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Friction stir welding (FSW) is an ecologically benign solid-state joining process. In this work, FSW of low-
carbon AISI 1006 steel was carried out to study the microstructure and mechanical properties of the
resulting joints at both room temperature (RT) and 200 °C. In the parameter space investigated here, a
rotational tool speed and translation feed combination of 1200 rpm and 60 mm/min produced a defect-free
weld with balanced mechanical properties and a superior Vickers microhardness profile compared to all
other conditions and to base metal (BM). At faster translation feeds (100 and 150 mm/min), wormhole
defects were observed in the weld microstructure and were attributed to higher strain rate experienced by
the weld zone. Under tensile loading, welded material exhibited yield strength that was up to 86 and 91% of
the BM at RT and 200 °C, respectively. On the other hand, tensile strength of welded material was nearly
similar to that of the base metal at both RT and 200 °C. However, at both temperatures the tensile ductility
of the welded joints was observed to be significantly lower than the BM. Annealing of the 1200 rpm and
60 mm/min FSW specimen resulted in tensile strength of 102% compared to base material and 47%
increase in the strain at failure compared to the as-welded specimen. The Charpy impact values revealed up
to 62 and 53% increase in the specific impact energy for the 1200 rpm and 60 mm/min welded joints as

compared with the BM.

Keywords friction stir welding, low-carbon steel, mechanical
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1. Introduction

Friction stir welding (FSW) is a solid-state joining process
that has been shown to successfully weld metallic alloys (Ref 1,
2), polymers (Ref 3) and composites (Ref 4, 5). In metals, FSW
produces defect-free, low residual strain, high-quality welds
without fusion in a range of different alloy systems. FSW of
low-temperature alloys such as aluminum (Ref 6-10) and
magnesium (Ref 11, 12) alloys has been extensively docu-
mented, and its industrial applications in this domain are
constantly progressing. The feasibility of FSW to join high-
temperature alloys, such as steel, titanium, copper and nickel
(Ref 13, 14) alloys, and combination of dissimilar soft/soft,
hard/soft and hard/hard alloys (Ref 2, 15-17) has also been
demonstrated. However, this high-temperature FSW domain
has not received adequate attention thus far and significant
technical challenges relating to tool durability and design of
weld microstructure for adequate mechanical properties of the
joint still remain.

Steel is one of the most commonly used structural materials
that find applications in almost every industry including
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automotive, aerospace and marine sectors. In oil and gas
sectors, it is used in various structural applications such as
pipelines and heat exchangers, which at times experience
elevated service temperature. Lately, with the advent of durable
tools that can withstand joining of ferrous materials, FSW of
several different types of steel alloys has been reported (Ref 14,
18-27). In steels, carbon plays an important role in determining
the microstructure and mechanical properties, which could be
determined from the Fe-Fe;C phase diagram. FSW of different
carbon steels, namely low-carbon steel, 0.12 and 0.34% C
content, has been carried out (Ref 18). In the future, to promote
FSW as a practical joining method of steels for both ambient
and elevated temperature applications, it is vital to obtain
defect-free, high-quality FS welds with high welding efficiency
at an acceptable tool cost.

In FSW of large carbon content steels, the Vickers
microhardness values showed significant increase in the stir
zone (SZ) of the weld in comparison with the base material
(BM). The ultimate tensile strength for the 0.34% C steel
increased by 40% compared to BM (Ref 18). FS butt welding
of high-carbon steel, namely 1070 steel (0.70% C), has also
been carried out (Ref 28). Vickers hardness values on the weld
microstructure showed 3 times higher values compared to the
BM, indicating formation of hard martensite in the SZ.
However, if the temperature in the workpiece does not exceed
the eutectoid temperature, martensite-free joints could be
prepared, as reported in Ref 28. FSW of 1080 steel (0.8% C)
was carried out below 726 °C to obtain martensite-free
microstructure (Ref 29). Welded joints showed impact energy
values of 75% of those of the BM. Therefore, careful selection
of welding parameters is crucial to control temperature that
develops in the workpiece during welding as it helps to obtain a
high-quality, defect-free weld with a suitable microstructure.

