
Introduction

Due to its advantages over conven-
tional fusion welding, including low
distortion and improved mechanical
properties (Ref. 1), friction stir weld-
ing (FSW), a solid-state joining
process, has experienced increasingly
broad applications in relatively soft
materials such as aluminum, magne-
sium, and copper alloys (Refs. 2–5).

With the rapid development of new
tool materials, such as polycrystalline
cubic boron nitride (PCBN) and tung-
sten-based alloys (Ref. 6), FSW has
been recently applied to high-
strength, high-temperature (or hard)
materials, such as steel and Ti alloys
(Refs. 1, 7–9). Thomas et al. (Ref. 8)
were among the first to investigate the
feasibility of FSW of both 12%
chromium alloy and low-carbon (0.1%

C) steels evaluating mechanical prop-
erties and weld nugget morphologies.
Similarly, Lienert and coworkers (Ref.
1) studied the joining of hot-rolled
AISI 1018 mild steel (0.18% C) using
FSW. Both researchers identified grain
refinement in the stir zone (SZ) and
improved weld mechanical properties
as compared to parent steels (i.e., base
metals). Furthermore, Fujii and col-
leagues (Ref. 9) researched the me-
chanical properties and
microstructural evolution of friction
stir welds in three carbon steels with
different carbon contents (i.e., ul-
tralow carbon, 0.12% C, and 0.34% C
steels) using different welding condi-
tions. Both alloy composition and
temperature resulting from different
welding conditions significantly af-
fected the microstructure and me-
chanical properties in this study.
Khodri et al. (Ref. 10) also evaluated
microstructures and mechanical prop-
erties of a high-carbon steel (0.95% C)
with different FSW parameters. Differ-
ent process parameters were shown to
affect the evolution of microstruc-
tures, resulting in different microhard-
ness values and fracture modes.
Finally, Taendl et al. (Ref. 11) studied
FSW of a multilayered steel sheet com-
posed of 15 alternating layers of
austenitic stainless steel and a marten-
sitic stainless steel roll-bonded to a
total thickness of 1.2 mm. The soften-
ing of martensitic layers after welding
was alleviated by postweld heat treat-
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ment to achieve 95% joint efficiency. 
One shortcoming of FSW is the

thickness of the workpiece that can be
joined, especially for hard materials
such as steels. That is, the length of
the pin limits the thickness of material
that can be friction stir welded. Only a
few studies have reported FSW of steel
plates thicker than 10 mm (Refs. 8,
12). Although double-sided welding
has been attempted to make thick
welds (up to 12 mm thick), it is still

difficult to make thick structures with
a thickness greater than 15 mm. To
overcome this limitation, a new
method of FSW that can be applied to
a thick section is needed.

A thick-section steel structure, fab-
ricated by a novel multilayer and mul-
tipass FSW (MM-FSW) method, was
demonstrated in the authors’ recent
work (Refs. 13, 14). Unlike the tradi-
tional multipass FSW (Ref. 15), the
MM-FSW is based on a layer-by-layer

buildup approach to produce a thick
structure with a conventional pin
length.

In the present study, a friction stir
welded multilayer structure of A572
Grade 50 steel, previously fabricated
(Ref. 14), was characterized to under-
stand its potential application for
thick-section structures. In particular,
the multilayered structure used corner
joints; a unique joint configuration
having both butt and lap features. Dif-
ferent tool rotation directions on the
butt and lap joint configuration were
applied and compared to understand
the effect on friction stir weld quality
especially the formation of hooking
defect at the joint interface. Also, MM-
FSW sample was characterized to un-
derstand the correlation between
microstructure and mechanical prop-
erties. Specifically, optical and electron
microscopy were used to understand
the microstructural evolution in both
the stir zone (SZ) and heat-affected
zone (HAZ). Different regions in the
friction stir welds were studied by elec-
tron backscatter diffraction (EBSD) for
microstructural analysis and by micro-
indentation test for hardness distribu-
tion. Charpy V-notch impact tests
were performed in the SZ, HAZ, and
base metal (BM) as a function of tem-
perature. Fracture surfaces from the
impact tests were evaluated by scan-
ning electron microscopy (SEM) to as-
sess the failure mode.

Experimental Methods

Friction Stir Welding Procedure

Detailed procedures for MM-FSW
can be found in the authors’ recent
publication (Ref. 14). To provide the
necessary background for the detailed
characterization results (e.g., hooking
defect and toughness) presented later,
salient features of MM-FSW are de-
scribed in the following: 

A three-layered structure, with five
multipass friction stir welds, was made
using flat plates of high-strength low-
alloy (HSLA) steel (ASTM A572 Grade
50; chemistry: 0.23C-1.35Mn-0.04P-
0.05S-0.3Si-0.2Cu in wt-%) resulting
in a total thickness of 15.2 mm. As
shown in Fig. 1A, the base metal con-
tains mainly equiaxed ferrite (F) and a
small amount of pearlite (P). The mag-
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Fig. 1 — A — Optical image showing mi
crostructures of the BM, consisting of
ferrite (white) and pearlite (dark); B —
magnified scanning electron microscope
(SEM) image; C — magnified SEM image
illustrating the pearlite structure, con
sisting of lamellar cementite, and ferrite
in the BM (F: ferrite, P: pearlite).

