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Abstract: AISI 316L steel and Inconel 718 are metals of wide application in industries. The study of dissimilar welding 
between these two materials is technologically important to improve their joint performance. We focused this study 
on the evaluation of the dissimilar weldability of these materials. Three samples of AISI 316L and Inconel 718 welded 
using a multipass GTAW (Gas Tungsten Arc Welding) process with different parameters were analyzed. The 
microstructural characterization, measurements of the volumetric fraction of the δ ferrite and Laves phase, the 
spacing between austenite dendrites, in addition to measurement and analysis of dimensions of the welding zones and 
the microhardness were performed. The measurement of the weld metal dimensions and the dendrite spacing 
showed that higher heat inputs increased the dilution zones and the spacing between austenite dendrites. The 
volumetric fraction of the δ ferrite decreased with the increase of heat input, while the Laves phase fraction increased. 
The microhardness presented significant variation in the weld pool due to changes in the phases and composition, as 
evidenced by EDS analysis in the dissimilar joints. 

Key-words: Austenitic stainless steel; Superalloys; Laves phase; Multipass welding; Dissimilar welding. 

Análise da Junta Soldada Dissimilar entre Inconel 718 e AISI 316L pelo 
Processo GTAW Multipass 
Resumo: O aço AISI 316L e Inconel 718 são metais de ampla aplicação na indústria. O estudo da soldagem dissimilar 
entre esses dois materiais é tecnologicamente importante para melhorar o desempenho da junta. Concentramos este 
estudo na avaliação da soldabilidade dissimilar desses materiais. Três amostras de AISI 316L e Inconel 718 soldadas 
usando processo multipass GTAW (Gas Tungsten Arc Welding) com diferentes parâmetros foram analisadas. Foram 
realizadas caracterização microestrutural, medidas da fração volumétrica da ferrita δ e fase Laves, espaçamento entre 
as dendritas de austenita, além da medição e análise das dimensões do metal de solda e da microdureza. A medição 
das dimensões do metal de solda e do espaçamento entre as dendritas mostrou que maiores aportes térmicos 
aumentaram as zonas fundidas e o espaçamento entre as dendritas de austenita. A fração volumétrica de ferrita δ 
diminuiu com o aumento do aporte térmico, enquanto que a fração da fase Laves aumentou. A microdureza 
apresentou variação significativa na poça de fusão devido a mudanças nas fases e na composição, conforme 
evidenciado pela análise de EDS nas juntas dissimilares. 

Palavras-chave: Aço inoxidável austenítico; Superligas; Fase laves; Soldagem multipasse; Soldagem dissimilar. 

1. Introduction 
Austenitic stainless steels can be used from cryogenic temperatures to high temperatures providing a good combination 

of ductility, strength, toughness and good oxidation-corrosion resistance. They have good weldability and among them, AISI 
316L has lower carbon content in its composition, which promotes better weldability [1,2]. Nickel-based superalloys are often 
used in harsh environments, such as gas turbines and power generation [3]. The Inconel 718 superalloy is a high-cost 
precipitation hardened alloy with high resistance to corrosion and high temperatures, with excellent creep resistance and 
good oxidation resistance. Inconel 718, like some other nickel superalloys, has the addition of niobium which favors the 
formation of precipitates that increase the strength of the alloy and also favors the prevention of the occurrence of 
solidification cracks [3-6]. In summary, AISI 316L and Inconel 718 are high temperature materials that can be applied in 
corrosive environments. Both metals present austenitic microstructure and good weldability. 