In this regard, the temperatures encountered during the FSW
of mild steel have been studied by several researchers by
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attaching thermocouples to the workpieces and using an
infrared system, to understand the correlation between process
temperature and weld zone microstructure (Ref 30). Tempera-
ture as high as 990 °C was measured at the interface between
tool shoulder and workpiece using the infrared system. By
extrapolating this temperature and assuming a linear variation
and steady-state conditions, the peak surface temperature in SZ
was estimated about 1100 °C (Ref 30). Some body of the
literature has also been devoted to predict the peak temperatures
encountered during the FSW of mild steel (Ref 22, 23). In one
such study, the temperature was measured at 12.7 mm from the
centerline on the advancing side (AS) during FSW of 1018
steel. The welding was performed using tool rotational and
translational speeds of 450 rpm and 0.42 mm/s, respectively.
The measured temperature during the FSW process was
predicted using a mathematical model assuming a non-New-
tonian, viscoplastic and incompressible metal flow. The pre-
dicted temperature matched with the measured temperature,
thereby validating the proposed model (Ref 22). The developed
model was also used to predict the peak temperature and the
tool durability index (measured as the ratio of the tool material
shear strength to the maximum shear stress acting on the tool
pin) with respect to varying tool translation speed, plate
thickness and tool pin diameters (Ref 23).

In Ref 31, FS-welded mild steel joints prepared using tool
rotation speed of 1000 rpm and translation speed of 50 mm/
min were characterized for microstructure, tensile and impact
properties. The yield and tensile strength increased by 17 and
9%, respectively, while the tensile elongation decreased by
26%. The impact energy was observed to be 34% lower for the
welded specimen compared to the BM. Although reports in the
literature exist for characterizing FS-welded carbon steel for
microstructure and mechanical properties at ambient tempera-
ture, correlation of the weld properties (especially at elevated
temperatures) and microstructure to the welding parameters has
not been studied in detail. In fact and as stated earlier, welds in
low-carbon steels in certain applications do encounter high
temperatures during service life; therefore, it is important to
understand their response at elevated temperature. In this study,
FS-welded ultra-low carbon AISI 1006 steel was characterized
for weld zone microstructure. The tensile and impact response
of the welded material were characterized at room temperature
and at 200 °C and correlated with the FS welding parameters.

2. Experimental

In the present work, friction stir welding was carried out
using a WC-based tool (p/n S2CT, Beijing FSW Technology,
China). The tool dimensions include shoulder diameter of
15 mm with a convex tapered pin configuration with an apex
and root diameter of 4.5 and 9 mm, respectively, and 2 mm pin
length. The welded material is AISI 1006 steel sheets cut to
100 mm x 50 mm x 2 mm (I x w x t) dimensions and
welded to prepare welded plates of 100 mm x 100 mm x 2
mm. The plunge speed was 30 mm/min. During the traverse
stage, the tool was kept normal to the plate (not tilted). The FS
welding was carried out using clockwise tool rotation speeds of
600 and 1200 rpm and varying tool traverse feeds (mm/min).
These feed values were chosen so as to have reasonable rpm/
feed ratios. In total, six feeds were used: 30, 50, 60, 70, 100 and
150 mm/min. Welding with spindle speeds of 600 rpm at rpm/
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feed ratios of 12 and 20 produced welds with visible defects.
On the contrary, spindle speeds of 1200 rpm at practically all
traverse tool feeds (rpm/feed ratios ranging from 8 to 20)
produced welds with no visible defects. Thereafter, welds were
produced only using 1200 rpm speed with various tool traverse
feeds of 60, 70, 100 and 150 mm/min (corresponding rpm/feed
ratios of 20, 17, 12 and 8, respectively). The advancing side and
retreating side of the weld are represented as AS and RS,
respectively, in the manuscript.

We have also included literature reports on process param-
eters and maximum weld zone temperatures that were exper-
imentally measured during FSW of different low- and high-
carbon steels. The correlation between temperature, tool
dimensions and process parameters given in Fig. 1 was
considered to narrow down the process parameter space during
FSW of AISI 1006 steel. The nominal chemical composition of
the material is given in Table 1. The welded coupons were
characterized for microstructure and mechanical properties such
as microhardness, tensile characteristics and impact. The tensile
and impact testing were carried out at two different tempera-
tures, namely room temperature (25 °C) (RT) and at 200 °C.
All the specimens were homogenized for 10 min prior to
testing at 200 °C. Tensile testing was carried out at strain rate of
1072 s on specimens (dimensions shown in Fig. 2(a)) cut
from the welded coupons. Employed was an MTS Insight tester
fitted with a Thermocraft Lab Temp laboratory oven per ASTM
E8/E8 M-15 (ASTM International, PA).

