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In the present study, Friction Stir Welding (FSW) of Nickel Aluminum Bronze (NAB) alloy was carried 
out by varying the axial load, rotation speed and welding speed rate. Micro-structural analyses of these 
samples revealed the different grain sizes and shapes of the various zones. Hardness and tensile strength 
tests were carried out for the samples welded at different conditions such as axial load, welding speed and 
rotational speed. Grain refinement in the weld nugget zones was achieved for all welding conditions. The 
refined grains in weld nugget zone (WNZ) make a main contribution to the increase of mechanical properties 
of FSW welded NAB alloy. The microhardness of the stir zone and Thermo-Mechanically Affected Zone 
(TMAZ) was found to be higher than that of the base metal. Transverse tensile strength of weld joint was 
higher than that of the base metal. On the other hand, a lower or similar tensile strength value compared to 
the base metal was seen from other variable welding parameters. This was due to the tunnel defect in the 
welded nugget zone. ANOVA test result was used for finding out the contribution of the process parameter.

Keywords: Friction Stir Welding, Nickel Aluminum Bronze (NAB) Alloy, Microstructure, Micro- 
hardness, Tensile Strength,  ANOVA.
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1. Introduction
Nickel Aluminum Bronze (NAB) alloy is used extensively 

in the manufacture of engineering components in propulsion 
and sea water handling systems due to the good combination 
of strength, fracture toughness, and corrosion resistance. In 
the NAB alloy copper (Cu) is the major alloying element 
as 79.56% and other minor alloying elements are Al 8.5 
to 9.5% (two phase alloy), Fe 3.5 to 4.5% (increases the 
strength and hardness), Ni 4 to 5% and Mn 0.8 to1.5%. This 
combination offers a wide range of benefits such as better 
castability, higher strength, toughness and better corrosion 
resistance under extreme environmental conditions1-3. NAB 
alloys, which are metallurgically multifaceted alloys, have 
several solid solution phases like α, β', κi, κii, κiii (nickel 
rich) and κiv.

4. Moreover, the physical metallurgy of the 
NAB alloys undergoes several microstructural changes 
through use of the slow cooling process, depending on 
the paths traversed by the different cooling stages. The 
microstructure of the NAB alloy remains as β phase until 
it begins to cool down from 1030ºC. The transformation 
of the β phase (fcc structure) to the α phase (bcc structure) 
with a Widmanstatten morphology starts at 930ºC, tailed by 
intermetallic phase, nucleation of globular κii phase starts 
formation in the β' phase which is nominally Fe3Al with a 
DO3 structure. When the temperature reaches 860ºC fine 
precipitation of κiv phase (Fe3Al) begins starts formation in 
the α phase. The remaining β' phase is transformed into the 
intermetallic α + κiii (NiAl) phase by the eutectoid reaction 
at 800ºC with a B2 structure. The weight percentage of Fe 
content in NAB alloy is above 5%, the κi phase tends to 

appear as large dark black shaped morphology within the α 
phase matrix structure5. In addition, the cooling rate plays 
an important role in the phase composition of the NAB alloy 
and α transforms to β' phase with a martensitic microstructure 
when the cooling rate increases. The higher volume of β 
phase has a negative effect on the corrosion resistance of 
the NAB alloy6. The common problem in cast NAB alloy 
is the reduction in mechanical and physical properties, due 
to the presence of shrinkage porosity. Coarse grains are 
prone to appear in the cast alloy due to poor casting7. Past 
researchers have found several problems such as insufficient 
penetration, loss of strength, high distortion, Heat Affected 
Zone (HAZ) cracks and formation of brittle phase from the 
fusion welding of aluminum bronze arising from the formation 
of transformation products of β' phases as the result of fast 
cooling.8,17. It is necessary to modify the microstructure of 
the castings in order to improve the mechanical properties 
of the NAB alloy. However, no suitable technique appears 
to have been established for modifying the structure of NAB 
alloy castings until the employment Friction Stir Welding 
(FSW) and Friction Stir Processing (FSP). corroborated

Friction stir welding is a solid-state joining process which 
involves the mechanical mixing of the two pieces of metal through 
application of axial force, tool rotation speed and Welding speed. 
FSW is widely engaged in the joining of aluminum alloys for 
industrial purposes and where fusion welding cannot be taken 
up. FSW of high melting temperature like nickel, copper, steel 
and titanium alloys have been investigated in recent years9-10. The 
FSW suggest a possibility of joining NAB alloy for producing 
good quality weld compared to the fusion welding process11-13. 
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This is due to the presence of a higher copper content in NAB 
alloys which has a high thermal diffusivity about 10 to 100 times 
that of steel - nickel alloy. Hence, the heat input required for 
welding is much higher than for any other material14-15. FSW is 
employed for generating a suitable heat input by controlling the 
axial load and rotational speed, tool shoulder and pin, plunged 
in between the two work pieces and generates frictional heat 
by stirring action to overcome the problems seen in the fusion 
welding process. Once the material is heated to the plastic state, 
the tool is traversed along the welding direction, the plasticized 
material flows from the advancing side to the retreating side 
of the tool through the application of an axial force applied by 
the tool shoulder for softening up the material16.