Dissimilar welding, a common practice in industries, promotes the union of two alloys with different chemical 
compositions. This type of welding allows adapting materials to the environment, using, for example, a lower cost material in 
places that do not require high mechanical and corrosion resistance. It is important to emphasize that the properties of the 
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dissimilar fusion zone must be equal to or greater than the properties of the weaker base metal. Besides, dissimilar welding is 
a method that requires proper planning of the welding parameters so that it does not affect the performance of the part in 
service [7]. The dissimilar welding practice between Inconel 718 and AISI 316L is common in aerospace industries and nuclear 
power plants. Ferretti et al. [8] reported the use of dissimilar welding between Inconel 718 connectors and AISI 316L tubes for 
transporting ammonia in an international space station. Henderson et al. [9] reported the use of dissimilar joints of AISI 316L 
and Inconel 718 in industrial gas turbine engines. Silva et al. [10] studied the corrosion resistance of dissimilar joints of Inconel 
718 and AISI 316L welded by GTAW process under different heat inputs and concluded that Inconel 718 and the fusion zone 
(FZ) have good resistance to pitting corrosion, although in the region close to AISI 316L steel may suffer localized corrosion. 
Gomes et al. [11], using the Hole-Drilling technique, analyzed the presence of residual stresses in dissimilar joints of AISI 316L 
and Inconel 718, concluding that the interface between the base metal and heat-affected zone (HAZ) of each metal presented 
residual stress around 300 MPa. Using the multipass GTAW process, Ramkumar et al. [12] compared the similar welding of AISI 
316L and Inconel 718 with the dissimilar welding between AISI 316L and Inconel 718 and concluded that the dissimilar joint 
has better tensile strength than the similar joints of both materials. 

It is observed that the study of dissimilar welding between Inconel 718 and AISI 316L is of utmost industrial importance 
due to its use in harsh environments, and the wrong choice of welding parameters can lead to service failure. Besides, due to 
the Inconel 718 chemical composition and the cooling rate of the welding process, the secondary Laves phase can be formed 
in the FZ, which impairs the properties of the weld due to the high hardness and fragility of this phase [13]. It is noticed that in 
the literature, there are still scarce studies on the effects of heat input on the microstructure of dissimilar joints of Inconel 718 
- AISI 316L and the formation of Laves phase in these joints. Therefore, the present study aims to characterize and evaluate 
the properties of dissimilar welded joints of Inconel 718 – AISI 316L welded by the multipass autogenous GTAW process, 
analyzing the influence of welding parameters on the microstructural and macrostructural characteristics of the weld metal 
and the formation of the Laves phase. 

2. Materials and Methods 

2.1. Material 
Three AISI 316L stainless steel plates and three plates of Inconel 718 were used, both of them hot rolled. All plates had 

the same dimensions: 120 mm x 20 mm x 5 mm. The standard chemical composition of AISI 316L and Inconel 718 is shown in 
Table 1 and Table 2, respectively, and the chemical composition of the main elements of each material according to the 
manufacturers is shown in Table 3. 

Table 1. Standard chemical composition (wt %) of AISI 316L [14]. 

C Mn P S Si Cr Ni Mo 

0.030 2.00 0.045 0.030 1.00 16.00/18.00 10.00/14.00 2.00/3.00 

Table 2. Standard chemical composition (wt %) of Inconel 718 [15]. 

Ni Cr Fe Co Mo Nb Ti Al C Mn Si Cu 

50.0-55.0 17.0-21.0 Bal. 1.00 2.80-3.30 4.75-5.50 0.35 0.20-0.80 0.08 0.35 0.35 0.30 

Table 3. Chemical composition (wt. %) of the main elements of AISI 316L and Inconel 718, according to the manufacturers. 

Alloy C Cr Ni Si Mn Mo Cu Ti Al Nb Fe 

316L 0.021 17.08 10.02 0.42 1.33 2.026 0.101 - 0.0036 - Bal. 

718 0.021 18.0 52.4 0.03 0.02 2.95 0.01 0.98 0.44 4.97 20.01 

2.2. Welding process 
Inconel 718 and AISI 316L plates were welded in the butt joint position without bevel by an autogenous GTAW process 

with a welding speed of 4.5 mm s-1 using a multi-pass technique, with three welding passes (same current, temperature and 
voltage) being carried out on each sample. A 1/8” thoriated tungsten electrode with 45˚ angulation was used. Argon was the 
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shielding gas with a flow rate of 17 L min-1. Fixed inter-pass temperature and varied current were used, as shown in Table 4, 
where the welding parameters are found. The inter-pass temperature and current values were established in a previous 
study [16], in which an experimental planning was realized following the Calegare method [17]. Knowing that the η efficiency 
is equal to 0.8 for the autogenous GTAW process [18], the welding heat input was calculated according to Equation 1, whose 
results are also shown in Table 4. 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑥𝑥 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑥𝑥 𝜂𝜂
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

  (1) [18] 

Table 4. Parameters and heat inputs of GTAW welding processes. 

