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ASSESSMENT OF CORROSIVE BEHAVIOUR AND
MICROSTRUCTURE CHARACTERIZATION OF HYBRID FRICTION
STIR WELDED MARTENSITIC STAINLESS STEEL

ABSTRACT

This study examined the effect of induction heating on the microstructure and corrosion characteristics of hybrid
friction stir welded AISI 410 stainless steel. Five joints have been produced with different friction stir welding
parameters like welding speed, spindle speed, plunge depth, and induction power. Their microstructures were
evaluated using a scanning electron microscope, and chemical composition was examined using energy-
dispersive X-ray spectroscopy (EDX). The rate of corrosion was found out via the weight loss method ina 1 M
HCL solution. The hybrid friction stir welding method used for this work is induction assisted friction stir
welding; the results show that this method could produce sound AlSI 410 stainless steel Joints. The experiment
results show that the joint made at a spindle speed of 1150 rpm, welding speed 40 mm/min, plunge depth 0.5
mm, and in-situ heat by induction 480°C show a better corrosion resistance property with a fine grain structure.
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INTRODUCTION

As a predominant engineering material, stainless steel has many industrial applications
due to its high strength and corrosion resistance [1]. For instance, ferritic stainless steel is
used for automobiles and kitchen applications due to its malleability. Austenitic stainless steel
is widely used due to its superior corrosion resistance properties in acidic environments. The
martensitic stainless steels are magnetic and have a high strength compared to ferritic and
austenite stainless steels [2,3]. These stainless steel types are mainly used for making
propeller blades, mixer blades, pumps and valves [4]. Compared with austenitic and ferritic
steels, martensitic steel is difficult to weld due to its high hardness and its prone to hydrogen
cracking, and these problems need to be addressed well.

In this current scenario, due to the requirement of high strength and eco-friendly joining
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methods, there has been a growing interest in new metal joining methods like welding [5]. For
example, Friction Stir Welding (FSW), brought up by The Welding Institute (TWI), the U.K.,
is a solid-state welding technique that eradicates the welding defects such as gas porosity,
cracking and distortion which happens in conventional fusion welding [6—8]. However, much
concentration has also been given for welding hard structural metals like steel and its alloys
with high melting points [9—12]. Moreover, various studies need to be conducted on welding
dissimilar metals and alloys with different melting points with friction stir welding [13,14].

Numerous experiments were conducted on FSW for joining soft metals like aluminium
and its alloys; the experiments show that this solid-state welding method is accurate for
joining soft metals [15-17]. While applying FSW to hard metals like steel, the tool is
damaged easily, and the joint strength gained is low due to the insufficient heat produced by
the tool pin and shoulder [18,19]. The available solution to overcome these issues is Hybrid
Friction Stir Welding. The Hybrid Friction Stir Welding means an additional heating source is
attached to the FSW for in situ heating process [20-22]. The investigations on hybrid FSW
show that it can improve joint strength and enhance the tool life [23—25]. The additional
heating sources selected for in situ heating are induction heating, laser heating, arc heating
and resistance heating. The previous investigations reveal that the most predominant
parameters influencing the mechanical properties and corrosion resistance property of the
Hybrid FSW joints are welding speed, spindle speed and additional heat input [26]. Besides,
the remaining parameters also influence the joint strength, but this is negligible compared to
the above parameters.

More recently, the heat source selected for the hybrid FSW process was the induction
heating and laser heating methods. These two methods provide quick localized heating with
high accuracy; laser heating can heat metals much quicker than induction heating. The
limitations of laser heating compared to induction heating are that it is very costly and cannot
heat the metal volumetrically. Moreover, laser handling is much more complex when
compared to induction heating [27,28]. Among these heating sources, induction heating is
economical and applicable for in situ heating purposes. AISI 410 martensitic stainless steel is
widely used in marine applications, especially for turbine blades. So, in this research, an
Induction Assisted Friction Stir Welding (IA-FSW) method was adopted to weld AISI 410
martensitic stainless steel and investigate the effect of in-situ induction heating on the
corrosive behaviour (by 3 hours and 24 hours weight loss method in 1 M HCL solution) and
microstructural changes in the welded region.

EXPERIMENTAL

A 4 mm AISI 410 stainless steel plate of 100 mm x 150 mm with the chemical
composition (compositions as provided in the materials certificate (as per ASTM standards)
provided by the metal supplier) given in Table 1 were chosen for 1A-FS Welding. The IA-
FSW setup is presented in Figure 1. The mating surfaces were cleaned with acetone solution
and dried to configure the butt joint. A tungsten carbide shank (grade—C6) was machined
using the wire-cut electric discharge machining process (shown in Figure 2) to a hexagonal
profile pin (2 mm pin length, 3mm pin diameter and 12 mm flat shoulder) for conducting the
IA-FSW process [29—31]. The in-situ heating was done through an induction-heating coil
diameter of 12 mm; the induction coil diameter is identical to the tool shoulder dimension.
This coil was made using a copper tube of 2 mm external and 1.8 mm internal diameters,
given in Figure 3. While performing the induction in-situ heating process, cold water will
flow through the heating coil, preventing overheating. Different samples were welded based
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on different spindle speed, welding speed, plunge depth, and induction power. Welding
parameters and ranges conducting the IA-FSW experiment were given in Table 2. The
induction heat input in terms of W and its corresponding temperature in °C are also furnished
in Table 2. The temperature related to each induction power input was identified using a
thermal imager.