During recent years, some researchers have conducted 
Friction Stir Processing (FSP) of cast NAB alloys with 
different performance characteristics. These are presented 
below. OH-Ishi et al, Fuller et al. and Mahoney et al.17-

19 have made a study of friction stir processing on the 
microstructure and mechanical properties of the NAB alloy. 
Change of coarse microstructure to fine microstructure 
and elimination of porosity defects were demonstrated. 
Highly improved hardness, tensile strength and ductility 
in FSP NAB alloy were seen compared to the base metal. 
Further, Oh-ishiet al20 reported that the observation of 
higher and lower angle boundaries in the upper region of 
weld nugget zone, and also the retention of α phase during 
FSP without dynamic recrystallization. Ni et al.7,21 pointed 
out to the greatly refined and the inhomogeneous features 
of the microstructure formed during FSP. This was as a 
consequence of different deformation degrees in the stir 
zone found to be incomplete dynamic recrystallization. 
Moreover, the plastic deformation of NAB alloy through 
FSP causes significant improvement in the mechanical 
properties of the base metal arising as the results of 
elimination of the porosity in the stir zone of the material. 
Behnam Sabbaghzadeh et al.22 have made an attempt on 
the gas tungsten arc welding of NAB alloy. They observe 
enhancement of corrosion resistance in the welded sample 
under DC and AC electrochemical test after 72hr. However, 
this type of fusion welding process has a significant effect 
on the mechanical properties of the welded region. This 
result owes it, to the formation of a large number inter-
metallic phase in the welded regions23.

Microstructure and the mechanical properties of FW, 
FSW and FSP of NAB alloy are subjected to variations 
depending on the welding parameters and dimensions 
of the Nab alloy. This has been indicated by previous 
researchers. The studies conducted on the as-cast NAB 
alloys are limited by FSP and FSW. Hence, this study 
aims at the investigation of the commercial UNS C95800 

Nickel Aluminum Bronze (NAB) alloy of 6mm thickness 
plate welded by FSW. This is subject to various welding 
conditions under variable tool rotation speeds, welding 
speeds and axial loads as major topics for research for 
evaluation of the weld region of the NAB alloy24,25,26. The 
macrostructure, microstructure, micro-hardness and tensile 
properties of the processes were examined after the FSW.

2. Materials and Welding

Nickel aluminum bronze alloy has been sectioned from 
an as-cast ingot with a dimension of 100mm x 60mm x 6mm 
were used in this study. The micrograph of the base metal is 
shown in Fig. 1. It has three phases namely α phase, β' phase 
and κ (κi, κii, κiii, κiv) phase. The α phase featuring light etching 
with a size of 150µm, while β' phase has been found by dark 
etching constituents with various transformation products20,22. 
The alloy used in the study has iron content higher than 5%. κi 
phase (dendritic morphology) is present in the alpha phase with 
dark etching; this is reported to be iron rich. κii phase (globular 
particles) is also seen with sphere-shaped appearance and with 
irregular distribution at the boundaries of α and β' phases. The fine 
participates seen distributed in α grains constitute the κiv phase. 
The κi, κii, and κiv phases are iron rich, while κiii phase nickel rich. 
The chemical composition NAB alloy is shown in Table 1. A 
similar butt welding was carried out using FSW machine. The 
experimental setup is shown in Fig. 2. The NAB alloy plate was 
clamped tightly to the steel back plate. The welding process 
was performed by a variable load FSW machine. Details of the 
input process parameters and their levels are given in Table 2. 
L9 orthogonal array was used for designing the experiments by 
Minitab 14 software on the basis of the input process parameters 
and their levels. This values are shown in table 3. Table 4 shows 
the mechanical properties of the NAB alloy. WC-based (tungsten 
carbide) alloy tool was selected for the welding of NAB alloy.

