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This work investigates the effect of friction stir welding process parameters (rotation rate and traverse
speed) on the microstructural evolution of friction stir welded (FSWed) ferritic stainless steel (FSS) AISI
409. Optical microscope, scanning electron microscope and electron backscattering diffraction are used to
quantitatively assess the development in grain structure and texture. The microstructural development
suggested that thermo-mechanical deformation occurs in the stir zone within the austenite/ferrite phase
region, ultimately transforming upon cooling into bainitic/ferritic microstructure. The fraction and size of
the bainitic/ferritic grains are found to vary through the thickness of the joints. High fractions of coarse
ferritic grains are found near the top of the stir zone, and low fraction of fine ferritic grains is found near
the bottom of the stir zone. This bainitic/ferritic grain structure resulted in an increase in the hardness of
the stir zone by about 74% relative to the base material. The tensile strength of the FSWed FSS joints is
almost at the same level of the base material with reduction in the ductility as a result of the increased

hardness of the weld zone.

Keywords EBSD, ferritic stainless steel, friction stir welding,
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1. Introduction

Ferritic stainless steels (FSSs) are Fe-C-Cr alloys, contain-
ing 10.5-30 wt.% Cr, up to 0.2 wt.% C, and minor additions of
ferrite promoters such as Al, Nb, Ti and Mo (Ref 1). When
compared to austenitic stainless steels (ASSs), FSSs are less
expensive, have lower thermal expansion coefficient and better
resistance to stress corrosion cracking (Ref 2, 3). Due to these
properties, FSSs have been widely used in different compo-
nents of automotive exhaust systems (Ref 2, 4). However, in
conventional fusion welding processes, FSSs suffer from grain
coarsening in the heat-affected zone (HAZ) and fusion zone
(FZ), leading to reduction in toughness, ductility and corrosion
resistance of the welded joints (Ref 2). Grain coarsening in
HAZ can be hindered by using low heat input in fusion welding
to keep grain growth as localized as possible and suppress
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sensitization (Ref 5). Alternatively, a localized low heat input
can be introduced by using friction stir welding (FSW) process,
the recently developed solid-state joining technology (Ref 6-
17), that was successfully used to weld FSSs (Ref 2) and other
high-temperature materials (Ref 7). Moreover, low heat input is
likely to result in low residual stresses and eliminate solidifi-
cation defects. However, FSW of ferritic stainless steels is a
more complex process than that of aluminum alloys due to the
occurrence of phase transformation (Ref 6, 11, 18-20). This
phase transformation process is affected by the thermo-
mechanical cycle during FSW process and results from the
interaction of many process parameters, such as tool design
(Ref 11, 13, 14), axial load (Ref 21), tool rotation rate (Ref 6,
16), welding travel speed (Ref 22), plunge depth (Ref 23) and
tool tilt angle (Ref 24).

Early attempt on FSW of stainless steels was conducted by
Thomas et al. (Ref 25) in 2009. They made an attempt on FSW
of a ferritic-martensitic, low carbon, 12 wt.% Cr stainless
alloys with traverse speed s in the range of 102-240 mm/min.
The maximum temperature reported during welding was
1100 °C, and higher hardness values were obtained in the
HAZ. Since then, several studies on FSW have emerged for
similar and dissimilar stainless steel plates. For example, on
409 FSS, Cho et al. (Ref 23) were able to produce fine-grained
microstructure in the SZ with high fraction of low-angle grain
boundaries (LAGB) which were found to increase with
increasing the plunging depth. Lakshminarayanan and Bala-
subramanian (Ref 26) studied the effect of tool rotational speed,
travel speed and tool shoulder diameter on the quality of
welded joints in AISI 409 FSS. They found the travel speed to
be the most significant parameter followed by tool rotational
speed and then the tool shoulder diameter. In another study on
the same alloys, Lakshminarayanan and Balasubramanian (Ref
27) found that increasing the plunge depth generates severe
plastic deformation in the SZ, which leads to grain refinement,
and an enhancement in the fatigue strength and the fatigue
crack growth resistance. Also, Salemi Golezani et al. (Ref 28)
studied the FSW of AISI 430 FSS and reported that grain
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refinement in the nugget (NG) achieved by dynamic recrystal-
lization and increasing heat input through higher rotational
speed at constant travel speed to produce more grain refinement
the NG. Similarly, in 18Cr-2Mo FSS, Han et al. (Ref 29)
reported grain refinement in NG with increasing the travel
speed while maintaining a constant tool rotation rate. Bilgin
and Meran (Ref 30) reported an improvement in the notch
impact resistance of FSWed AISI 430 FSSs by increasing the
travel speed and decreasing the tool rotation rate. This could be
directly related to the microstructural development upon FSW
at different welding parameters. Thus, the present work aims to
investigate the microstructural evolution of FSWed AISI 409
FSS and correlate the resulting microstructure with the
mechanical properties of the FSWed joints.

