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The demand for oil and its derivatives has driven the oil and gas sector to explore deep waters. 
Nickel-based alloys, like Inconel, are used due to their corrosion resistance properties. Cladding structural 
steels with these alloys is a cost-effective solution. However, dissimilar metal welding poses challenges, 
including the formation of Partially Diluted Zones (PDZ). This work highlights the use of Electron 
Backscatter Diffraction (EBSD) as a very adequate technique for the microstructural characterization 
of dissimilar anticorrosive materials. The MIG process was utilized to perform cladding of Inconel 
625 onto the A36 steel substrate. The samples were prepared for analysis using techniques such as 
EDS, FEG-SEM, EBSD, and Vickers microhardness testing. The results demonstrate the effectiveness 
of the EBSD technique in characterizing dissimilar metal cladding. The combination of EBSD with 
EDS analysis and microhardness testing provided comprehensive insights into the microstructure and 
mechanical properties of the material. EDS mapping analysis confirmed the formation of PDZ with a 
distinct beach-like morphology, indicating localized compositional variations. The uniform thickness 
of the PDZ, approximately 20 µm, highlights the convective motion and solidification behavior of the 
partially diluted zone. Phase map EBSD analysis revealed different crystal structures in the cladding 
zone, including a FCC structure for the nickel cladding layer and a BCC structure for the ferritic steel 
base metal. The PDZ exhibited the same crystal structure as the base metal, indicating chemical element 
diffusion without altering the ferritic steel structure. Contrast band EBSD analysis provided detailed 
microstructural information, revealing solidification structures and potential hardness variations. The 
observed martensite formation in the PDZ highlights its susceptibility to cracking and detachment of 
the coated layer. The hardness results support the microstructural findings, demonstrating significant 
variations in hardness across the cladding structure, particularly in the PDZ and at the interface 
between the Inconel alloy and the base metal. These findings contribute valuable insights into the 
microstructural and compositional gradients within the joint region, reinforcing their implications for 
material performance.
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1. Introduction
The search for greater production efficiency and meeting 

the growing demand for oil and its derivatives has led the oil 
and gas sector to explore deep and ultra-deep waters in the 
coastal zone of Brazil. With the discovery of oil reservoirs 
in the pre-salt layer and considering the geographic and 
geological characteristics of these fields, such as distance from 
the coastline, water depth, and well drilling, oil exploration 
has become one of the major engineering challenges due 
to the environment and conditions to which the equipment 
and components are subjected1.

The corrosive aggressiveness of the environment in this 
type of activity requires the use of materials with excellent 
corrosion resistance properties such as nickel-based alloys. 
However, due to the high cost of these materials, the solution 
for employing this class of steels is the cladding of structural 
steels with nickel-based superalloys, such as Inconel 625 
(NiCrMo-3)2.

The use of the NiCrMo-3 superalloy deposited by welding 
aims to optimize the cost/benefit ratio in manufacturing 
components for special applications since the deposition is 
performed in specific areas. Thus, cladding for anticorrosion 
protection is mainly employed in pipelines and equipment, *e-mail: williamcs09@gmail.com
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and its main characteristic is the deposition of one or more 
layers of the corrosion-resistant alloy on the surface of the 
structural steel component/equipment3.

Nevertheless, dissimilar metal welding is a complex 
manufacturing process with significant challenges, such 
as controlling dilution and the formation of meta-stable 
microconstituents2-4. This procedure of cladding metals 
with distinct structural characteristics is characterized by 
forming a gradient in chemical composition and mechanical 
properties along the cross-section, which may render the 
interfacial region between the substrate and the cladding 
brittle and prone to fracture. This behavior has attracted 
great interest and scientific investigations5.

These microstructural changes are directly related to 
the heat input, compositional gradient, and the formation 
of critical regions with high hardness, sometimes associated 
with issues such as delamination of the cladding layer, 
loss of toughness, and corrosion phenomena6,7. Thus, 
after solidification of the liquid mass, Type II boundaries 
(longitudinal to the fusion line) and PDZ are frequently 
observed, with the latter resulting from the partial diluting 
between the filler metal and the base metal with differences 
in their chemical compositions8,9.

The attenuation of this metallurgical phenomenon is of 
great interest to industry and literature. Despite providing 
numerous information on dissimilar metal cladding and 
even with great contributions from previous research, 
investigations in the same line of deepening on the influence 
and mechanisms of formation of Partially Diluted Zones 
are necessary10,11.