Figure 1. Micrograph of the base metal

Table 1. Chemical composition of NAB alloy

Elements Cu Al Fe Ni Mn Zn Sn Si

Weight (%) 78.56 9.55 5.007 4.380 1.070 0.598 0.049 0.190
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Figure 2. Experimental setup of FSW for NAB alloy

Table 2. FSW process parameters and their levels

Factors
Levels

1 2 3

Welding speed (mm/min) 60 80 100

Tool rotation (rpm) 1200 1400 1600

Axial load (kN) 12 14 16

Table 3. shows the L9 Orthogonal array

E. No
Welding 

Speed (mm/
min)

Tool Rotation 
Speed (rpm)

Axial Load 
(kN)

E1 60 1200 12
E2 60 1400 14
E3 60 1600 16
E4 80 1200 14
E5 80 1400 16
E6 80 1600 12
E7 100 1200 16
E8 100 1400 12
E9 100 1600 14

Table 4. Essential properties of NAB alloy

Mechanical Properties

Tensile strength 485MPa

Melting point (solidus) 1043º C

Density 7.64 gm/cm3

Thermal conductivity 36.0 W/mºK

The dimensions of the tool are shown in Fig. 3. 
After welding, the optical microscope was employed 
for examining the microstructure of the weld joints 
under different welding conditions and the stir zone for 
all FSW parameters might divided into four zones A, 
B, C, D from surface to bottom is shown in Fig. 4. The 

micrographs which were taken with a magnification of 
500X. The average grain size in the SZ was measured 
using the chart comparison method as per the ASTM 
E112-13 standard guidelines. For this study, the etchant 
consisting of 5g of FeCl3, 2 ml of HCl and 95ml of 
C2H5OH solution was used in the weld zones Ni et al.7.

Tensile test was carried out in the weld zone as per 
ASTM E8/E8M standard under four different experimental 
conditions using an instron-type testing machine. Tensile test 
was performed in a direction perpendicular to the weld joint. 
The dimensions of tensile specimen are detailed in Fig. 5.

Microhardness measurements were made by Vicker's 
Wilson equipment with a load of 1 kg applied on the 
welded sample along with the vertical and cross-sectional 
areas with a dwell time of 10s. Analysis of variance 
(ANOVA) was carried out for evaluating the influence 
of various process parameters welding speed, rotation 
speed and axial load to determine the percentage of 
contribution on hardness and tensile strength.

3. Results and Discussion

3.1 Effect of FSW Process Parameters on weld 
Formation

Table 5 shows the macrostructure under different experimental 
conditions of FSW samples, most of which show defects on 
the welded region, caused by insufficient heat generation. 
This is due to the abnormal stirring of FSW samples under 
various conditions. The heat input and material flow behavior 
are influenced mainly by FSW process parameters such as 
tool rotational speed, welding speed, and axial force. This 
is prominent in the samples welded with the axial load of 
16kN, and at higher tool rotation and Welding speeds. This 
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Figure 4. Schematic diagram of FSW material and the various 
zones (A, B, C, D) examined in the present study

Figure 5. Dimensions of tensile specimen

combination of higher axial load with any welding speed 
and rotation speed causes plastic deformation in the 
material. The shoulder force is directly responsible for 
the plunge depth of the tool pin into the work piece and 
the load characteristics associated with the linear friction 
stir weld. As the axial load increases, both the hydrostatic 
pressure under the shoulder and the temperature in the 
stir zone also increase. It is well known that the lower 
axial load results in a defect in the weld as a result of 
the insufficient joining of the transferred material. There 
is an increase in the area of the weld nugget zone and 
decrease in defects size following the increase in the 
higher axial load compared to the lower axial load. The 
heat input during FSW increases following the increase 
in tool interaction and the material around getting hotter 
tends to lose its mechanical strength. This is followed 
by increase in the plastic flow of material. In contrast, 
action of the primary heating source as a tool shoulder 
is seen. This explains impossibility of generating heat 
at a lower axial load for plasticizing the material when 

compared to the higher axial load was also seen. On 
the other hand, it is also noticed that the reduction of 
the rotation speed and an increase of the welding speed 
result in a reduction in the mixture of the metals. When 
the tool rotation speed increases, the heat input with in 
the stirred zone also increases due to the higher friction 
heat, which in turn results in more intense stirring and 
mixing of materials12. At lower rotational speed, the 
heat input is insufficient, and inadequate stirring causes 
a tunnel defect in the stir zone of the retreating side 
reduced the tensile strength. Further, the hardness of the 
weld joint decreases by increasing the rotation speed. 
Higher rotational speeds could raise the temperature 
causing more heat dissipate to work piece resulting 
formation coarser grain structure to weld nugget zone 
and reduces the hardness of the material. Higher welding 
speeds are associated with low heat inputs, which result 
in faster cooling rates of the welded joint and increases 
the hardness weld nugget.