2. Experimental Work

2.1 Material and FSW Parameters

In the present work, 4-mm-thick AISI 409 FSS plates, of
chemical composition 10.74% Cr, 0.68%Mn, 0.52%Si and
0.02%C (in wt.%), were used to produce three FSWed butt
joints with no shielding gas. FSW machine shown in Fig. 1(a)
has a 22 kW power, 3000 rpm max spindle speed, 1000 mm/
min max traverse speed, 100 kN max vertical force, and a
tilting head of £ 5° is used to carry out the welding process.
The WC tool used in this work, shown in Fig. 1(b) and (c), has
a probe length, diameter and shoulder diameter of 3.8, 5 and
18 mm, respectively. Ahmed et al. (Ref 31) reported that WC
tool exhibited no wear and high dimension stability after FSW
experiments of TWIP steel sheets. Three welds were produced
using tool rotational speeds of 1000 and 1500 rpm and traverse
speeds of 100 and 150 mm/min. After FSW, the joints were
sectioned normal to the welding direction (WD) for the
subsequent characterizations.

2.2 Microstructure Characterization

The base material (BM) and the FSWed materials were
investigated using optical microscope (OM), following metal-

lographic preparation by SiC grinding, diamond polishing and
final mechanical polishing using 0.05-um alumina particles.
The samples were etched using an etchant composed of 5 g
CuCl, + 100 ml HCI + 100 ml C,HsOH. Then, samples were
investigated using a Quanta FEG 250 scanning electron
microscope.

Electron backscattered diffraction (EBSD) was used for
microstructure characterization of the polished samples. The
acquisition of the EBSD data was carried out using a fully
automated EDAX-EBSD system in a Quanta FEG 250 SEM
equipped with Hikari EDAX-EBSD camera, controlled by
Orientation Imaging Microscopy Data Collection software
(OIM DC 7.2), operating at 20 kV. The selection of the EBSD
data acquisition step size was based on the rough grain size
identified using OM. The BM and the center of the SZ of the
1000 rpm, 100 and 150 mm/min weld were investigated using
1-um step size to pick up the orientations of as many grains as
possible, such that the crystallographic texture can be repre-
sented with a reasonable statistical confidence. High-resolution
EBSD maps were also acquired at step sizes of 0.25 and 0.05
pm at the center of the joints to capture the fine and the ultrafine
grains. In all cases, a minimum indexing rate of 80% was
obtained, with a high confidence index > 0.4.

