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Stainless steel and nickel alloy have high corrosion resistance in high-temperature environments 
due to the high Cr content present in their chemical composition, being widely used in components of 
nuclear reactors, petrochemical industries, etc. Through proper processes and procedures, it becomes 
possible to join these alloys. However, this union can generate detrimental factors in its performance, 
among them, the residual stresses. In this work, the residual stresses generated by the autogenous 
GTAW process, due to different interpass temperatures on the weld bead geometry, were analyzed by 
the Hole-Drilling technique in dissimilar welding joints of stainless steel AISI 316L and Inconel 718 
alloy. In addition, the Vickers microhardness measurements were carried out to evaluate the hardness 
profile in the cross section of the weld bead covering base metal (BM), heat affect zone (HAZ) and 
weld metal (WM). We found that in the interface region between BM and HAZ of each dissimilar 
joint metal, residual stresses increased above 300 MPa, while hardness increased above 160 HV.
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1. Introduction

The world, after World War II, entered a stage of profound 
evolutions in the technological sector triggered mainly by 
the junction between scientific knowledge and the industrial 
production. The industrial process, based on knowledge 
and research, characterizes the so-called Third Industrial 
Revolution or Techno-Scientific Revolution, allowing the 
development of activities in the industry that apply cutting-
edge technologies in the production stages, among them, in 
the production of metallic materials.

In this context, the austenitic stainless steel AISI 316L and 
Inconel 718 alloy are widely used in nuclear power plants or 
conventional, chemical and petrochemical industries1. These 
alloys have high corrosion resistance in environments with 
high temperatures, due to the high content of Cr present in 
their chemical composition2,3.

Through a certain welding process, it is possible to 
join these alloys, generating the so-called dissimilar joints. 
Dissimilar joints are generally developed and produced within 
the highest quality standards4. However, some undesirable 
factors may arise, among them, the residual stresses, which 
are one of the main reasons to cause premature failure and 
defects in the parts, compromising their performance and 
even shortening the life of the component.

Residual stresses on welding occur due to non-uniform 
heating and cooling imposed by the thermal cycle5,6. 

During welding, the region close to the weld pool is quite 
heated, while other regions of the base metal remain at much 
lower temperatures. The heated region tends to dilate but is 
restricted by regions with lower temperatures. As the weld 
metal cools, it tends to undergo thermal contraction but is 
also restricted by base metal that is at a different temperature, 
resulting in the development of elastic and plastic deformations 
in the material and frequently phase transformations which 
induces the local volume changes5.

The techniques of measuring residual stresses are divided 
according to the degree of damage to the component and its 
application. Several methods for the analysis of residual stresses 
have been developed by the industries, which allow knowing the 
state of these tensions in the material, avoiding catastrophic results. 
Among the methods used, we can mention: X-ray diffraction, 
neutron diffraction, synchrotron diffraction, ultrasonic, magnetic, 
sectioning, layer removal, and hole-drilling7,8,9.

Seeking innovation in the process and procedure, guaranteeing 
the requirements of safety, quality, environment and applicability 
of the welded component, we choose the hole-drilling method 
to study the behavior of residual stresses on dissimilar weld 
joints of AISI 316L and Inconel 718 alloy in the interface 
region between BM (Base Metal) and HAZ (Heat Affected 
Zone) of each dissimilar joint metal. In addition, the Vickers 
microhardness measurements were carried out to evaluate the 
hardness profile in the cross section of the weld bead covering 
BM, HAZ, WM (Weld Metal), both the methods in autogenous 
GTAW (Gas Tungsten Arc Welding) process conditions. 
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The conditions were selected, aiming to prove the feasibility 
of the autogenous GTAW process, which allows suitable 
control of the welding pool.

2. Materials and Methods

The materials used as base metals in the present work 
were two plates of austenitic stainless steel AISI 316L 
and two plates of the Inconel 718 alloy, resulting in two 
specimens with dissimilar top joints, without chamfer, 
welded by the autogenous GTAW process, using 100% 
of argon as protection gas with a flow rate of 16 L/min in 
order to stabilize the electric arc, all with the following 
dimensions: 60 mm x 20 mm x 5 mm. Tables 1 and 2 show 
the bands of chemical composition and the mechanical 
properties of these plates.

The methodology used in this work was divided into 
three stages, according to Figure 1, which includes the 
welding processes and stresses measurements procedures.

From the welding of a dissimilar joint between super duplex 
steel 2304 and API X80 with dimensional characteristics 
similar to the specimen used in this work, it was possible to 
consider a maximum heat input of 0.68 kJ/mm.

Stage 2 - Final Welding: The final welding of the 
joints was performed based on the parameters raised in Step 
1 - Exploratory Welding. Two specimens were prepared 
with dissimilar joints of austenitic stainless steel AISI 316L 
and Inconel 718 alloy by the autogenous GTAW process, 
varying the interpass temperature. A photograph of the 
general apparatus mounted to carry out the experimental 
runs is presented in Figure 2, which is similarly mounted 
for the previous study9,10.