There is also a complete departure of the tunnel defect, pin 
hole in the specimen at the welding condition of 16kN/60mm 
min-1/1600rpm and 16kN/80mm min-1/1400rpm, generating 
sufficient temperature in the weld region. Defects were 
observed in the weld nugget under the lower axial load 
conditions. The insufficient bonding of the weld nugget to 
the base material despite the employment of a rotational 
speed of 1200rpm and Welding speed of 100mm/min along 
with the higher axial load defect is observed at the bottom 
weld nugget. As axial load increases the tensile strength 
also increases due to the elimination of defects as shown 
in table 5. The highest tensile strength is obtained for the 
welding speed of 60mm/min, tool rotation speed of 1600rpm 
and axial load of 16kN. This combination offers a higher 
hydrostatic pressure that exceeds the flow stress of the 
material and temperature in the welded region, resulting in 
a higher grain size in the surface and the subsurface zones.

3.2 Microstructure

Details of microstructure of the welds obtained under 
different welding conditions are shown in Fig. 6. The 
microstructures of the FSW consist mainly of α and β' 
phase with varying volumes, depending on the local peak 
temperature caused by increasing rotation speed, decreasing 
the Welding speed and shoulder diameter. The schematic 
diagram of the various zones shows differentiation as Zones 
A, B, C and D as shown in Fig. 4. Figure 6. shows zone A 
corresponding to the stir zone consisting of the primary α 
phase with an average grain size of 23.6µm. Zone B, which 
is present in the subsurface consists of elongated α and β' 
phases. The center of the stir zone is considered as zone 
C which is composed of equiaxed α and β' phases with an 
average grain size of 22.3µm. The bottom of the stir zone is 
considered as zone D with an average grain size of 13.2µm. 
The various microstructures can be referred to for identification 

Figure 3. Dimensions of the Tool and Pin used in FSW
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Table 5. macrostructure analysis of the welded joints under different level of parameters.

S. No Input Process Parameters Macrostructure Defects Rationale

1
Axial Load = 12kN 

Rotational Speed = 1200rpm 
Welding Speed = 60mm/min

RS AS
Tunnel defect in the bottom 
of the weld cross section  in 

the retreating side

Insufficient heat generation 
and axial force

2
Axial Load = 14kN 

Rotational Speed = 1200rpm 
Welding Speed = 80mm/min

RS AS
Tunnel defect in the bottom 
of the weld cross section in 

the advancing side

Insufficient heat generation  
and axial force

3

Axial Load = 14kN 
Rotational Speed = 1600rpm 

Welding Speed = 100mm/
min

RS AS
Tunnel defect in the bottom 
of the weld cross section in 

the advancing side

Insufficient heat generation  
and axial force

4
Axial Load = 14kN 

Rotational Speed = 1400rpm 
Welding Speed = 60mm/min

RS AS
Pin hole in the weld cross 

section of the retreating side
Low frictional heat 

generation

5

Axial Load = 16kN 
Rotational Speed = 1200rpm 

Welding Speed = 100mm/
min

RS AS
Tunnel defect in the bottom 
of the weld cross section in 

the retreating side

Insufficient heat generation 
and inadequate stirring

6
Axial Load = 16kN 

Rotational Speed = 1400rpm 
Welding Speed = 80mm/min

RS AS

No defect sufficient heat generation 
and flow of metal

7
Axial Load = 16kN 

Rotational Speed = 1600rpm 
Welding Speed = 60mm/min

RS AS

No defect sufficient heat generation 
and transportation of metal

of the optimum welding condition for improved properties 
inclusive of hardness and tensile strength.

The microstructure demonstrates the possibility of 
grain refinement in the weld nugget zone under all welding 
conditions. This is the result of the plastic deformation 
caused by the tool pin. The diameter of the shoulder, is 
triggered by sufficient or insufficient heat generation to the 
weld nugget zones. Previous researchers saw the occurrence 
of grain refinement in the weld nugget zone on pure Cu, Cu 
alloy and brass27-31. The higher volume of the light etching 
phase in the microstructure of all welding condition is also 
clearly seen. This is the feature when compared to the dark 
etching phase that is elongated in a direction perpendicular 
to the axis of the tool rotation. There is also the suggestion 
of the higher amount of α phase having a positive effect 
on corrosion resistance. It noticed from the Fig. 6 the 
differences among the microstructures of the NAB alloy 
in this investigation are related to processing parameters.