2.3 Mechanical Properties Characterization

The mechanical properties of the FSWed butt joints were
characterized in terms of tensile and hardness properties. A
computerized universal testing machine (Instron 4208, with a
300-kN load cell) was used to conduct the tensile tests at a
constant crosshead speed of 5 x 107> mm s~ . Sub-size tensile
test samples were machined according to ASTM E8 M-04,
with the weld zone positioned at the gauge length of the
sample. Vickers hardness tester, model HWDV-7S, with a load
of 2 kgf and a holding time of 15 s was used to evaluate the
hardness of the joints. Vickers hardness measurements at a step
of 0.5 mm along the weld cross section were performed to
obtain hardness profile across the different weld zones.
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Fig. 1 (a) An image of the FSW machine used in this work, (b) the experimental setup during FSW and (c) WC tool installed in the tool steel

holder before FSW
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3. Results and Discussion

3.1 Base Material Microstructure Analysis

Figure 2(a) and (b) shows the optical and SEM micrographs
for the as-received FSS BM, respectively. The BM exhibits a
microstructure of elongated ferrite grains along the rolling
direction (RD) (Fig. 2a), with the carbides distributed mainly at
the grain boundaries and less frequently scattered within the
ferrite grains (Fig. 2b). Figure 2 from (c) to (i) shows the EDS
analysis of the grain boundaries in a selected area of the BM.
The results clearly confirm the presence of (Mn-Cr)-containing
carbides at the grain boundaries.

Figure 3(a) shows the orientation imaging map (OIM) of the
FSS BM using inverse pole figure (IPF) coloring with respect to

the rolling direction (RD). The map shows near horizontally
aligned ferrite grains with random orientation in general. The
grain structure is relatively fine with an average grain size of
8 um, as shown in the grain size distribution histogram in
Fig. 3(c). Nonetheless, the grain size ranges between 4 pum and
22 pum, demonstrating a rather slightly elongated morphology.
The corresponding grain boundary (GB) map of the BM is
shown in Fig. 3(b) where the high-angle boundaries (HABs) >

15° are represented by black lines, whereas the low-angle
boundaries (LABs) of 5-15° are represented by red lines. The
map shows high density of LABs which is also observed from
the misorientation angle distribution histogram in Fig. 3(d).
This high density of LABs indicates that the base material is in
a deformed state. The PFs illustrated in Fig. 3(e) show a typical
bee metals’ simple shear deformation texture (Ref 32).
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Fig. 2 (a) Optical and (b) SEM micrographs showing the microstructure of the BM, (c) selected area for EDS analysis, (d-h) elemental maps

and (i) elemental chart of the selected area in (c)
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Fig. 3 (a) EBSD map of the FSS BM using IPF colors with respect to the RD, (b) grain boundary map with the HABs > 15° in black lines
and the LABs 5-15° in red lines, (c) grain size distribution, (d) misorientation angle distribution, (e) 111, 101 and 001 pole figures. The IPF
coloring triangle used throughout the paper is shown to the right of the IPF map in (a) (Color figure online)

3.2 Friction Stir Welded FSS Joints

3.2.1 Microstructural Development. Figure 4 shows the
optical macrographs for the transverse cross section of the FSS
butt joints welded using different FSW conditions. It is noted
that the weld zones appear as arc-like shape facing toward the
shoulder of the tool which includes the nugget (NG) zone and
the thermo-mechanically affected zone (TMAZ), with diffusive

6394—Volume 28(10) October 2019

interface between the NG and the TMAZ. This can be
attributed to the phase transformation taking place in stainless
steel due to the thermal cycle experienced by both zones during
FSW. The macrographs show defect-free joints at the examined
FSW parameters. The weld zone can be distinguished from the
BM after etching by its lighter dark color relative to the dark
BM due to the microstructural differences. Within the weld
zone, dark bands are observed in the NG where they are hardly
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visible in the joint produced by 1000 rpm rotational rate and
100 mm/min traverse speed (Fig. 4a). These dark bands
become more marked and larger in size with increasing
rotational rate and traverse speed as shown in Fig. 4(b) and
(c). These regions are not affected by the etching process and
appeared dark on the macrographs while appeared lighter under
the optical microscope.