Test Current (A) Temperature (ºC) Voltage (V) 
Welding Speed  

(mm s-1) 
Flow Rate Ar  

(L min-1) 
Heat Input 

(kJ/mm) 

Sample 1 160 600 12.7 4.5 17 0.361 

Sample 2 180 600 13.6 4.5 17 0.435 

Sample 3 200 600 15.5 4.5 17 0.551 

After welding, the three plates were cut to the dimensions shown in Figure 1. For comparison purposes, an as-received 
sample of each material was used for characterization. 

 
Figure 1. (a) Scheme of the samples welded by the GTAW process emphasizing the region analyzed. (b) Photograph of one of the analyzed 

samples. 

2.3. Microstructure and macrostructure characterization 
All samples, both welded and as-received, were hand-sanded in Knuth - Rotor 2 Struers using SiC sandpapers in the 

sequence of 220 to 4000 mesh. The polishing process was carried out in a double metallographic polishing machine, PL 02 ED, 
using a diamond paste of 3 µm and then 1 µm as an abrasive. For the as-received and the welded samples, the microstructure 
was revealed by a reagent composed of three parts of HCl 37% for one part of HNO3, enabling the analysis of the presence of δ 
ferrite in the welded sample. In order to analyze only the Laves phase present in the welded samples, the samples were again 
hand-sanded and polished and this time it was used Marble reagent (4 g of CuSO4, 20 mL of HCl and 20 mL of H2O). If exposed 
for a short period of time, 5 seconds in the present study, Marble reagent reveals only the Laves phase and not the δ ferrite. 

For as-received samples, the average grain size was calculated using the Heyn linear intercept method, according to the 
ASTM E112 standard [19]. The welded samples and the as-received samples were analyzed by optical microscopy (OM) and by 
scanning electron microscopy (SEM), which was used in two modes: scattered electron (SE) and backscattered electron (BSD). 
Using the ImageJ software, the quantification of δ ferrite and Laves phase was performed in ten micrographs of each welded 
sample to obtain the average quantification. Besides, the dendrite spacing in the fusion zone was also analyzed using ImageJ. 
In other words, the distance between the austenite dendrites in different areas was measured. For each sample, three 
micrographs of different regions of the fusion zone were used. Ten spacing measurements were made for each micrograph, 
totaling thirty spacing measurements between austenite dendrites for each welded sample. The Laves phase was analyzed by 
SE and the BSD technique was also performed to visualize the morphology of the Laves phase. As for the macrostructural 
analysis, the sizing of the weld bead was analyzed by measuring the width, penetration depth and area of the weld joint. The 
weld bead width and penetration measurements were made using a Union Optical profilometer, with each measurement 
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being performed twice. The measurement of the area was made using the GeoGebra software, which allows the approximate 
measurement of the weld bead area through the insertion of points in macrographs of the welded joint. Three micrographs 
obtained through a stereomicroscope using a 16X magnification were used. The dilution between Inconel 718 and AISI 316L of 
each welded sample was also calculated, using the Equation 2 and Figure 2. 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(%) =  𝐵𝐵
𝐴𝐴+𝐵𝐵

 × 100  (2) [12] 

 
Figure 2. Measurement scheme for calculating the dilution. 