Under all the welding conditions at zone A, a smaller the 
grain size is found to be 20µm under the welding condition 
of 100mm/min, 1400rpm and 12kN. This occurrence is due 
to the effect of a combination of a higher Welding speed, a 
moderate rotation speed and a lower axial load that provide a 

sufficient heat transfer rate across the surface zone, resulting 
in α phase. Further it is also noticed zone A, consist of 
coarser Widmanstätten α phase which is the transformation 
product of β formed on the crystallographic planes in the 
β phases during a subsequent cooling rate. Similar results 
were observed by Oh-Ishi et al. and Mustafa et al21,32. This 
phenomenon is due to the effect of a higher heat flow to the 
surface arising from the lower welding speed. Compared to 
a higher welding speed, the lower and moderate welding 
speed resulted in the generation of severe deformation and 
dynamic recrystallization, causing Widmanstätten α in the 
top surface zone. A higher Widmanstätten α was observed 
mainly in the upper surface of samples (E1-E6). Further, 
a lower amount of Widmanstätten α was seen in the E7, 
E8 and E9 samples. This result indicated the higher peak 
temperature in near surface zone (zone A) is higher for E1 
to E6 samples when compared to the temperature attained in 
E7, E8 and E9 samples. Oh-ishi et al.17,21 observed a similar 
kind of result for the increase in localized temperature in the 
SZ. During, E1 to E6 welding conditions indicated that the 
approach of local peak temperature to 1000•C with complete 
transformation to β, during the subsequent cooling process 
resulting in Widmanstätten α, bainite and martensite as shown 
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Figure 6. Microstructure of the various FSW zones
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in Fig. 7a17. In the microstructures of the samples E7 to E9 
having α phase combined with β transformation products, α 
phase is elongated in the traverse direction perpendicular to 
the tool axis as shown in Fig. 7b. In addition, as can be seen 
from the Fig. 7b, the amount of the β constituent appears 
to be higher while compared to Fig. 7a. The existence of 
β phase is due to the reverse eutectoid reaction α + κiii → β, 
which indicates the increase in temperature above 930•C21. 
This is due to the employment of higher welding speed. The 
increase in size of the globular particles as can be seen in 
Fig. 7b was larger in size when compared to Fig. 7a.

Zone B has an elongated band like structure, consisting 
of α and β' grains. The elongated and banded structures 
appear in the horizontal direction of the welded sample. 
α and β' phases are also seen in the FSW samples for all 
welding conditions. Samples welded under the axial of load 
16kN and tool rotation speed of 1600rpm along with the 
Welding speed of 60mm min-1, consisted of Widmanstätten 
α phases and equiaxed α and β transformation products 
(see Fig. 6). This was due to the change in heat input and 
material flow in SZ. Which leads to higher temperature 
gradient and strain gradient when compared to other welding 
conditions. In the above mentioned welding condition, the 
temperature gradient and strain gradient could have been 
higher compared to other welding conditions. The remaining 
welded samples displayed banded α structure in larger in 
size due to incomplete recrystallization, followed by a 
severe deformation. As a result, the microstructure consists 
of very little amount of Widmanstätten α phase and higher 
amount of elongated banded α in zone B. Compared to Fig. 
7a Widmanstätten α grain is finer in Fig. 8a. Furthermore, 
the dark etching areas seen in the images, consist of a 
combination of, Widmanstätten α, bainite and martensite. 
This indicated the peak temperature exceeding the eutectoid 

temperature in the SZ during the welding process. A similar 
kind of result was noticed by Oh-Ishi and Mcnelley17. As 
can be seen from the microstructure, twins were identified 
in the α phase, especially in the banded and stream like α 
structure (see Fig. 8a-i and c-i) as reported by D.R. Ni et al 22.

Zone C was seen located at the middle of the stir zone 
and consisted of equiaxed grains of α phase surrounded by the 
transformation product of the β' phase (see Fig. 8b). This is the 
consequence of the dynamic recrystallization resulting severe 
deformation effect produced in the middle of the stir zone 
despite the formation of equiaxed α and β' phase transformation 
products through a sufficient heat flow into the region. The 
amount of β'is lower in this zone when compared zone B. The 
fine grain microstructure in Zone C (13.5µm and 15.7µm) was 
also observed when a welding speed of 60mm-1 min/80mm-

1min, rotation speed of 1600rpm/1400rpm and an axial load of 
16kN were employed. The presence of globular particles in κii 
phase is obvious. This is seen in all zones of welding conditions 
in the vicinity of the interface. Incomplete dissolution of the κii 
particles has been observed throughout the welding conditions 
from the microstructure which is the result of below the solvus 
temperature. Further the primary α phase consisting of a lamellar 
structure α+ κiii phase in cast material has been retransformed 
in to β'. This happened as a result of SPD by FSW. Therefore, 
lamellar structure α+ κiii phases were not seen in the micrograph.