Table 1. Chemical composition of the austenitic stainless steel AISI 316L and the Inconel 718 alloy used, according to the manufacturer’s 
quality certificate

Plate C (% 
weight)

Mn (% 
weight)

Si (% 
weight)

P (% 
weight)

S (% 
weight)

Cr (% 
weight)

Ni (% 
weight)

Mo (% 
weight)

Al (% 
weight)

B (% 
weight)

Cu (% 
weight)

Fe (% 
weight)

AISI 316L 0.021 1.33 0.42 0.034 0.001 17.08 10.02 2.026 0.0036 0.0015 0.101 68.96

INCONEL 718 0.021 0.02 0.03 < 0.005 < 0.001 18 52.4 2.95 0.44 0.003 0.01 bal

Plate Yield Strength (MPa) Ultimate Strength (MPa) Elongation (%) Hardness (HRB)

AISI 316L 283 590 62 76.13

INCONEL 718 861 1171 30 83

Table 2. Mechanical properties of the austenitic stainless steel AISI 316L and the Inconel 718 alloy used according to the manufacturer’s 
quality certificate.

Figure 1. Flowchart of the stages performed in this work.

Figure 2. The positioning of the specimen and the contact tip.

Stage 1 - Exploratory Welding: This stage aimed to 
explore the process to define the ideal welding parameters 
to obtain a quality joint, minimizing the occurrence of 
defects. The parameters to be considered were: welding 
speed (mm/s), gas flow rate (L/min), welding current 
(A), voltage (V), yield (%) and polarity, capable of 
providing good arc stability and satisfactory surface finish. 

The parameters monitored in this study, such as voltage 
(V), welding current (A), welding speed (mm/s), heat input 
(kJ/mm), interlocking temperature (ºC) and number of steps 
applied on specimen 1 and 2 used in Stage 2 are indicated in 
Table 39. As can be observed, the most important parameter was 
the interpass temperature, which is expected to be influential 
on the residual stresses distribution profile of the weld pieces.

Stage 3 - Residual Stress Analysis and Hardness 
Profile: Residual stress analyzes were performed using the 
Hole-Drilling Method and the hardness profile through the 
Vickers Microhardness Test.
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3. Results

3.1 Hole-drilling method

The results of specimens 1 and 2, both in the Inconel 718 
alloy and in the stainless steel AISI 316L, from experiments 
1 and 2, whose interlocking temperature were 800° C and 
600° C, it´s detailed in the next sections.

3.1.1 Specimen 1

The results of specimen 1, both in the Inconel 718 alloy 
and in the stainless steel AISI 316L, from experiment 1, 
whose interlocking temperature was 800° C, it´s detailed 
in the next sections.

Inconel 718: Next, we have the graph that shows the 
results obtained in specimen 1, contemplating the interface 
region between BM and HAZ of the Inconel 718 alloy. In this 
graph, we have the distribution of the minimum and maximum 
residual stress up to a depth of 0.925 mm, as shown in Figure 4.

AISI 316L: The following graph shows the results obtained 
in specimen 1, contemplating the interface region between 
BM and HAZ of stainless steel AISI 316L. In this graph, we 
have the distribution of the minimum and maximum residual 
stresses to a depth of 0.925 mm, as shown in Figure 5.

The analysis of the residual stresses by the Hole-
Drilling Method were performed in the two welded 
specimens from the autogenous GTAW process, where 
the test holes were rigorously performed with cutter 
inverted cone top tungsten carbide, with nominal diameter 
of 1.60 mm, covering the interface region between BM 
and HAZ of each metal, at a distance of 1.5 mm from 
the WM, identified with the aid of optical microscope, 
totalizing in four tests. To analyze the results obtained 
in the hole-drilling test, the software EVAL, from the 
SINT manufacturer, was used in accordance with ASTM 
E837-08. The depth used in the hole-drilling was 0.925 
mm for both metals, subdivided into ten steps, each step 
corresponding to 0.1 mm. Due to the variation of the 
results obtained along with the depth used in the holes 
of the specimens, the non-uniform tensile method was 
used to evaluate the residual stresses according to ASTM 
E837 - Non Uniform Stress8. The equipment used was 
the Restan MTS 3000 model, through the High Speed 
Drilling Method according to ASTM E837-08, provided 
by SINT Technology, as shown in Figure 3.

Figure 3. MTS3000 system for high-speed drilling. (A) Spider 8.30 
Amplifier; (B) Control software (RSM) and post-processing (EVAL); 
(C) Electronic control unit; (D) Optical system and drilling system.

The two specimens from the autogenous GTAW 
process were submitted to the Vickers microhardness 
test, along the cross section to the weld bead covering 
BM, HAZ and WM were plotted at a depth of 0.925 mm 
from the surface, evaluating the mechanical properties 
resulting from different welding tests, totalizing in two 
tests. Eighteen microhardness points were defined, 8 
points spaced 0.25 mm in the transition region near HAZ 
between both metals and 10 points spaced 0.5 mm in the 
WM region. The Vickers microhardness equipment from 
the SHIMADZU-HMV manufacturer, where the applied 
load was 0.3 kgf and the standard time of application of 
the load of 15 seconds, was used for the execution of the 
test in both specimens10,11.