2.4. Vickers microhardness and chemical composition analysis 
Vickers microhardness tests were performed on samples as-received in ten different regions, obtaining the average 

hardness. As in the studies by Anawa and Olabi [20] and Yin et al. [21], the microhardness was measured in all regions of the 
cross-section of the welded samples, including the base metals, both HAZ and FZ, in order to evaluate the changes in 
microhardness in the dissimilar joint regions. The microhardness measurements were made 1 mm away from the surface, as 
shown in Figure 3. The distance between each measurement was 1 mm. Each test was performed using a load of 
300 gram-force for 30 seconds. 

 

Figure 3. Scheme of the microhardness measurements of the welded samples. 

The technique of energy dispersive spectroscopy (EDS) was used to analyze the chemical composition of the FZ, 
being measured at several random points resulting in the average of the elements present. The variation of the 
chemical composition in each region of the welded sample was also determined by EDS, using in-line analysis, same 
method used in the studies by He et al. [22], Upadhyaya and Singh [23] and Barnabas et al. [24]. The HAZ close to AISI 
316L (HAZ 316L), the FZ and the HAZ close to Inconel 718 (HAZ 718) of sample 2 were analyzed, as shown in Figure 4. 
Only sample 2 was chosen because it was the sample welded with intermediate current and, consequently, 
intermediate heat input. Besides, the comparative analysis of the chemical composition of welded samples with 
different heat inputs is not the aim of this study. The chemical composition of the Ni and Fe present in the FZ of each 
sample was compared with the content calculated according with the previously calculated dilution. These elements, 
Ni and Fe, were chosen because they are the elements that suffer the greatest variation in the transition FZ/AISI 316L 
and FZ/Inconel 718. The content of Ni and Fe was calculated using Equation 3. 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑜𝑜𝑜𝑜 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 316𝐿𝐿 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 718
2

 × 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑜𝑜𝑜𝑜(%)  (3) [12] 

In addition, EDS analysis was used to evaluate the chemical composition of the Laves phase. In this case, it was used 
punctual EDS analysis, and several points of the Laves phase present in sample 3 were measured. As the intention was just to 
analyze the chemical composition of the Laves phase, only one sample (sample 3) was chosen for EDS analysis. 
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Figure 4. EDS path analysis performed on sample 2. (a) analysis of HAZ 718. (b) analysis of the FZ. (c) analysis of HAZ 316L. 

3. Results and Discussion 

3.1. Analysis of samples as-received 
Figure 5 shows the microstructure of AISI 316L and Inconel718, respectively. It is observed, for both samples, the 

presence of twin boundaries, possibly formed during the hot rolled process. The micrograph also shows the different grain 
sizes in both materials. The average grain size was 64 ± 7 μm for Inconel 718 and 31 ± 2 μm for AISI 316L. The result of the 
ASTM E-112 grain size was 5 for Inconel 718 and 7 for AISI 316L steel. The microhardness test resulted in 237 ± 1 HV for 
Inconel 718 and 169 ± 0.50 HV for AISI 316L. 

 
Figure 5. The microstructure of the alloys. (a) Inconel 718. (b) AISI 316L. 

3.2. Analysis of welded samples 
Figure 6 shows macrographs of each welded samples with the markings used to measure the width, penetration depth 

and area of the weld joint. The results of the dimensioning of the welded samples are shown in Figure 7. As observed by 
Royse [25] and Demarque et al. [16], the weld bead dimensions increase with increasing heat input since higher heat inputs 
imply a higher amount of energy transferred to the metal, resulting in a greater weld pool, as shown in the graph results. It can 
be observed that the increase in the penetration of sample 3 (greater heat input) in relation to the penetration of sample 1 
(lower heat input) was 6.2%, while the increase in the width of sample 3 in relation to the width of sample 1 was 49.6%, in 
other words, the increase in the width of the weld bead in relation to the heat input was more significant. Sample 1 showed 
very low penetration compared to samples 2 and 3. It is important to emphasize that the low penetration depth can lead to 
defects in the weld root, leading to failure in service. It is interesting to note that sample 2 showed greater penetration than 
sample 3. However, sample 2 presented a smaller width than sample 3 and also than sample 1 (7.6% smaller than sample 3 
and 1.5% smaller than sample 1). The fact that sample 2 presented greater penetration and smaller width than samples 1 
and 3 can be explained by a preferential dissipation of welding energy in the normal direction (resulting in a higher 
penetration), and not in the transverse direction (resulting in a smaller width). This may have occurred due to the action of an 
external magnetic field that distorted the welding arc, redirecting the heat flow, or it could have occurred due to some 
heterogeneity of the thermophysical properties of the materials between these two directions (normal x transverse). 