The bottom of the stir zone is considered as zone D. The 
stream like pattern in zone D consists of elongated α and β' 
grains aligned in a horizontal direction (see Fig. 8c). This 
stream-like pattern observed arises as a result of tool rotation 
and material in this region exhibiting deformation producing 
much finer grains of α and β' phases. In zone D, the cooling 
rate being the most beneficial parameter for the formation of 
fine microstructure reported by Ni et al 7. The average grain 
size in Zone D was found to be 10µm, lower than that seen in 

Figure 7. Optical micrograph of zone A with highier magnification: (a) FSW-60mm min-1/1600rpm/16kN and (b) FSW-100 
mm min-1/1400rpm/12kN
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the other zones such as zone A, zone B and zone C. A lower 
Welding speed, irrespective of the axial load and rotational 
speed results in a stream like pattern. This has been caused 
by a severe deformation and a dynamic recrystallization in 
the bottom zone resulting in much fine grains with elongated 
stream like structure. Moreover, the edge of the pin acts 
as a tool shoulder for the bottom of the stir zone. This, in 
turn, increases the temperature at the bottom of the weld 
nugget zone. However, as seen from the microstructure the 
presence of β' phase was lower (see Fig. 8c), compared to 
other zones. This was due to the smaller strain and lower 
peak temperatures at zone D. Further, the annealing twins are 
apparent still at higher magnification in the primary α grains 
indicated by white arrows (see Fig. 8d), this indicated the 
concurrent occurrence of the recovery and recrystallization 
occurs concurrently with phase transformations during FSW.

The experimental results of macrostructure, 
microstructure, hardness, and joint strength, shows the 
joint fabricated using a 1600 rpm, 60 mm/min, and 16kN 
showed a defect free weld joint in comparison with other 
welding joints. A detailed analysis of this particular joint 
was made using scanning electron microscope (SEM), 
and energy dispersive spectrum (EDS). The results are 

Figure 8. Optical micrograph for different processing condition of FSW of NAB alloy : (a) zone B and (b) zone C (c) zone D and (d) 
Higher magnification image of C

presented in Figs. 9 and 10. The SEM picture shows the 
distribution of different zones from top to bottom. The 
EDS results reveal the composition of the stir zone. The 
cooling rate has also influenced the microstructure of the 
various zones. The top and bottom zone of the welded area 
experiences fast cooling and efficient heat transfer takes 
place, as the top face was exposed to air cooling and the 
bottom face transfer the heat through the steel backing 
plate, whereas the inner part experiences slow cooling 
rate. As a result, the fast cooling rate was a benefit for the 
formation of fine microstructure, which is also observed by 
the earlier investigation7,21. Further, a complete dynamic 
recrystallization was observed in single phase and quasi- 
single phase metallic materials during FSW33,34. Plastic 
flow and the recrystallization process are quite difficult 
in the multiple-phases materials during FSW. Xie et 
al.35 stated that during FSW dual-phase brass (Cu-38Zn 
alloy) lead to incomplete dynamic recrystallization in 
the SZ. This was observed in the nugget zones, surface 
zone was characterized by fine completely recrystallized 
grains, while the remaining zones consist of coarse and 
non-recrystallized grains. This is due to the fact that the 
presence large amount of residue of fine β' phase (CuZn), 
which has poor deformation ability and high hardness.
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Figure 9. SEM images of various zones (a) Surface zone (b) Subsurface zone (c) Middle zone (d) Bottom zone (e) RS-TMAZ (f) AS-TAMZ

Figure 10. EDS results at the stir zone and Quantitative Results for Base 92

3.3 Effect of FSW Process Parameters on 
Microhardness

Fig. 11. shows the hardness distribution of the FSW 
specimens under different welding conditions. In this study, 
Vicker's hardness measurements were taken for the FSW 
samples in the range of -10mm to +10mm at intervals of 1mm. 
These measurements were taken by varying the axial load 
and rotational speed along with the welding speeds. Higher 
hardness values were found for all FSW conditions in the 
stir zone at the center within a distance of about -2mm to 
+2mm. The hardness of the stir zone was found to be higher 
than that of the base materials, TMAZ and HAZ. Hardness 
was observed as more for 100mm/min, 1400rpm and 12kN 
than for the other welding parameters. This happened as 