FN2V Vertical Milling
Machine

Induction Heating

Fig. 1. IA-FSW setup

Table 1. Chemical compositions of AISI 410 stainless steel in wt%

Carbon  Manganese  Silicon  Phosphorus  Sulphur  Chromium  Nickel Iron

0.15% 1% 1% 0.04% 0.03% 12.5% 0.75%  Remaining

Fig. 2. IA-FSW sample tool Fig. 3. Induction heating coil
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Table 2. IA-FSW Parameters

Sample number S1 S2 S3 S4 S5
Spindle Speed (rpm) 850 1000 1150 1300 1450
Welding Speed 25 30 35 40 45
(mm/min)

Plunge Depth (mm) 0.3 0.4 0.5 0.6 0.7

Induction Power (W) 30 (300°C)  35(390°C) 40 (480°C) 45 (570°C) 50 (660°C)
with corresponding
temperature

The IA-FSW joints were cut into a dimension of 10 mm x 10 mm x 3 mm, including the
welded region cross-sections and then polished using 200 to 1000 grade silicon carbide
sanding papers. Kalling’s No.2 solution (12 g CuCI2 + 20 mL HCL + 225 mL C;HsOH) was
used as an etching solution for microstructure evaluation [32,33]. An optical microscope took
the bead geometry, and the microstructure evaluations were conducted with the aid of a
Scanning Electron Microscope (SEM) having an Energy Dispersive X-ray Spectroscopy
(EDX) analyzer for finding out the composition of elements in the welded region [34]. IA-
FSW’s influence on the corrosive behaviour of AISI 410 welded joints was analyzed by 3
hours and 24 hours weight loss method in 1 M HCL solution.

RESULTS AND DISCUSSION

Corrosion test result

The IA-FSW joints’ corrosion behaviour was analyzed through three hours and twenty-
four hours weight loss methods, and the test was conducted using 1M HCL (92 ml distilled
H20 + 8 mL HCL) solution. For each time periods (3hr and 24hr), two specimens were used
to conduct the experiments, and the average value was taken. With the corrosion rate
equation’s aid, the corrosion rate that happens to the joints was found out.

(Weight loss (g)xK)
(Alloy Density (Cm%) )X(Area Exposed(A)xExposure time (hr)

Corrosion Rate (C.R.) =

In the corrosion rate equation, the K stands for corrosion rate constant called K-factor; the
value of K is 8.75 x104. The density of AISI 410 martensitic stainless steel is 7.80 g/cm3,
where the area exposed (A) is 100 mm2 and the time of exposure are three hours and twenty-
four hours. The weight loss in grams and the corrosion rate (C.R.) in mm/year for the
corrosion weight loss test were provided in Table 3.

The two different times helps to predict the corrosion rate more accurately. The
parameter combination like spindle speed 1150 rpm, welding speed 40 mm/min, plunge depth
of 0.5 mm and an induction heat input of 480°C at 40 W power shows the highest corrosion
resistance property. The corrosion rate gained for sample S3 has the highest corrosion
resistance ability; the rate of corrosion for S3 is 1.80600 mm/year for the 3-hour test and
1.82017 mml/year for the 24-hour test. Furthermore, this rate of corrosion is much higher
compared to the base metal. Homogenous grains were gained in the welded region, enhancing
the corrosion resistance property of the joint [35-36]. Moreover, it was documented by the
literature [37] that grain refinement increases the corrosion resistance of stainless steel. The
homogenous refined grains formed in the weld region can resist the bilayer corrosion film
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formed on the weld surface [38,39]. The bilayer corrosion film gives maximum destruction to
the weldment’s heat affected zone due to its improper non-homogenous grain structures.

Table 3. Weight loss corrosion test results

3 hours

24 Hours

Numbers  WeiSht1oss @ o GENTE I Weightloss @) g e
s1 0.05076 1.89793 0.42150 1.97015
- 0.05072 1.89658 0.42120 1.96875
3 0.04097 1.80600 0.41010 1.82017
4 0.04124 1.81591 0.42550 1.88885
S5 0.05095 1.90511 0.42310 1.97763

The experiment reveals that while increasing the spindle speed and in situ heating, the
joint’s corrosion resistance property enhanced up to the point where the spindle speed is 1150
rpm and in situ heating temperature of 480°C; after reaching that point, the corrosion rate of
the joints was increased. It is shown in the graph provided in figure 4. The welding speed has
less influence on the rate of corrosion compared with the other parameters.
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Fig. 4. Rate of corrosion graph for 3hr and 24hr tests