Analysis of Dissimilar Welding Joint between Inconel 718 and AISI 316L by GTAW 
Multipass Process 

Silva et al. 

 

Soldagem & Inspeção. 2022;27:e2709 6/15 

Therefore, the area of sample 2 remained larger than the area of sample 1 and smaller than the area of sample 3, as expected 
due to its heat input. 

The results of the calculated dilution were 86.85% for sample 1, 92.59% for sample 2 and 91.94% for sample 3, as it can 
be seen in Figure 7. It was expected that samples 2 and 3 had a greater dilution than sample 1, as they were welded with 
higher heat input. The fact that sample 2 had a higher dilution than sample 3 may be related to this sample having presented 
greater penetration than the others. 

 

Figure 6. Macroscopy of the welded samples: (a) Sample 1. (b) Sample 2. (c) Sample 3. 

 
Figure 7. Weld bead dimensions and dilution percentage of each sample. 

Figures 8, 9 and 10 show the microstructures of the FZ, HAZ 718 and HAZ 316L of each welded sample. The FZ of 
all the studied samples consists of austenite dendrites with δ ferrite present mainly in the austenite contours. This 
microstructure was already expected since, according to Lippold and Kotecki [26], during the solidification of AISI 
316L, δ ferrite formation occurs in the form of dendrites with the later formation of austenite, which consumes part 
of the ferrite, which can be skeletal ferrite or lathy ferrite (FA solidification). Figure 11 shows an adapted diagram that 
illustrates the formation of δ ferrite in AISI 316L steel [26,27] and Figure 12 shows the Schaeffler diagram for the 
solidification of AISI 316L. It is possible to observe that, according to the composition of AISI 316L, the microstructure 
of the welded stainless steel consists of austenite and approximately 10% δ ferrite. Therefore, in dissimilar welding of 
this material, this type of solidification was expected to occur, with the presence of δ ferrite in the interdendritic 
region. Despite that Figure 11 shows a predominance of lathy ferrite in AISI 316L, in dissimilar welding, there is a 
predominance of skeletal ferrite, as can be observed in Figures 8a, 9a and 10a. The formation of predominantly 
columnar austenite dendrites with the formation of cellular dendrites was also expected, as the dendritic 
microstructure is typical of solidification after the welding process due to the cooling rate, which can be explained by 
the supercooling constitutional theory developed by Rutter and Chalmers [28] and later explained by Kou [29]. In the 
OM analysis, it is not possible to observe clearly; however, in the SEM analysis (to be shown in Figure 13), the 
formation of the Laves phase in the interdendritic region is clear. 

Observing the FZ of each sample, it is possible to visually perceive that higher heat inputs from welding result in greater 
dendrite spacing. The quantitative result is shown in Table 5. It is possible to observe the microstructural difference between 
the FZ, HAZ 718 and HAZ 316L. The HAZ region reaches a lower temperature during welding and is exposed to it for a shorter 
time than the FZ, besides, it is a region that does not melt. Therefore, during welding, HAZ undergoes fewer microstructural 
changes than the FZ, as shown in the Figures 8, 9 and 10. It is also possible to observe that HAZ 718 is different from HAZ 316L. 
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Both materials, AISI 316L and Inconel 718, have different chemical composition and different thermophysical properties, which 
contributes to the microstructural change to be different. 

 

Figure 8. Micrographs of sample 1. (a) FZ, OM 200X. (b) FZ with higher magnification (1210X), image obtained by SEM. (c) HAZ 718, OM 

200X. (d) HAZ 316L, OM 200X. 