It is known that the microstructure development in the weld
zones is directly related to the thermo-mechanical deformation
experienced during FSW. The amounts of heat and deformation
generated during FSW under the shoulder have contributions

(a)

(b)

Fig. 4 Optical macrographs for the transverse cross section of the
FSS FSW joints, welded at (a) 1000 rpm, 100 mm/min, (b)
1000 rpm, 150 mm/min, and (c) 1500 rpm, 150 mm/min

from both the probe and the shoulder of the tool, while near the
backing plate has only probe contribution (Ref 33). Accord-
ingly, a variation in the microstructure through the thickness of
the joint from the top to the bottom of the weld zone is
expected. Furthermore, FSW parameters such as the tool
rotation rate and traverse speed have a significant effect in the
amount of heat generated during FSW. The microstructure of
the FSS butt joints is investigated near the top and near the
bottom of the weld zones, and their microstructures are given in
Fig. 5 and 6, respectively. The microstructure near the top of
the weld zone shown in Fig. 5(a), (b) and (c) clearly consists of
bainitic/ferritic grain structure. The ferritic grains are relatively
coarse with bright color, whereas the bainitic ferrite grains are
finer with relatively darker color. The coarse ferrite grains more
likely represent the pro-ferrite grains, whereas the bainitic
ferrite grains formed upon continuous cooling from the
austenite phase (Ref 32). This suggests that the deformation
process took place in the ferrite—austenite phase field where,
upon heating, the BM original microstructure transforms into
ferrite—austenite phase and experiences plastic deformation
during FSW. Upon cooling, the austenite phase transforms into
bainitic ferrite due to rapid cooling and high shear strain (Ref
34). It has been reported that bainite occurs during thermal
treatments at cooling rates that are high enough for pearlite to
form, yet not rapid enough to produce martensite (Ref 32). It
can be observed that the relative fraction and size of the coarse
grains increase by increasing the tool rotation rate from 1000 to
1500 rpm (Fig. 5a and c). This highlights the significant effect
of the tool rotation rate on the weld zone microstructure.

Fig. 5 Optical micrographs showing the microstructure near the top of the NG of the FSS joints (a) 1000 rpm, 100 mm/min, (b) 1000 rpm,

150 mm/min, and (c) 1500 rpm, 150 mm/min
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Fig. 6 Optical micrographs showing the microstructure near the bottom of the NG of the FSS joints (a) 1000 rpm, 100 mm/min, (b) 1000 rpm,

150 mm/min, and (c) 1500 rpm, 150 mm/min

Moreover, the microstructure near the bottom of the weld zone
(Fig. 6) shows a mixture of fine ferrite grains and bainitic
ferrite grains. This can be attributed to the low heat input near
the bottom of the weld zone in addition to the high cooling rate
due to its proximity to the backing plate. Both factors have
resulted in a microstructure significantly finer near the base of
the weld zone.

The preferentially etched dark regions in the weld zone
observed in the macrographs in Fig. 4 are also investigated
using OM and SEM to confirm that they do not contain any
structural defects. Figure 7 shows the microstructure of this
region, which appears to consist of high-density deformation
ferritic bands, which were previously observed in FSW of Cr-
Mn-Mo-N austenitic stainless steel (Ref 34), high nitrogen
nickel-free austenitic stainless steel (Ref 35) and single-crystal
austenitic stainless steel (Ref 36). However, Mahmoudiniya
et al. (Ref 37) reported that the formation mechanism of the
ferritic layer is not yet fully understood. These elongated
banded microstructures in the stir zone are likely to be related
to the stabilization of ferrite due to the micro-segregation of
FSS alloying elements.

SEM investigation of the microstructure within the weld
indicates that the process resulted in the dissolution of the
carbide particles observed along the grain boundaries in the
BM. This can be observed from the SEM micrograph shown in
Fig. 8 with the corresponding EDS elemental maps (Fig. 8c, d,
e, and f) for the analyzed insets in Fig. 8(a) and (b). This result

6396—Volume 28(10) October 2019

suggests that the thermal cycle experienced during FSW, in
terms of the peak temperature, is high enough to dissolve the
carbide particles and also the cooling rate is rapid enough to
prevent their formation upon cooling. In addition, the
microstructure in the HAZ shows the existence of carbide
particles, as shown in the SEM micrographs in Fig. 9(a) and (b)
with the corresponding EDS elemental maps in Fig. 9 from (c)
to (f). Furthermore, the grain size distribution within the HAZ
also resembles that of the BM. This suggests that the
microstructure is mildly affected by the thermal field within
the HAZ as noted previously by Bhadeshia and Honeycombe
(Ref 33).