More precise characterization techniques, such as EBSD, 
have been employed in the study and characterization of 
dissimilar cladding, considering their potential to reveal the 
microstructure without the use of metallographic reagents. 
Thus, the EBSD technique involves obtaining phase orientation 
maps, enabling to identify grain orientations and geometry. 
These maps provide the reference stereographic triangle 
used in identifying crystallographic planes, with each color 
corresponding to a plane parallel to the scanning surface12,13.

Therefore, the present study aims to employ the EBSD 
technique and microhardness analysis to analyze and identify 
phases, as well as the microstructural characterization of 
the joint region between an ASTM A36 base metal and 
an Inconel 625 deposited by MIG cladding. The goal is to 
obtain more precise and reliable results to better understand 
the formation mechanisms of PDZs.

2. Experimental Characterization
The base metal (BM) used as a substrate was ASTM A36 

steel with a thickness of 3/8 in, width of 5 in, and length of 8 
in. The filler metal (FM) used was the AWS ER-NiCrMo-3 
alloy wire electrode (Inconel 625) with a diameter of 1.2 
mm. The chemical compositions of the BM and FM are 
presented in Table 1.

The cladding parameters for the deposition of a single 
layer are indicated in Table 2.

The samples were collected by cold cutting using a band 
saw from the cladded plate, followed by grinding (180 to 
1200 mesh), diamond suspension polishing (6, 3, and 1 
μm), and finally precision polishing using a colloidal silica 
suspension of 0.04 μm.

The macrograph was obtained using a camera, and 
the area measurements were conducted using the ImageJ 
application. Subsequently, the global dilution was calculated 
following Equation 114.
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The microstructure of the cladding zone was analyzed 
using Field Emission - Scanning Electron Microscopy (FEG-
SEM) on an Auriga 40 from ZEISS. EBSD was performed 
with a Bruker E-Flash device attached to the same FEG-
SEM equipment. The sample surface was tilted at an angle 
of 70° relative to the horizontal, and the scanning step size 
in the image was approximately 0.45 µm. The acceleration 
voltage was set at 25 kV, probe current at 20 µA, and working 
distance at 15 mm. Chemical composition was evaluated 
by Energy Dispersive X-ray Spectroscopy (EDS) and the 

Table 1. Chemical composition (by weight percent) of ASTM A36 steel and AWS ER NiCrMo-3 (Inconel 625) welding wire.

Material wt. % C Co Fe Mn Al Ni Cr Cu S Si P
A36 Min. 0a25 98 0.6 0.2 0 0 0.2

Max. 0.28 0.9 0.05 0.04
Inconel 625 Min. 0 0.84 0 0 0 58 20 0 0

Max. 0.1 1 5 0.50 0.4 64.9 23 0.015 0.50 0.015

Table 2. MIG cladding parameters.

Cladding Parameters
Voltage [V] 27
Stickout [mm] 17
Welding Speed [mm/min] 300
Wire Feed Speed [m/min] 6
Heat Input [J/mm] 31.0
Interpass Temperature [°C] <100
Shielding gas Type Argon

Purity [%] 99.998
Flow Rate [L/min] 15
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mechanical behavior of the samples was tested using Vickers 
microhardness by a FM-810 from Future Tech according to 
the ASTM E 384 standard15.

3. Results and Discussion
With the macro image obtained, as shown in Figure 1, 

global dilution was calculated from the macrographs using 
the relationship between areas (Equation 1). This calculation 
involved the ratio of the amount of fusion base metal, as 
observed in Figure 2a (region Abm), contained in the filler 
metal shown in Figure 2b (region Afm). The resulting global 
dilution was determined to be 12.09%, in accordance with 
studies published by Kejelin et al.16, Jorge et al.17, and 
Alvarães et al.18. These studies reported, in the GMAW 
process, a percentage greater than 10.0%.

Compositional mappings by EDS are illustrated in Figure 3.
As shown in Figure 3a, the low-alloy steel underwent 

dilution by the Inconel cladding layer, exhibiting PDZ forming 
a beach-like morphology because of the different melting 
temperatures of the nickel alloy (~1350 ºC), which is lower 
than that of steel (~1500 ºC). Additionally, no metallurgical 
discontinuities such as porosity or lack of fusion were 
observed in the Bonding Zone (BZ). These characteristics 
indicate that there is good adhesion between the cladding 
layer and the base metal.

The chemical composition of PDZ primarily consists 
of Fe, Cr, and Ni, as determined through semi-quantitative 
EDS analysis, as illustrated in Figure 4. No other elements 
were detected through chemical analysis, and there were no 

precipitated phases observed in the micrographs. The result 
was derived from the average of compositional values obtained 
at eight different points in the PDZ, as presented in Table 3.