The impact tests were carried out using a Charpy impact
tester (Impact 300, QualiTest, FL) on the welded specimens
having nominal dimensions 55 x 10 x 2 mm® (I x w X t),
with a I mm notch (ASTM E23-12c, ASTM International, PA)
(specimen dimension shown in Fig. 2(b)). Tensile and Charpy
impact testing were also performed on 1200 rpm—60 mm/min
welded specimens after subjecting to an annealing (dubbed A)
process by austenitizing at 900 °C for 1 h and furnace cooled.
Vickers microhardness testing was performed using 200 gf
with a dwell time of 15 s, at I mm from the top of the weld for
the three weld conditions and microhardness was also measured
on 1200 rpm and 60 mm/min specimen at 0.5, 1 and 1.5 mm
from the top. Fracture analysis was performed by analyzing the
fracture surface using a scanning electron microscope (SEM,
FEI Quanta, OR). The specimens were etched with 5% nital
solution to observe the weld microstructure using an optical
microscope (OM; Zeiss Axiovert 40 MAT, Géottingen, Ger-
many).

3. Results

Figure 3 presents a collage of optical micrographs arranged
to represent the macrostructure of the weld cross section in the
normal direction—transverse direction (ND-TD) plane.

Figure 3(a) and (b) shows the macrostructure for specimens
prepared using 1200 rpm and 60 mm/min and 1200 rpm and
100 mm/min weld parameters, respectively. Observing these
two images, it could be seen that the 1200 rpm—60 mm/min
weld shows defect-free joint, while the 1200 rpm and 100 mm/
min specimen shows wormhole defect in the SZ (marked in
Fig. 3(b)). The weld in FSW occurs due to the frictional heat
input and the plastic metal mixing caused by the tool rotation
and translation. The increased tool translation speed (100 mm/
min) in comparison with 60 mm/min led to higher strain rate in
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Fig. 1

Schematic of friction stir welding shown along with typical weld zones observed in the welded material, the temperatures encountered

during FSW of steel specimens. The temperature data are taken from (Ref 18, 28, 30)

Table 1 Nominal chemical composition of the AISI 1006 steel used in the current study

Alloying element C Mn P

S Ni Si Cr Cu Fe

Content, wt.% 0.05-0.11 0.25-0.5 < 0.035

0.035

0.25 < 0.03 0.1 0.25 Balance

weld zone and resulted in wormhole formation (Ref 32). The
optical microscope images of BM and SZ in the weld
microstructure, with grain size distribution, are shown in
Fig. 4. The SZ showed average grain sizes of 5.1 £+ 2.1 and
9.2 £ 4.7 pm for the 1200 rpm—60 mm/min and 1200 rpm—
100 mm/min FS-welded specimens, respectively. The BM
showed average grain size of 24.6 = 9.4 um. Scanning
electron micrographs of base material and stir zone show the
distribution of pearlite (P) along grain boundaries in the o-
ferrite matrix (Fig. 5(a) and (b)). The pearlitic microstructure is
revealed by its characteristic appearance of alternating layers of
ferrite and cementite (Fe;C). It is observed (Fig. 5(b)) that in
the SZ, the pearlite clusters are smaller and appear to be broken
and distributed along the ferrite’s grain boundaries as compared
to the BM.

The result of Vickers microhardness testing along with the
weld macrostructure is shown in Fig. 6(a) which reveals that
specimen prepared using 1200 rpm and 60 mm/min shows the
highest hardness values (about 250 HV max) compared to those
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for other welding parameters and to that of the BM (about 160
HV). Compared to the 1200 rpm—60 mm/min weld parameters,
specimens prepared with higher tool translation speeds showed
lower microhardness values. Microhardness values were also
measured along ND-TD plane at three different depths of 0.5, 1
and 1.5 mm from the top surface of the sheet. The results for
the 1200 rpm—60 mm/min weld specimen are shown in
Fig. 6(b). The hardness measured at 1 mm (weld center—along
line shown on weld macrostructure in Fig. 6(a)) showed the
maximum values (56% increase max) in the hardness away
from weld center and showed significant variation.