 

Figure 9. Micrographs of sample 2. (a) FZ, OM 200X. (b) FZ with higher magnification (1250X), image obtained by SEM. (c) HAZ 718, OM 

200X. (d) HAZ 316L, OM 200X. 
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Figure 10. Micrographs of sample 3. (a) FZ, OM 200X. (b) FZ with higher magnification (1230X), image obtained by SEM. (c) HAZ 718, OM 

200X. (d) HAZ 316L, OM 200X. 

 

Figure 11. (a) Solidification of AISI 316L steel according to chemical composition. (b) FA solidification: skeletal ferrite. (c) FA solidification: 

lathy ferrite. Adapted from Lippold and Kotecki [26] and Khatak and Raj [27]. 

 

Figure 12. Schaeffler diagram for AISI 316L. Adapted from Lippold and Kotecki [26]. 
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Figure 13 shows the results of the SE and BSD analyzes focusing on the Laves phase. Figure 13a shows that the 
Laves phase forms in the interdendritic region, where there was the formation of δ ferrite. Figure 13a also shows that, 
as studied by Sohrabi et al. [13], what is known as the Laves phase is actually an eutectic constituent formed by Laves 
and austenite and nucleate on δ ferrite. The BSD analysis, Figure 13b, shows the different phases found in the FZ 
microstructure through the difference in shades: black represents austenite, dark gray represents δ ferrite and light 
gray represents Laves. The microstructural images (Figure 13) indicate the presence of Laves phase close to the δ 
ferrite. Based on the literature [13], the Laves phase has a tendency to form close to the δ ferrite, as shown in Figure 
13, since the δ ferrite is present in the dendrite boundaries and the dendrite boundaries are regions with a tendency 
to form the Laves phase. 

 

Figure 13. Laves phase present in sample 2. (a) Microscopy of the Laves phase through SEM analysis. (b) BSD analysis shows a eutectic 

constituent formed from Laves and austenite, present on δ ferrites. 

Figures 14a and 15a show one of the micrographs used to analyze the volume fraction of δ ferrite and Laves phase, 
respectively. Figures 14b and 15b show the processed micrograph obtained by the software ImageJ as a way to quantify the 
volume fraction of the δ ferrite and Laves phase, respectively. As explained in item 2.3, in order to analyze δ ferrite and Laves 
phase separately, the samples were exposed by two different reagents to avoid confusing the phases. 

It is possible to observe in Tables 5 and 6, respectively, the results obtained from the quantification of δ ferrite 
and Laves phase in the FZ and the dendrite spacing with a 95% confidence interval. The volumetric fraction of δ 
ferrite, shown in Table 5, is higher than predicted in the Schaeffler diagram. As can be observed, the higher the heat 
input applied during the welding process, the lower the volumetric fraction of δ ferrite and the higher the spacing 
between austenite dendrites. According to Kou [29], the heat input affects the thermal cycle, because the higher the 
heat input, the slower the cooling rate and there will be more time for the nucleation and growth of the austenite 
dendrites. This increases the dendrite spacing and decreases the δ ferrite fraction since, according to Lippold and 
Kotecki [26], the austenite that forms during solidification consumes part of the ferrite. A study developed by 
Silva et al. [30] had already shown that when welding AISI 316L steel using the autogenous GTAW method, the 
dendrite spacing increases according to the increase in heat input. In this study, it is observed that the same is valid 
for dissimilar welding. Observing Table 5, it is also noted that the volumetric fraction of Laves phase increases with 
the increase of heat input. As explained above, the higher the heat input, the higher the amount of energy transferred 
to the weld and the slower the cooling rate, consequently, there will be more time for the nucleation and growth of 
the Laves phase. Furthermore, the iron content in the solidified zone reduces the equilibrium partition coefficient (k) 
of niobium and molybdenum, increasing the Laves phase content. Thus, in order to reduce the Laves phase formation 
during welding involving Inconel 718, it is recommended to use low weld heat inputs [31]. The Laves phase is a 
deleterious phase that can negatively alter the mechanical properties of the material [13]. Sohrabi et al. [13] and 
Miao et al. [32] found respectively 3.57% and 3.2% of the amount of the as cast Laves phase present in the Inconel 
718. Comparing with Table 5, it is observed that the amount of Laves phase found in the present study is high. 
According to Sohrabi et al. [13], the amount of Laves phase is dependent on the Nb content and cooling rate, which 
may explain the large volume fraction formed during welding in this study. Despite the amount of the fragile Laves 
phase in the FZ, there was no weld crack evidence. In Figure 16 it is possible to see clearly that when the heat input 
increases, the volumetric fraction of Laves phase also increases and the volumetric fraction of δ ferrite decreases. 
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Figure 14. (a) δ ferrite in the microstructure. (b) Processed micrograph of (a) in the ImageJ. 

