergranular eutectics melt. The 

grain refinement increases the grain boundaries in the 

weld metal microstructure (the obstacles on the route 

of the crack growth) and improves toughness (impact 

energy). Additionally, increasing the applied vibration 

by a more uniform distribution of precipitates 

enhances the impact energy. Figure 7 depicts the SEM 

images of the surfaces of the weld metal fracture 

before and after applying the vibration. Figure 7 

reveals that the type of fracture in all weld metals is 

soft, while by increasing the voltage, the effects of 

plastic deformation, voids, and deep dimples with a 

high number are frequently observed on the fracture 

surface in the specimens which have been under 

vibration. The smaller the diameter of these dimples 

is and the greater their depth and dispersion are, the 

greater the ductility of the resulting structure will be, 

thereby improving the impact energy [25]. 

 

 
Fig. 7. SEM images of the fracture surface at different vibration voltages 

 
4. Conclusions  
1. It was found that the alloy 825 has an austenitic 

matrix along with the precipitates of TiC and TiN or 

Ti(N,C), respectively, with different spherical and 

polygonal morphologies on the grain boundaries and 

within grains.  

2. Results showed that applying the electromagnetic 

vibration leads to an increase in the fine equiaxed 

grains and a decrease in the distance between 

dendrite arms within the weld metal grain structure. 

3.  Using the electromagnetic vibration led to a better 

precipitates distribution and prevented the grain 

boundaries movement in the weld metal. 

4. Appling the vibration increased the hardness 

amount of weld metal. The maximum hardness was 

obtained at vibration voltages 30V in the weld center 

(257.7 HV). 

5. By using electromagnetic vibration, the impact 

energy was increased up to more than 29.5%. The 

minimum and maximum impact energy of the weld 

metal for weld joints without vibration (27.3 J) and 

under 30 V vibration (35.3 J) was observed, 

respectively. 
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