a consequence of the retention of heat generation in the 
stir zone for a short duration, in the case of a low Welding 
speed. As a result, the cooling rate was lower, leading to 
grain growth in the stir zone. Moreover, heat retention in 
the material behind the tool was less in the case of a higher 
Welding speed 100mm/min as the tool moved faster causing 
faster cooling down for the material. This led to a restriction 
in grain growth while the sizes of the grains were found to 
be 20µm. Hence, hardness value was higher in the stir zone 
for a higher Welding speed. On the other hand, a higher 
rotation speed could be also seen as leading to the increase 
in hardness over the lower rotation speed. This happened 
due to the effect of dynamic recrystallization taken up by 
a higher rotation speed. Variations in the grain size of each 
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region from top to bottom were noticed. It is worth pointing 
out the microstructure subsurface and middle of the stir zone 
showed a higher grain size compared to the upper surface and 
bottom surface in the lower axial load. In the higher axial 
load, the behavior of the microstructure was different from 
that seen in the lower axial load, displaying coarse grains in 
the upper surface more than in the other surfaces of the stir 
zone. This was due to the high intensity of heat input and 
lower heat transfer rate to the zone B, zone C and zone D.

also confirmed by the presence of coarse grains in the 
FSW samples this is shown in Fig. 13.

Figure 11. Microhardness of the various FSW zones of the NAB alloy

Under the welding condition of 16kN/60mm-

1min/1600rpm and 16kN/80mm-1min/1400rpm homogeneous 
distribution of fine κi (Fe- rich phase) and κii particles 
was observed throughout the microstructure in the stir 
zone due to the higher stirring action of the FSW tool. 
The higher number of coarser globular κii particles 
wrecked into smaller particles by severe deformation 
during FSW as shown in Fig. 12. Further, even though 
local peak temperatures attained above the solvus 
temperature, 930 °C for this phase. The attainment 
of such peak temperatures was observed in the faster 
processes during FSW but κii need more time and strain 
to dissolve the coarse particles. Sherburn et al36. found 
κii continuous heating was necessary for dissolving the 
coarse particles. The excessive plastic deformation 
taking place during FSW is the main reason for the slight 
deviation in hardness in the middle region of the weld 
nugget. Increase in the hardness values in TMAZ is the 
result of formation of an elongated fine grain observed 
this is shown in Fig.13. It is attributed to the effect of 
mechanical string action and heating triggered by both 
tool pin and shoulder. Below the tool shoulder in TMAZ, 
the lamellar morphology α+ κiii phase is reverted to β' 
phase which is the initial stage of the Base NAB alloys 
during heating. This microstructure indicates α and β' 
phase undergone well-suited deformation temperature at 
above the eutectoid, but below the κiv solvus temperature 
in TMAZ. The heat affected zone (HAZ) is usually seen 
as characterized by the lower hardness values of the FSW 
samples. HAZ is caused by the mechanical welding force 
and frictional heat by the FSW tool shoulder. HAZ is 

Figure 12. κiv and κii Particles

Figure 13. Heat affected zone (HAZ) and Thermomechnnical 
affected zone (TMAZ)

Tensile test was carried out for NAB alloy and FSW 
joints and the results are displayed in Fig. 14. The tensile 
property of the FSW weld joints depends on the welding 
condition and the composition of the base metal. Among 
all the welding joints, the sample, welded under the axial 
load of 16kN, at a welding speed of 60 mm/min and tool 
rotational speed of 1600 rpm, results in the fractured within 
the HAZ where the strength was the lower in the traverse 
tensile specimen, as characterized by large grains compared 
with the SZ, well matching with the hardness measurement. 
Despite the presence of defects in the weld nugget zone, 
fracture occurred in the HAZ. This is due to the occurrence 
of dynamic recrystallization in weld nugget zone, therefore 
the refinement of grains was suppressed the influence of 
defects on the SZ. Though HAZ has higher strength when 
compared to the base metal, the grains in HAZ are in highly 
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strained rate which leads to crack initiation in HAZ. Hence, 
the tensile strength was higher or similar to the base metal. 
This result indicates the stir zone (SZ) having a higher yield 
strength compared to the base metal, while the fracture 
region has the lowest hardness among the various zones 
of weld sample. In addition, the hardness plays the role of 
protection in the weld nugget zone. Among all the welding 
condition lower tensile strength values were displayed by 
the specimens welded under the tool rotational speed of 
1400rpm, welding speed of 100mm/min and axial load of 
12kN, fracture took place in the middle region of the stir 
zone. This is the consequence of inadequate heat generation 
(cold bonding) which gives rise to the tunnel defect in the 
weld region. The mechanical properties of any welded 
specimen have different microstructures arising as the result 
of inadequate heat generation from top to bottom leading to 
the formation of tunnel defect in the weld generation. The 
mechanical properties of the joints are likely to vary from 
standard tensile specimens' test taken out from the joints.