 

Figure 15. (a) Laves phase in the microstructure. (b) Processed micrograph of (a) in the ImageJ. 

Table 5. The volumetric fraction of δ ferrite and Laves phase of the welded samples. 

 δ Ferrite (wt. %) Laves (wt. %) 

Sample 1 (15.02±0.72) (6.77±0.11) 

Sample 2 (13.54±0.75) (7.80±0.16) 

Sample 3 (10.73±0.61) (8.35±0.16) 

Table 6. Dendrite spacing of the welded samples. 

 Sample 1 Sample 2 Sample 3 

Spacing length (mm) 11.376 ± 0.365 18.991 ± 0.441 20.880 ± 0.727 
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Figure 16. Graph showing the volumetric fraction of δ ferrite and Laves phase and the dendrite spacing of each sample. 

3.3. Vickers microhardness and chemical composition analysis 
The results of the microhardness profile are shown in the graph in Figure 17. It is possible to notice that the 

microhardness values in the FZ are between the microhardness values of the AISI 316L and Inconel 718 due to the mixture of 
the two materials during welding. It is also noted that there is variability in the results of each sample. This is because the 
measurements are done on a micrometric scale. Thus, as Pessanha [33] observed, during the test, the indenter can reach 
regions with a predominance of austenite and regions with a predominance of δ ferrite and Laves phase, which explains the 
variations in the microhardness of the FZ. 

 

Figure 17. Results of the microhardness measurement of each sample. 

Table 7 shows the chemical composition of some of the elements present on the FZ of each sample. As can be observed, 
not all the elements were detected by EDS, which can be explained by the similarity in wavelength and consequent 
misidentification of the elements. Comparing table 7 with table 5, it is observed that the higher the Nb content, the higher the 
volumetric fraction of the Laves phase, since the Laves phase is composed of Ni2Nb [13]. 

Table 7. Chemical composition of some of the elements present in the FZ of each sample. 

 Cr Ni Si Mo Al Nb Fe 

Sample 1 16.33 30.19 0.79 2.48 0.92 4.30 36.87 

Sample 2 18.83 32.62 0.80 2.49 0.95 4.13 38.80 

Sample 3 16.35 29.82 0.82 not detected 0.96 4.21 36.63 

Figure 18 illustrates the results of the EDS analysis for sample 2, the sample with intermediate heat input. The graphs 
show the variation of the chemical composition in each region (AISI 316L – HAZ 316L – FZ – HAZ 718 – Inconel 718) of the 
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dissimilar joint considering the three main elements present in both metals: iron, nickel and chromium. It was decided to 
present the chemical composition analysis through the cross-section of the sample with intermediate heat input to indicate 
the tendency of diffusion of one material into the other through the HAZ and FZ, showing the ascending or descending slope 
shape of the chemical elements. It is interesting to observe in Figure 18a that in the transition zone of FZ / HAZ 718 there is an 
increase in nickel content (ascending slope shape) and a decrease in iron content (descending slope shape), which was 
expected since the FZ is a mixture of the two welded materials and Inconel 718 has a higher content nickel and lower iron 
content than AISI 316L and, logically, the FZ. The reverse logic occurs in the HAZ 316L / FZ, as shown in Figure 18b. As the 
chromium content of AISI 316L and Inconel 718 are close, there is no significant variation in each region. Although Figure 18c 
shows that there is no significant variation in the elements content of the FZ, the graph presents a wave shape. This shape is 
due to the different phases present in the FZ (austenite, δ ferrite and Laves phase) each with different chemical composition. 