The tensile stress—strain of FS-welded specimens (and BM)
is tested at RT and at 200 °C, and the results are shown in
Fig. 7(a) and 8(a), respectively. The yield and tensile strengths
along with values normalized with respect to BM value are
presented in Fig. 7(b), (c) and 8(b), (c), for RT and 200 °C,
respectively. The welded specimens showed 73-86% in yield
strength and 67-104% in tensile strength in comparison with the
BM, at RT. At 200 °C, the welded specimens showed 64-91%
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in yield strength and 33-97% tensile strength in comparison
with the BM. Under tensile loading condition, for the tested
welded steel specimens, highest strength measured was
approximately similar to or higher than the BM. However, all
the welded specimens showed lower strain at failure compared
to the BM. The maximum strain at failure was measured for the
1200 rpm—60 mm/min specimens, and it showed 47 and 70%
of the BM values at RT and 200 °C, respectively.

The results of Charpy impact test for the welded specimens
along with BM is presented in Fig. 9(a) and (b) for RT and
200 °C, respectively. The impact energy measured from
Charpy impact experiment is normalized by specimen’s cross-
sectional area (w x t) and represented as specific impact
energy. The impact property was 53-162 and 81-153%
compared to BM at RT and 200 °C, respectively. The
maximum impact property was seen in 1200 rpm and
60 mm/min specimen with 62 and 53% increase at RT and
200 °C, respectively, compared to BM. The discussion about
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Fig. 2 Schematic of specimen dimension used for (a) tensile testing
(ASTM ES8/E8 M-09) and (b) Charpy impact testing (ASTM E23-
12¢)

the mechanical properties and specimen fracture characteristics
is presented in the next section.

Tensile and Charpy impact testing was also performed on
the 1200 rpm—60 mm/min welded specimen after subjecting it
to an annealing process. The specimen was annealed (dubbed
A) by austenitizing at 900 °C for 1 h followed by slow cooling.
The tensile stress—strain curve, strength and normalized
strength values are shown in Fig. 7(a), (b) and (c), respectively.
The annealed specimen showed 102% strength compared to
BM, which is similar to 1200 rpm—60 mm/min as-welded
specimen. The strain at failure for the BM, 1200 rpm—60 mm/
min weld specimen and annealed specimen can be observed to
be 40.1, 19 and 27.7%, respectively. The annealing treatment
on FS-welded specimen resulted in an increase in strain at
failure of the specimen with no significant change in the tensile
strength. The specific impact energy of the annealed specimen
is shown in Fig. 9(a). The Charpy impact testing of the
annealed specimen showed increased specific impact energy of
189% compared to BM value and 117% compared to the
1200 rpm—60 mm/min as-welded specimen.

In this work, among the weld parameters that were
considered, the 1200 rpm rotation and 60 mm/min were
considered optimum because they produced a sound joint with
defect-free microstructure and balanced mechanical properties.
It should also be noted the parameters considered optimal for
welding AISI 1006 steel are also dependent on the tool
geometry and the effective shoulder area in contact with the
workpiece, as it strongly impacts the heat generated and metal
flow during position control friction stir (Ref 33).

4. Discussion

The hardness measured along the ND-TD plane at three
different heights from top of the 1200 rpm—60 mm/min weld
specimen showed no drastic change in the values, indicating a
consistent weld microstructure and defect-free weld joint. The
flow of metal around the rotating and translating tool pin results
in severe plastic deformation of the metal and results in the

(b)

Fig. 3 Cross-sectional macrostructure of steel-steel weld obtained using (a) 1200 rpm and 60 mm/min and (b) 1200 rpm and 100 mm/min weld

parameters
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Fig. 4 Optical micrographs of a 1200 rpm and 60 mm/min specimen showing (a) BM and (b) stir zone. Figure (d) shows an OM image of stir
zone in a 1200 rpm and 100 mm/min FS-welded specimen
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Fig. 5 Scanning electron micrographs of FS-welded specimen prepared using 1200 rpm and 60 mm/min showing (a) base material and (b) stir
zone. The distribution of pearlite (P) along the grain boundaries in the ferrite (o) matrix can be observed
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Fig. 7 (a) Tensile stress—strain curves tested at RT, for the different welded specimens (b) and (c) strength and normalized strength values,
respectively. All the specimens were prepared using 1200 rpm tool rotational speed (A in the figure axis and legend represent specimen tested
after annealing)