In the study conducted by Silva19, it was observed that the 
application of higher heat inputs during the welding process 
resulted in a reduction in the quantity of PDZs, as per his 
measurements. However, the reliability of this parameter 
was questioned based on research presented by Kejelin10. 
This latter author demonstrated that, even when subjected to 
the same heat input, the weld beads can exhibit completely 
distinct geometric characteristics. This suggests that the 
amount of heat is not a reliable indicator for this purpose, as 
variations in geometry are also associated with fluctuations 
in convective movements within the melt pool, identified as 
the predominant mechanism for the occurrence of the PDZs. 
Furthermore, Kejelin10 cautioned that the use of high welding 
energies can lead to a significant increase in dilution levels, 
depending on other welding parameters, necessitating the 
deposition of additional layers and consequently raising 
manufacturing costs.

The morphologies of PDZs are determined by the 
convective movement promoted by the weld pool in contact 
with the partially melted substrate, due to the thermal 
input and subsequent solidification of the partially mixed 
substrate20,21. However, the present work observed that the 
formation of PDZs does not occur in a continuous and linear 
way along the fusion line. There are preferential regions that 
can contribute to the formation of macrosegregations with 
thicknesses of the order of 20 µm.

Figure 1. Macrograph of the cross section of the coated component.

Figure 2. Macrograph with area delimitation markings for calculating global dilution using ImageJ.

Table 3. EDS point analysis of a cladding-welded sample.

Element Wt. 1 
(%)

Wt. 2 
(%)

Wt. 3 
(%)

Wt. 4 
(%)

Wt. 5 
(%)

Wt. 6 
(%)

Fe 84.78 86.1 82.9 86.04 87.06 86.04
Cr 1.13 1.04 1.04 1.01 1.03 1.00
Ni 2.48 2.45 2.86 2.61 2.62 3.40

Element Wt. 7 
(%)

Wt. 8 
(%)

Wt. 9 
(%)

Wt. 10 
(%)

Wt. 11 
(%)

Wt. 12 
(%)

Fe 82.09 77.92 76.72 66.79 57.05 71.28
Cr 1.77 2.19 3.26 4.4 6.23 4.17
Ni 5.42 7.04 10.56 14.5 21.16 11.85

Average
Fe

67.96
Cr

4.52
Ni

14.52
Standard 

error 6.04 0.86 3.32
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The micrograph illustrated in Figure 5 was generated 
by EBSD and shows the compositional mapping in terms 
of the sample phase in the welding region.

Different from the traditional SEM analysis, Figure 5 
was obtained from measuring the diffraction patterns of 
electrons that are backscattered from a sample surface and 
consequent determination of the crystalline structures of 
individual grains. The blue region corresponds to the FCC 
structure of the nickel cladding layer, with 36.5%, while the 
red region refers to the ferritic BCC structure of the steel, 
with 62.9%, and the martensite formed at the interface of 
the coated component. Therefore, two regions with different 
microstructures can be seen in the red area. The first is a thin 
layer adjacent to the blue region with acicular microstructure 
consisting of the PDZ and the second region refers to the 
base metal (A36 steel) in the part below the micrograph. 
As the PDZ has the same crystalline structure as the base 
metal and considering the results of EDS in the formation 
of dissolution gradients in this zone, it is assumed that the 
diffusion of chemical elements only modifies the chemical 
composition, and does not affect the structure of the ferritic 
base structure of the steel.

Figure 6a shows the image of the contrast band (CB) 
map generated by EBSD in the bonding region between the 
coating and the base metal.

When compared to the image generated by scanning 
electron microscopy in the same region (Figure 6b), the 

level of detail in the microstructure is notable, with good 
definition of the beach morphology, even more evident than 
that observed in the EDS image (Figure 3a).

The CB maps enhance grain boundaries by relating the 
average intensity of Kikuchi bands to the total intensity within 
the region of interest, thus providing a qualitative analysis of 
the microstructure. Due to the heat input associated with the 
welding process, equiaxed grains, acicular ferrite and bainite 
are observed in the HAZ. Indicating a heat treatment in this 
region, with a cooling rate sufficient to favor the formation 
of metastable microconstituents resulting from diffusion 
and shear processes (bainite), nucleated at the boundaries 
and propagate towards the center of the grain. Furthermore, 
it is possible to identify the presence of martensite in the 
PDZ. The formation of this martensite in this composition 
range occurs mainly due to increased hardenability, resulting 
from the enrichment of chemical elements that stabilize 
austenite, such as nickel (Ni), manganese (Mn) and cobalt 
(Co), present in the Inconel alloy 625. The high level of 
microstructural detail provided by EBSD-BC can aid in 
predicting the material’s behavior under service conditions 
because, considering the presence of martensite in the PDZ 
and the consequent possible high hardness in this region, it is 
possible to predict the susceptibility to cracking phenomena, 
and consequently detachment of the coated layer.