 

Figure 18. The main alloy elements (Fe, Ni and Cr) in sample 2. a) HAZ 718. b) HAZ 316L. c) FZ. 

Table 8 shows the content of Ni and Fe of each sample according to the dilution percentage shown in Figure 16. 
Comparing with the experimental content shown in Table 7, it is possible to observe that the calculated and experimental 
contents of Ni and Fe are relatively close. 

Table 8. Calculated content of Ni and Fe according with the dilution percentage. 

 Sample 1 Sample 2 Sample 3 

Ni 27.11 28.90 28.70 

Fe 38.65 41.20 40.91 

Figure 19 shows the result of the EDS analysis of the Laves phase present in sample 3. As can be seen in Figure 11, the 
Laves phase is actually a eutectic constituent of Laves and austenite. Nonetheless, in the present study, the EDS analysis was 
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performed considering the eutectic constituent as a whole and not Laves and austenite separately. Compared with Figure 18, 
it is observed that the Laves phase has lower levels of iron and chromium, with no change in nickel content. Besides, this phase 
has a significant content of niobium, as it can be seen in Figure 19b and Table 9. Table 9 shows the average of the analysis 
results with a 95% confidence interval, considering the main elements present in Laves phase: niobium, iron, nickel and 
chromium. The results found are close to the results found in the Laves phase study developed by Sohrabi et al. [34], especially 
for the content of Nb and Cr. 

 

Figure 19. (a) Example of some of the punctual EDS analysis of the sample 3. (b) Result of the EDS analysis of the  

Laves phase made in a single point. 

Table 9. Result of the EDS analysis of the Laves phase of sample 3, considering the main elements. 

 Nb (wt. %) Ni (wt. %) Fe (wt. %) Cr (wt. %) 

Average (18.54±1.11) (39.38±1.76) (22.31±1.37) (13.18±0.78) 

4. Conclusions 
The main conclusions of this study are: 

• The increase in heat input resulted in a lower volumetric fraction of δ ferrite, a higher fraction of the Laves phase, and 
greater dendrite spacing; 

• It was observed that in all samples the microstructure of the fusion zone consists of austenite with the presence of 
columnar or cellular ferrite, and the dendrite shape varies with the increase in heat input; 

• The volume fraction of Laves phase of all samples was high. Despite this, there was no weld crack evidence; 
• It was observed that a larger heat input implied a larger weld pool, with sample 3 showing an increase of approximately 

30% of the weld bead area in relation to sample 1; 
• Due to the low penetration of sample 1, for industrial application, taking into account only the weld width and 

penetration, samples 2 and 3 would be more suitable; 
• Sample 2 showed greater penetration and smaller width than samples 1 and 3, which was not expected. As sample 2 

achieved a greater penetration even being welded with lower heat input, in industrial application, this sample would be 
more suitable. However, the fact that the penetration of sample 2 was greater may have been just an isolated case; 

• The Vickers microhardness profile showed that there is considerable variation in the results across the regions of the 
welded sample, regardless of the heat input; 

• The EDS analysis showed that in the FZ there is a mixture of the composition due to the fusion process of the two 
materials and all samples showed a dilution above 85%. There was a slope shape in the content of the elements 
presented according to the change in the region; 

• None of the welded samples showed fracture or other defects in the weld bead. Some showed particularities, such as the 
low penetration of sample 1 and the high penetration of sample 2. As all samples had a high amount of Laves phase, it is 
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possible that the continuous use in industrial application could lead to fracture. Therefore, for practical application, a 
heat treatment would be indicated to reduce the amount of Laves phase in the microstructure of the samples. 
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