weld SZ (Ref 34). The grain size of SZ for 100 mm/min is a-ferrite with pearlite dispersed along the grain boundaries
observed to be higher than 60 mm/min tool translation speed. (Fig. 5(a)). The microstructure evolution in the weld zone is
The microstructure of AISI 1006 steel is comprised of primary dependent on the temperature cycle, strain and strain rate
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Fig. 9 Variation of specific impact properties for the different welded specimens at (a) RT and (b) 200 °C. All the specimens were prepared
using 1200 rpm tool rotational speed (A in the figure axis and legend represent specimen tested after annealing)

experienced by the joint (Ref 35, 36). The heat input during
FSW is a function of the weld parameters and tool geometry
(Ref 37, 38). During FSW of steels, the stir zone can encounter
temperatures as high as ~ 1100 °C and can undergo different
temperature, strain and strain rate-dependent processes such as
dynamic recovery, dynamic recrystallization and even grain
growth along with dissolution or precipitation (Ref 30, 39, 40).
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The cumulative effect of these processes determines the
evolution of weld’s final microstructure (Ref 30).

In the current study, based on the microstructure of stir zone
(Fig. 3 and 4), the 1200 rpm and 60 mm/min weld parameter
combination results in finer grains. This can be linked to DRX
due to severe plastic deformation which causes grain refinement
and a microstructure consisting of ferrite matrix with pearlite

Volume 27(4) April 2018—1679



along the grain boundaries evolves in the SZ (Ref 23, 41). On
the other hand, the higher strain rate associated with faster feed
rate of 100 mm/min results in wormhole formation and a larger
grain size develops in the SZ microstructure. The coarse grain
size indicates that DRX followed by grain growth may be at
play in this case. Typically, if rotational speed is kept constant,
faster feed rates result in less heat input to the weld zone.
However, it was found that in this study, during position control
FSW, the effective shoulder area in contact with the workpiece
during faster feed rate of 100 mm/min was larger by ~ 22% as
compared to 60 mm/min. Therefore, it resulted in higher heat
input to the weld during the 1200 rpm and 100 mm/min
condition, leading to grain growth. In the case of the ultra-low
carbon content (0.06 wt.% C) in AISI 1006 steel used in this
study, even drastic cooling of the weld zone is unlikely to result
in the formation of martensite. Observing hardness values along
the ND-TD plane at three different locations in the weld
macrostructure in 1200 rpm and 60 mm/min specimen, no
sharp increase in hardness can be observed.

Vickers hardness measured on friction stir welded AISI
1018 steel showed a considerable increase in SZ compared to
BM (Ref 30, 31). Lakshminarayan et al. (Ref 31) observed the
hardness in the SZ to reach 492 HV compared to the 140 HV
observed in the BM, while Lienert et al. observed hardness
values of 155-175 VHN in the SZ compared to 135-140 VHN
in the BM. Such dramatic values of HV hardness are not
observed in this study (max HV is about 250 HV compared
with 160 HV for BM). This could be attributed to lower carbon

content in AISI 1006 steel and evolution of grain size observed
in the SZ. The SZ hardness values are observed to decrease
with increasing tool translation speed. This could be ascribed to
larger grain size observed in SZ (Fig. 4(d)) at higher tool
translation speed. Smaller grain size results in increased grain
boundaries thereby increased resistance to deformation. In
Fig. 6(a), the SZ for the 70 and 100 mm/min cases has Vickers
microhardness values that are consistently lower than 60 mm/
min case; while in case of 100 mm/min some softening as
compared to the BM is also observed. The microhardness
trends are supported by the grain size data as g.s. in SZ of 100
and 70 mm/min was found to be larger as compared to 60 mm/
min. This can again be explained by the fact that in our study,
during position control FSW without any tool tilt, the effective
contact area between tool shoulder and workpiece was found to
be more for 70 and 100 mm/min cases as compared to the
60 mm/min case. This lead to higher heat inputs to weld zone
and consequently grain growth and dissolution of pearlite were
observed, while for the 60 mm/min case the evolution of fine
grain microstructure was linked to DRX. The microhardness
was measured at three different depths (0.5, 1 and 1.5 mm from
the top) in the ND-TD plane, to capture the change in
microhardness across the weld zones at different depths. A
change in the microhardness could be observed, as the distance
from center values transits across the stir zone. For the 0.5, 1
and 1.5 mm depth, a transition in microhardness can be
observed at values corresponding to — 4 to + 4 mm, — 3 to
+ 3 mm and — 2.5 to + 2.5 mm distance from center of weld