The microhardness distribution from the A36 base metal 
to the Inconel cladding layer is shown in Figure 7.

Figure 3. EDS analysis of the cross-section of the cladding region, (a) by mapping and (b) by line scan across the PDZ.

Figure 4. Semi-quantitative EDS analysis.
Figure 5. EBSD phase map of the cladding zone.
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Figure 7 illustrates the micro-hardness measurements 
along the cross-section. The base metal showed a hardness 
of approximately 211 HV, which gradually increased towards 
the interface. The hardness reached 225 HV at a distance of 
200 µm from the interface. There was a subsequent gradual 
decline, reaching a minimum value of 180 HV at 50 µm from the 
interface. These variations can be attributed to microstructural 
and compositional changes in the base metal’s HAZ.

A significant hardness transition was observed in the 
PDZ, where the hardness significantly increased to 379 HV. 
This increase can be attributed to the formation of martensite 
and the presence of a finer grain structure compared to the 
base metal, as confirmed by EBSD analysis. Additionally, the 
Inconel alloy adjacent to the interface exhibited a hardness 
of 241 HV, likely influenced by carbon migration. The 
hardness gradually decreases as you move away from the 
interface, and stabilizes at approximately 220 HV, which is 
characteristic of Inconel alloys.

Similar findings were reported by Cavalcante et al.22 
in their study on Inconel 625 coatings deposited on ASTM 
A387 structural steel using MAG welding. They observed 
a sharp increase in hardness immediately after the zero line, 
with values around 220 HV in the coating region (Inconel 
625) and approximately 330 HV in regions close to the 
substrate-coating interface.

4. Conclusion
The use of EBSD technique in characterizing dissimilar 

metals after cladding was demonstrated. The combination 
of EBSD with EDS analysis and microhardness testing 
provided detailed information about the microstructure of 
the material, enabling to better understand the formation 
mechanisms of the PDZs.

EDS mapping analysis confirmed the formation of 
PDZ with a beach-like morphology in the cladding zone. 
Good adhesion between the Inconel cladding layer and 
the low-alloy steel base metal was observed without any 
metallurgical discontinuities. The PDZ thickness was uniform 
at approximately 20 µm, highlighting the convective motion 
and solidification behavior of the partially diluted substrate.

Phase map EBSD analysis identified different crystal 
structures in the cladding zone: a CFC structure corresponding 
to the nickel cladding layer and a BCC structure representing 
the ferritic steel base metal. The PDZ, located between the 
cladding layer and the base metal, exhibited the same crystal 
structure as the base metal. Chemical element diffusion 
within the PDZ affected the composition without altering 
the ferritic steel structure.

Contrast band EBSD analysis provided more detailed 
microstructural information, surpassing SEM and EDS 
imaging. It revealed the morphology of the transition zone 
known as “beach”, and improved the visibility of grain 
boundaries. Using CB, it was possible to clearly visualize 
the microstructure in the solidification region (cladding). In 
the PDZ, where the formation of martensite was evidenced. 
As well as in the BM, where equiaxed grains, acicular ferrite 
and bainite were identified.

The presence of martensite in the PDZ signals a potential 
for increased hardness, as well as making the coated layer 
more susceptible to cracking and detachment. Therefore, 
EBSD-BC analysis proves to be a valuable tool for predicting 
material behavior in service conditions.

The hardness results confirmed the predictions based 
on the microstructural analysis conducted via EBSD. The 
significant variations in hardness observed in the cladding 
structure, particularly in the PDZ with martensite formation 
and finer grain structure, along with the elevated hardness at 
the interface between the Inconel alloy and the base metal, 

Figure 6. Cross-section of the cladding zone imaging by (a) EBSD band contrast map and (b) scanning electron microscopy (SEM).

Figure 7. Microhardness distribution from the A36 base metal to 
the Inconel 625 cladding layer.
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validate the findings and provide valuable insights into the 
microstructural and compositional gradients within the joint 
region, reinforcing their implications for material performance.
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