3.4 Analysis of variance

The S/N ratio of each process parameters was calculated 
for corresponding results of hardness and tensile strength. It 
is calculated based on higher the better quality characteristics. 
Analysis of variance can be used for determining the percentage 
of contribution using Minitab software. Details of the results 
of ANOVA for the hardness and tensile strength are given 
in Table 6 and 7. Table 6 displays the welding speed is most 
contributing factor to a 60.76% to the hardness, followed 
by the axial load 23.09% and rotation speed 13.26%. This 
happened due to the higher the welding speed lesser will be 
the heat dissipation at the weld joint. Table 7 shows axial 
load as most contributing factor to a 34.80%, followed by 

Table 6. Analysis of variance for S/N ratio

Source DF Seq SS Adj SS Adj MS F P %C

Welding 
Speed 2 0.119491 0.119491 0.059746 20.98 0.045 60.75649

Rotation 
Speed 2 0.026073 0.026073 0.013037 4.58 0.179 13.2571

Axial Load 2 0.045412 0.045412 0.022706 7.97 0.111 23.09022

Error 2 0.005695 0.005695 0.002847   2.895684

Total 8 0.196672     100

Table 7.  Analysis of variance for S/N ratio 

Source DF Seq SS Adj SS Adj MS F P %C

Welding 
Speed 2 1.2186 1.2186 0.6093 15.82 0.059 30.65568

Rotation 
Speed 2 1.29581 1.29581 0.64791 16.83 0.056 32.59801

Axial Load 2 1.3837 1.3837 0.69185 17.97 0.053 34.80901

Error 2 0.07701 0.07701 0.0385   1.9373

Total 8 3.97512     100

Figure 14. Tensile strenght of the base metal and the FSW samples

rotation speed 32.60% and welding speed 30.66% on the 
tensile strength.

4. Conclusions

Friction stir welding of NAB alloy is the subject 
matterof this experimental study. Welding was carried 
out by varying the tool rotation speed, welding speed and 
axial load. Study of macrostructures, microstructures, 
tensile strength and microhardness of the friction stir 
welded NAB alloy has been done. The major conclusions 
drawn from the investigation are given below.

i. There is the possibility of grain refinement in the 
weld nugget zones for all welding conditions. 
This is the result of the occurrence of plastic 
deformation and dynamic recrystallization during 
FSW, triggered by sufficient heat generation to 
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the weld nugget zones, and in-turn arising from 
the tool pin and diameter of the shoulder.

ii. The SZs for all FSW parameters could be divided 
in to four zones from the surface to bottom: 
Widmanstätten α, α phase and β transformation 
products in the zone A, banded α and β' phase 
in zone B, equiaxed α and β' in the zone C and 
streamlike in the α and β'.

iii The banded α structure that appeared in the zone B, 
resulted from the incomplete dynamic recrystallization 
and intense plastic deformation of FSW.

iv The development of coarse Widmanstätten α is proof 
of that the local peak temperature during FSW being 
1000 °C. Retention of the κii phase throughout all stir 
zones in this investigation indicates the inadequacy of 
the time at the temperature for complete dissolution 
of the constituent into the β' phase.

v The β'phase seen in the images, consist of a 
combination of, Widmanstätten α, bainite and 
martensite. This indicated the peak temperature 
exceeding the eutectoid temperature in the SZ 
during the welding process.

vi Considering the various zones of the FSW samples 
into consideration, the maximum hardness seen in 
stir zone satisfies the Hall-Petch relationship.

vii Of all the FSW conditions, defect free weld was 
observed under the employment of an axial load 
of 16kN, Welding speed of 60mm min-1/ 80mm 
min-1 and rotational speeds of 1400/1600rpm. 
A fine microstructure in the zone C and zone D 
of the stir zone was also observed under these 
welding conditions due to the low content of 
heat input in this welded area.

viii The sample with and without defects results in a fracture 
on the HAZ. This is due to the occurrence of dynamic 
recrystallization in weld nugget zone and hardness 
behaves as protection in the weld nugget zone.

ix Based on the ANOVA, it is observed that, the 
percentage contribution of welding speed, rotation 
speed and axial load on hardness as 60.76%, 23.09% 
and 13.26% are respectively. The percentage 
contribution of welding speed, rotation speed and 
axial load on tensile strength were 34.80%, 32.60% 
and 30.66% respectively.
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