Fig. 10 (a) Photograph of a room temperature tensile tested specimen. (b) Collage of optical micrographs to illustrate the fracture and
microstructure of tensile tested specimen shown in (a). (c) Photograph of a 200 °C tensile tested specimen. Both the room temperature and 200

C specimens are for FS-welded joint employing 1200 rpm and 60 mm/min
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Fig. 11 (a) Photograph of a Charpy impact tested steel-steel welded specimen prepared using process parameters 1200 rpm and 60 mm/min.
(b) and (c) show SEM images of the fracture surface on the AS at different magnifications

values, respectively. The microhardness observed in the middle
section (1 mm) showed the maximum variation, while the
values observed at the bottom (1.5 mm) showed values similar
to BM throughout. The measurement at 0.5 and 1 mm is near
the top and mid of tool pin and these areas undergo larger
plastic deformation compared to area near tool pin tip (Ref 42),
which results in higher microhardness at the top and middle
compared to values measured at bottom of weld.

The RT tensile properties of FS-welded specimens showed
similar or higher tensile properties as the BM with the
1200 rpm and 60 mm/min FSW specimen showing the highest
tensile strength amongst all. Tensile strength decreased as tool
translation speed increased (Fig. 7(b)). For the tool utilized, the
best metal mixing and heat input seem to have occurred at
1200 rpm and 60 mm/min. As translation speed increases,
higher heat input and metal mixing are encountered resulting in
void formation as can be observed in 1200 rpm and 100 mm/
min specimen (Fig. 3(b)). Tensile results at 200 °C show a
similar trend and in particular 1200 rpm and 100 mm/min
specimen shows very low strength compared to the other
specimens welded at different parameters. The 1200 rpm and
100 mm/min specimens possess larger voids as observed in
Fig. 3(b) which restricts the strength of this joint. More
information about the tensile property can be analyzed by
observing the specimen failure and the fracture surface. The
room temperature tensile tested 1200 rpm and 60 mm/min
specimen fracture is shown in Fig. 10. The actual picture of
specimen along with OM image of the weld in ND-TD plane is
shown in Fig. 10(a) and (b), respectively. Observing the OM
image, specimen failure has initiated in the SZ of the weld
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toward AS. In the case of the specimen tested at 200 °C, failure
occurred in BM on the AS, as shown in Fig. 10(c).

The Charpy impact testing on the welded specimens showed
decreasing specific impact energy with increasing tool transla-
tion speed. The impact energy of specimen is dependent on the
microstructure, grain size and precipitation of secondary phases
(Ref 43, 44). The specimens prepared using higher tool
translation speed showed void formation in the weld, which
can act as stress concentrators under impact testing resulting in
decreasing impact energy. The high-temperature impact prop-
erty also shows a similar trend with the RT values with varying
tool translation speed. Compared to RT values, specimens
tested at 200 °C showed lower impact property. This could be
attributed to the lower strength showed by 1006 steel at high
temperature. AIST 1006 steel subjected to compression testing
at varying temperatures (550-850 °C) and strain rates (0.1-50/s)
showed lower strength and flow stress as the temperature
increased (Ref 45). The Charpy impact tested 1200 rpm and
60 mm/min specimen tested at RT, along with the fracture
surface, is shown in Fig. 11. The specimen’s failure occurred
along center of the weld and is accompanied by specimen
bending, as can be seen in Fig. 11(a) and (b). The fracture
surface shows dimples along with specimen bending indicating
ductile fracture pattern under impact testing condition on the
welded joint. The crack propagation occurs through the SZ
where grain refinement is observed which results in the increase
impact property, in comparison with the BM. The Charpy
impact testing on FS-welded AISI 1018 steel also showed
dimples on fracture surface and a ductile fracture behavior of
the specimen (Ref 31).
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Fig. 12 Scanning electron micrographs of tensile tested FSW specimen prepared using 1200 rpm and 60 mm/min and subjected to annealing:

(a) base material and (b) stir zone

Annealing of FS-welded steel specimen at 900 °C results in
transforming the microstructure into austenite and having been
followed by furnace cooling results in growth of the eutectoid
pearlite (Ref 46) (Fig. 12). Comparing SZ of the as-welded
(Fig. 5(b)) to the annealed (Fig. 12(b)) specimen, it is observed
that the size of the pearlite phase increase in the annealed
specimen. In the as-welded specimen during the FSW process,
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the SZ experiences temperature near the upper critical temper-
ature. The pearlite dissolves in the a-ferrite and due to the
rotation and translation of the tool is distributed throughout the
SZ and is precipitated as globules, along the grain boundaries.
Cementite possesses brittle property and distribution of it
throughout the SZ as small globules in the as-welded specimen
that results in lower strain at failure. Annealing of specimen
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12/8/2015 |mag| WD HV det | mode
1:27:35 PM| 23 x|13.4 mm[25.00 kV|ETD| SE

4/26/2016 |mag| WD HV det | mode |
2:14:03 PM| 28 x| 14.4 mm|25.00 kV|ETD| SE |

Fig. 13 Scanning electron micrographs representing fracture surface of tensile tested specimens on the AS, for FS-welded joint created by

using 1200 rpm and 60 mm/min: (a) as-welded and (b) annealed

results in growth of alternating layers of ferrite + cementite
(pearlite) as can be observed in Fig. 12(b). This growth of
pearlite in SZ microstructure results in an increase in the strain
at failure, enhancing ductility. The SEM images of fracture
surface of tensile tested 1200 rpm—60 mm/min as-welded and
annealed specimens on the AS is shown in Fig. 13(a) and (b),
respectively. Comparing the SEM images, it could be observed
that the annealed specimens show a greater reduction in the
cross-sectional area. The increase in ductility of the annealed
specimen also reflects an increase of specific impact energy.
The impact energy being a function of load and displacement of
the specimen results in an increase with increasing ductility of
the specimen.

5. Conclusions

Friction stir welding was successfully carried out on AISI
1006 low-carbon steel. In the weld parameter space investi-
gated, based on the study of microstructure evolution and the
mechanical properties, the following conclusions can be drawn:

(1) 1200 rpm and 60 mm/min weld parameter combination
was identified to be optimal as it produced a defect-free
joint with superior tensile and impact properties com-
pared to other joints. It was found that the optimal weld
parameters were also dependent on the tool geometry
and effective shoulder contact area, as heat input and
metal mixing are dependent on these factors.

(2) At tool translation speeds faster than 60 mm/min, grain
growth in stir zone and voids were observed in the stir
zone of the weld. This could be ascribed to the higher
heat input into the metal sheets leading to unconsoli-
dated weld resulting from the higher tool translation
speeds.

(3) At room temperature, the FS-welded specimens showed
73-86% in yield strength and 67-104% in tensile
strength in comparison with the BM. At 200 °C, the
welded specimens showed 64-91% in yield strength and
33-97% tensile strength in comparison with the BM.
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Although similar strength values were obtained from
tensile testing, the ductility of the welded specimens de-
creased in comparison with the BM, at both tested tem-
peratures.

(4) For higher tool translation speeds, tensile strength de-
creased and was attributed to the presence of voids in
the weld microstructure. For the 1200 rpm and 60 mm/
min specimen, specimen failure occurred along the weld
line (at SZ toward AS) at RT and on the BM (on AS)
for the specimen tested at 200 °C.

(5) FSW specimen prepared using 1200 rpm and 60 mm/
min and subjected to annealing heat treatment showed
102% tensile strength, compared to BM and increase of
47% in the strain at failure, compared to the as-welded
specimen.

(6) Charpy impact on the 1200 rpm and 60 mm/min welded
joint showed 62 and 53% higher specific impact energy at
RT and 200 °C as compared to the BM. Annealing of the
1200 rpm and 60 mm/min FSW specimen showed higher
specific impact energy by 89% compared to the BM.
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