Macro and microstructure analysis

Figure 5 shows the IA-FSW specimen’s bead geometry, a cross-sectional area of the weld
joint. By using an optical scanner, the image was taken. Except for sample S1, all the other
pieces were welded successfully, and sample S1 was damaged due to the formation of a
tunnel in the welded region [40-43]. The insufficient material flow causes the formation of a
tunnel in the stir zone. Porosity may also happen in this region due to the low spindle speed
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[44]. The image clearly shows the nugget zone where the maximum stir was happened by the
tool pin. An onion ring formation is happening in the nugget zone [45,46]. This onion ring
formation is due to the stirring of metals from the two metal plates. Besides, sound defect-free
welding was obtained through the IA-FSW method.

Fig. 5. Bead geometry of the IA-FSW specimen (a) Sample — 3 (b) Sample — 4

The homogenous grain structure was gained for sample S3 while comparing it with the
other samples. This homogenous structure was achieved due to the proper spindle speed,
welding speed and in situ heat input. The sample S4 is also acceptable, but the grain structure
gained was not homogenous [47-50]. The increase in the values of parameters initially
increased the joints’ corrosion resistance, and later it decreased after attaining the spindle
speed of 1150 rpm and welding speed of 40 mm/min.

The micrographs were taken from the different areas of the IA-FSW joint sample 3 (S3).
The heat-affected zone (HAZ) was shown in Figure 6, the thermomechanical affected zone
(TMAZ) was shown in Figure 7, and the stir zone (SZ) was shown in Figure 8.
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Fig. 6. Micrograph of HAZ of S3
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Fig. 7. Micrograph of TMAZ of S3

Fig. 8. Micrograph of SZ of S3

The above micrographs show that the morphology of the specimen is alike. That means
the stir zone has the homogeneous finest grain structure due to the plastic deformation by the
tool and the in-situ heating; thus, fine grain structure recrystallization will happen. Moreover,
the grain size will depend on the degree of deformation, which means the grain size will
reduce according to the increase in plastic deformation. Coarse grains are visible in the heat-
affected zone, and the thermomechanical affected area reveals the deformed grains [51,52].
The thermomechanical region’s grain size is slightly larger than the stir zone due to the heat
generated in that region being inadequate for recrystallization. In this TMAZ region, the
deformed grain structure was visible due to the plastic deformation with the tool pin rotation
[53]. The grain growth was observed in the heat-affected zone too, this was hopping due to
the frictional heat and in situ heat generated by the tool shoulder, pin and induction heating
coil.

Also, IA-FSW’s influence on the AISI 410 stainless steel joint’s microstructural features
was analyzed using SEM and EDX. Figure 9 shows the SEM image of IA-FSW specimens
stir zone with twinning [54,55]. Figure 10 shows the EDX elemental profile across the IA-
FSW joint.
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Fig. 10. EDX analysis across the IA-FSW joint

The metal movement in the stir zone is shown in Figure 8. The structural transformation
in martensitic steel is very rapid while in the joining process. As a result of this rapid
transformation, the carbon content will be trapped, and the remaining particle in this region
was carbide alone [56]. Due to this process, a few carbide quantities will always be visible in
the IA-FSW joints’ stir zone. Some scatter was visible in the stir zone; this was happening
with the tool pin rotation in the stir zone.

The EDX analysis across the induction-assisted friction stir welded AISI 410 stainless
steel are shown in Figure 9. The EDX analysis reveals that scatter has occurred in the merging
area of the martensitic and ferritic region, resulting from low stacking fault energy [57]. Due
to recrystallization happening in the stir zone, a refined grain structure was achieved,
enhancing the corrosion resistance of the specimen. In future, the same method will be
adopted to investigate the mechanical properties and metallurgical properties of similar and
dissimilar metal joints. The joints produced by conventional FSW also show better corrosion
resistance, while the addition of in-situ induction heating enhances the corrosion rate in
martensitic steel.
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CONCLUSIONS

In this research, AISI 410 stainless steel was joined using a novel induction assisted
friction stir welding (IA-FSW) method. The effect and influence of 1A-FSW microstructure
and corrosive behaviour were investigated. The findings are given below.

1) The best parameter combination was found out for conducting IA-FS welding on AISI
410 SS without any defects. The optimum parameter combination for joining AISI 410
SS is spindle speed 1150 rpm, welding speed 40 mm/min, plunge depth 0.5 mm, and in-
situ heat 480°C at 40W.

2) The specimen S3, which was welded using the optimum parameter combinations,
achieved the highest corrosion resistance property, comparatively higher than other joints
configurated. The corrosion rate for 1 M HCL was 1.80600 mm/year for the 3-hour test
and 1.82017 mm/year for the 24-hour test.

3) Specimen S3 shows a homogenous fine grain structure; this was achieved using proper
spindle speed, welding speed and in situ heat input to attribute appropriate
recrystallization.
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