3.2.2 EBSD Grain Structure and Texture. Figure 10(a)
and (b) shows the IPF orientation imaging maps of FSS FSW
joints welded at a rotation speed of 1000 rpm and different
travel speeds of 100 and 150 mm/min, respectively, with the
HABs > 15° superimposed on them. In terms of the crystal-
lographic orientation, the maps show a mixture of the three
(111) (blue), (001) (red) and (110) (green) orientations. In
terms of the grain structure, it can be noted that the weld at low
traverse speed of 100 mm/min exhibited a dual-phase structure
of coarse ferrite grains and fine bainitic ferrite grains as shown
in Fig. 6(a). This bainitic/ferritic microstructure has been
observed in the stir zone center of the FSWed micro-alloyed
steel (Ref 33). Increasing the traverse speed to 150 mm/min at a
constant rotation rate has resulted in a significant reduction in
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Fig. 8 (a) and (b) SEM micrographs of the NG of the FSS joint welded at 1000 rpm and 100 mm/min and (c-f) elemental maps of NG
selected area

Journal of Materials Engineering and Performance Volume 28(10) October 2019—6397



Fig. 9 (a) and (b) SEM micrographs of the HAZ of the FSS joint welded at 1000 rpm and 100 mm/min and (c-f) elemental maps of NG

selected area

the ferrite grains fraction, with the grain structure being mainly
dominated by the fine bainitic. Similarly, an increase in the
fraction of ferrite grains toward the edges of the NG zone has
been noted by Rahimi et al. (Ref 33). This can be attributed to
the thermal cycle experienced in each weld. The main
parameters of the thermal cycle that affect the microstructural
development in the SZ are the peak temperature and the cooling
rate (Ref 33, 38). FSW at high speed using the same rotation
rate reduced the thermal cycle period and the peak temperature
(Ref 38).

Grain boundary maps of the two welds with HABs > 15°
in black lines and LABs > 5° in red lines are shown in Fig. 11.
The GB maps consist of two types of grains: large grains that
are almost free of substructures, indicating that these grains are
formed due to continuous dynamic recrystallization, and fine
grains with high density of substructures which represent the
bainitic ferrite grains. Figure 12 shows the grain size and
misorientation angle distributions of the FSWed FSS joints at a
constant rotation rate of 1000 rpm and different traverse speeds
of 100 mm/min (Fig. 12a and b) and 150 mm/min (Fig. 12¢
and d), respectively. It can be noted that the grain size
distribution is very wide for the low-speed weld with a

6398—Volume 28(10) October 2019

significant fraction for the large ferrite grains (Fig. 12a) with
average grain size of 6.64 pm. However, in the case of high
traverse speed, welded joints show a narrower grain size
distribution with the significant fraction for the small grain sizes
(Fig. 12c¢) with average grain size of 4.5 pm. In terms of
misorientation angle distribution, the high traverse speed shows
high fractions of LABs and HABs (Fig. 12d), which reflects the
fine grain size and the high density of the LABs.

In terms of the texture, Fig. 13 shows the (111), (101) pole
figures and orientation distribution function (ODF) sections at
® = 0° and 45° for FSS joints welded at a constant rotation rate
of 1000 rpm and different traverse speeds of 100 and 150 mm/
min, respectively. The PFs mainly show weak texture with
maximum of only three times random at the low travel speed
(Fig. 13a) and two times random at the high travel speed
(Fig. 13b). The simple shear texture components of the BCC
metals can be observed from the ODF sections. It should be
noted that the texture components are not at their ideal positions
due to the rotations of the shear reference frame during FSW
and also due to the tapering of the tool pin (Ref 39). In
comparison with the strong simple shear texture reported by
Rahimi et al. (Ref 33), the texture observed here can be

Journal of Materials Engineering and Performance
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Fig. 10 IPF coloring maps relative to ND of FSWed FSS at
rotation rate of 1000 rpm and different traverse speeds of (a)
100 mm/min and (b) 150 mm/min. The IPF coloring triangle is
shown in Fig. 3. The EBSD data collected using step size of 1 pum

considered weak texture. This can be attributed to the
difference in the chemical composition of the alloys and also
to the difference in the FSW parameters.