Figure 4. Distribution of the minimum and maximum residual 
stresses in specimen 1, contemplating the interface region between 
BM and HAZ of the Inconel 718 alloy

Figure 5. Distribution of the minimum and maximum residual 
stresses in specimen 1, contemplating the interface region between 
BM and HAZ of stainless steel AISI 316L.

Table 3. Parameters of the final welding used in Stage 2, considering the efficiency of the process equal to 0.8.
Specimen Voltage (V) Current (A) Welding Speed (mm/s) Heat Input (kJ/mm) T INTERLOCKING (ºC) Number of Steps
1 13.5 160 4.3 0.4 800 3
2 13.5 160 4.3 0.4 600 3
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3.1.2 Specimen 2

The results of specimen 2, both in the Inconel 718 alloy 
and in the stainless steel AISI 316L, from experiment 2, 
whose interlocking temperature was 600° C, it´s detailed 
in the next sections.

Inconel 718: Next, we have the graph that shows the 
results obtained in specimen 2, contemplating the interface 
region between BM and HAZ of the Inconel 718 alloy. In 
this graph, we have the distribution of the minimum and 
maximum residual stress up to a depth of 0.925 mm, as 
shown in Figure 6.

4. Conclusion Remarks

Based on the results obtained using the Hole-Drilling 
Method, it was found that specimens 1 and 2 showed 
a traction and compressive residual stress variation in 
the interface region between BM and HAZ9, both in the 
austenitic stainless steel AISI 316L and in the Inconel 718 
alloy, from the surface up to the depth of 0.925 mm. The 
results obtained in the interface region between BM and 
HAZ of the Inconel 718 alloy presented values ​​of stresses 
in acceptable levels, free of localized plastic deformations, 
in both specimens. Analyzing the results obtained in the 
interface region between BM and HAZ of stainless steel 
AISI 316L, values ​​higher than 60% of the Yield Strength 
were observed in a depth between 0.725 mm and 0.925 mm, 
could be associated to the loss in interpolation capacity and 
resolution of the data by virtue of the increase of the hole 
depth relative to the surface8. Making a comparison of the 
results of the maximum and minimum residual stresses, 
considering the region of the interface between BM and 
HAZ in the austenitic stainless steel AISI 316L along the 
depth, varying the interpass temperature, it was observed 
that the lower the interpass temperature in the larger sample 
will be the value of the residual stress in it, due to the longer 
time in the cooling cycle generating greater distortions in the 
crystalline structure of the material12. The results obtained in 
residual stress by the Hole-Drilling Method in the Inconel 
718 alloy and the stainless steel AISI 316L were similar to 
those observed in the studies conducted by Mathieu et al.13.

The results obtained in the hardness profile were 
consistent, where higher hardness values ​​were observed in the 
transition region of the Inconel 718 alloy and its respective 
HAZ compared to the transition region of stainless steel 
AISI 316L and its respective HAZ, wherein the transverse 
direction the welded joint the chemical composition of the 
Inconel 718 alloy is diluted in the 316L stainless steel, 
resulting in a gradual decrease of the microhardness13,14. 
The same relation between interlocking temperature and 
microhardness was observed in studies conducted by 
Demarque9 and Oliveira6.

Figure 6. Distribution of the minimum and maximum residual 
stresses in specimen 2, contemplating the interface region between 
BM and HAZ of the Inconel 718 alloy.

AISI 316L: The following graph shows the results 
obtained in specimen 2, contemplating the interface region 
between BM and HAZ of stainless steel AISI 316L. In 
this graph, we have the distribution of the minimum and 
maximum residual stresses to a depth of 0.925 mm, as 
shown in Figure 7.

Figure 7. Distribution of the minimum and maximum residual 
stresses in specimen 2, contemplating the interface region between 
BM and HAZ of stainless steel AISI 316L

3.2 Hardness profile

The results of specimens 1 and 2, along the cross 
section to the weld bead covering BM, HAZ and WM, from 
experiments 1 and 2, whose interpass temperatures were 
800° C and 600° C, that is shown in Figure 8.

Figure 8. Hardness profile of specimens 1 and 2, along the cross 
section to the weld bead covering BM, HAZ and WM.
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In this way, we can conclude that the interface region 
between BM and HAZ of the Inconel 718 alloy presented 
levels results in residual stress oscillating between 300 
MPa and - 200 MPa, and hardness in the range of 290 
HV more satisfactory compared to the interface region 
between BM and HAZ of the stainless steel AISI 316L, 
giving it better mechanical properties in the dissimilar joint 
welded by the autogenous GTAW process at interpasses 
temperatures of 800° C and 600° C, respectively.
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