The obtained microstructure is further investigated by
acquiring high-resolution EBSD data at 0.25 pm from the
center of the stir zone of the three joints (Fig. 14) and
individual EBSD data at 0.05 um from the high rotational rate
and traverse speed joint (Fig. 15). These high-resolution data
are mainly acquired for accurate grain size analysis and are
presented as IPF coloring maps and grain boundary maps. The
maps clearly show the dual-phase structure obtained in the stir
zone of the FSWed FSS joints where the relative proportion
between the bainitic and the ferritic grains varies with the FSW
parameters. In addition, the size of the ferritic grains also varied
with the FSW parameters. The largest grains can be observed in
NG zone of the 1000-rpm-100-mm/min joint (Fig. 14a).
Increasing the traverse speed to 150 mm/min at the same
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Fig. 11 Grain boundary maps for FSS FSW joints with the
HAGBs > 15° in black lines and LABs 5-15° in red lines at
rotation rate of 1000 rpm and different traverse speeds of (a)
100 mm/min and (b) 150 mm/min (Color figure online)

rotation rate reduces the size of the bainitic and ferritic grains
(Fig. 14b). On the other hand, increasing both the welding and
the rotation rates results in a significant reduction in the grain
size (Fig. 14c), taking into account the variation in the size and
distribution of the bainitic/ferritic grain structure within each
NG zone through the thickness as observed in the OM
microstructure above. For the quantitative analysis of the grain
structure, the grain size distribution calculated for the EBSD
data is shown in Fig. 14, 15, and 16. It can be observed that the
average grain size ranges between 1.7 and 3 um depending on
the FSW parameters, as given in Fig. 16(c) and (b), respec-
tively. From the average grain size values shown in Fig. 16, it
can be noted that increasing the rotation rate from 1000 to
1500 rpm at the constant traverse speed of 150 mm/min has
resulted in a reduction in the average grain size from 3 to
1.7 pm. This can be attributed to the high amount of strain
experienced at the high rotation rate which significantly
reduced the grain size. Although there is a clear effect for the
FSW parameters on the grain size distribution and the average
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Fig. 14 High-resolution IPF coloring maps relative to ND with their associated grain boundary maps acquired using 0.25-um step size at the
center of the stir zone of FSWed FSS at (a) 1000 rpm—100 mm/min, (b) 1000 rpm—150 mm/min, and (c¢) 1500 rpm—150 mm/min. IPF
coloring triangle is shown in Fig. 3

Journal of Materials Engineering and Performance

Volume 28(10) October 2019—6401



Fig. 15 High-resolution IPF coloring map relative to ND with their associated grain boundary map acquired using 0.05-um step size at the
center of the stir zone of the FSWed FSS joint at 1500 rpm—150 mm/min. IPF coloring triangle is shown in Fig. 3

grain size, the difference is not significant taking into account
the through thickness variations. It has been noted that reducing
the step size resulted in a decrease in the average grain size. For
example, Fig. 15 shows the map obtained using 0.05-um step
size which gives an average grain size of 0.44 um (Fig. 16d),
while the map obtained from the same FSW at 0.25-pm step
size gives 1.7 pm of average grain size (Fig. 16¢). This means
that the microstructure contains ultimately fine grains that can
be captured at very small step size such as 0.05 um. The
formation of the fine and ultrafine ferrite grains can be due to
the continuous dynamic recrystallization during the high
temperature and high shear deformation taking place during
FSW (Ref 33).

3.2.3 Mechanical Properties. Tensile test results of the
BM as well as the FSWed joints are shown in Fig. 17. The yield
strength of the welded samples is lower than the BM, and
almost similar tensile strength of the BM is obtained in the
FSWed samples. For a constant rotational rate of 1000 rpm,
increasing the traverse speed from 100 to 150 mm/min
decreases both the yield strength and the ultimate tensile
strength. For constant traverse speed of 150 mm/min, increas-
ing rotational rate from 1000 to 1500 rpm does not affect the

6402—Volume 28(10) October 2019

mechanical properties. However, about 50% reduction in the
ductility of the FSWed materials is obtained for conditions. All
the tensile specimens of FSW joints failed outside the weld
zone as shown in Fig. 18 which shows the tensile specimen
fracture locations. This may explain the lower yield strength
and ductility since failures occur in the HAZ. Further
examinations of tensile behaviors of the FSWed FSS joints
were conducted by observing the fracture surfaces of the failed
tensile samples using SEM as given in Fig. 19. It should be
noted that as a result of all tensile samples failed in the BM,
nearly the same failure patterns are observed. Thus, the
topographic features of the failed FSWed materials look the
same as those of the as-received FSS BM (Fig. 19a, b, and c).
Deep and shallow dimples are the main features indicating the
ductile mode of failure (Ref 38). Some porosity and microc-
racks are also observed on the fracture surfaces of all the failed
specimens.

Hardness measurements conducted at the midsection of the
transverse cross section of the weld zone and the hardness
profiles are illustrated in Fig. 20. It can be observed that for all
FSW conditions, the hardness increases from 190 Hv in the
base material to an average of 330 Hv in the weld zone. This
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Fig. 17 Yield strength, ultimate tensile strength and elongation for
the FSS joints in comparison with BM
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Fig. 18 An image for the tensile test specimens of the FSWed FSS
AISI 409 showing the failure locations

can be attributed to the fine and ultrafine bainitic/ferritic grains
obtained in the NG zone after FSW. The hardness values varied
with the average grain size roughly according to
Hv = 1876 192 57, where d is the average grain size, but with
a low correlation coefficient (R2 = 0.7374) presumably due to
a large variation in the grain size. The Hall-Petch correlation
for the yield strength could not be developed since failure
occurred outside weld zone.
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Fig. 20 Hardness measurements of the FSWed FSS joints at
different rotational and traverse speeds

The reduction in the ductility of the FSW joints can be
attributed to the significant increase in the hardness and the
significant reduction in the grain size to the extent of
submicron. These factors make the weld region of high
strength, and hence, the tensile samples failed in the BM part
of the gauge length.
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4. Conclusions

Friction stir welding has been used successfully to produce
sound butt joints in 4-mm-thick plates of AISI 409 FSS at
different rotational and traverse speeds. The joints were
characterized using OM, SEM, EBSD, tensile and hardness
tests, and the following conclusions can be drawn:

1. During FSW of the FSS AISI 409, the deformation pro-
cess took place in the austenite/ferrite phase field that
transformed upon cooling into bainitic/ferritic microstruc-
ture.

2. The relative fractions between the bainitic and ferritic
phases varied through the thickness of the weld zone and
also varied with the FSW parameters.

3. The fraction and size of the ferrite phase decreased to-
ward the bottom of the weld zone and increased by the
increase in the FSW parameters.

4. Significant grain size reduction had been obtained in the
NG zone up to the submicron level.

5. Almost the ultimate tensile strength of the base materials
had been retained in the FSWed joints with some reduc-
tion in the ductility that attributed to the enhanced
strength of the weld zone.
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The hardness at the FSWed zone had been improved by
about 74% relative to the base material due the signifi-
cant grain size reduction and the mixture of the
bainitic/ferritic microstructure.

The crystallographic texture resembled the BCC metals’
simple shear texture that of weak intensity to the extent
that can be considered random in some cases.
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