Fig. 2 — Cross sections showing A — Premachined A572 Grade 50 plate for MMFSW; B
— buttjoint weld  for the bottom layer; C — insertion and FSW of the first weld plate
above the root weld; D — insertion and FSW of the second weld plate above the first
weld plate and the final welded structure. Thickness of both top and middle layers was
4.6 mm and the bottom layer was 6.1 mm. The total thickness of the MMFSW structure
was 15.2 mm. The combination of tool rotation direction (counter clockwise) and tool
travel direction puts the advancing side of the weld at the lap interface.
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nified SEM image in Fig. 1B also indi-
cates distinct ferrite and pearlite mi-
crostructures in the BM. Figure 1C
shows the pearlite microstructure il-
lustrating a lamellar structure consist-
ing of alternate layers of ferrite and
cementite. The width of the cementite
lamellar layer was measured to be ap-
proximately 100 nm with a uniform
spacing of slightly more than 100 nm.
A brief description of each step for
MM-FSW is illustrated in Fig. 2. A
stepped assembly was machined to ac-
commodate MM-FSW. To avoid over-
lapping with weld(s) in the previous
layer, friction stir welds in the subse-
quent layer were offset transversely by
a distance of 38.1 mm. For FSW, a tool
with a convex scroll shoulder step spi-
ral pin (CS4 tool design) was used and
was fabricated from an MS80 grade of
PCBN, as shown in Fig. 3. MS80 grade
is a PCBN material made of Al-based
ceramic binder phases with 80 vol-%
of the ultrahard CBN phase. For FSW,
the plunge was performed at 1100
rev/min followed by a 6-s dwell at 250
rev/min. Following the dwell, the tool
rotation rate was maintained at 250
rev/min and the tool travel speed was
1.27 mm·s–1. The FSW was performed
using load control with normal loads
ranging from 32 to 35.6 kN.

Metallography and Hardness
Testing

To reveal the microstructure at the
weld zone for each layer, multilayered
samples were cut and mounted for
metallography. Diamond solutions (6,
3, and 1 mm) were used for final pol-

ishing of the mounted samples. A 5%
Nital solution was used to etch the
samples. An optical microscope (Nikon
Epiphot) and field emission scanning
electron microscope (FE-SEM) (Hi-
tachi S4800) were used to characterize
microstructures of the weld samples. 

To characterize the original mi-
crostructure of the steel and the mi-
crostructural evolution in the SZ and
HAZ, a JEOL 6500 scanning electron
microscope equipped with an EBSD
camera was used. This microscope has
an accelerating voltage of 20 kV and a
spot diameter of 5 nm with a scanning
step size of 0.1 mm. EBSD maps were
analyzed using OIM analysis software. 

Vickers hardness of each welded
sample was measured by a Leco micro-
hardness tester (LM 100AT) with 200
mm spacing, 200 g of load, and 13 s of
dwell time. The measured hardness
data were transferred to Origin® soft-
ware (Origin Pro 8.1) for visualizing
hardness maps. 

Charpy V-notch (CVN) impact
toughness tests were conducted per
ASTM E23 to study the fracture
toughness of the SZ, HAZ, and BM at
each of the three layers. Due to the dif-
ferent thicknesses at each layer, sub-
sized samples were prepared for
impact testing with the following di-
mensions (10 ¥ 4 ¥ 55 mm) with the
notch tip oriented parallel to the weld-
ing (or longitudinal) direction, as
shown in Fig. 4. Charpy tests were per-
formed at six different temperatures
for the SZ, i.e., –50°, –30°, –20°, –10°,
0°, and 20°C. Similarly, samples lo-
cated in the HAZ and BM were tested
at –50°, 0°, and 20°C. Triplicate sam-
ples were tested at each temperature

at the Laboratory Testing Industry
(LTI) facility. After Charpy impact
tests, the fracture surfaces were stud-
ied by SEM imaging.  

Results and Discussion

Characterization of MMFSW
Structure

One characteristic of MM-FSW is a
combination of butt and lab joint con-
figurations that involved inserting a
metal plate to stack up the next layer.
For this reason, it is referred to as a
“butt/lap” joint. Such a butt/lap joint
feature is likely to incur the interface
defect called “hooking.” This defect is
typically formed at a lap joint due to
upward bending or flow of the metal
horizontal interface when the tool
penetrates into the bottom layer (Refs.
16–19). Figure 5 shows optical images
at a butt/lap joint interface with two
different process conditions. The first
condition was with the FSW tool posi-
tioned on the retreating side of the lap
interface, as shown in Fig. 5A. The lat-
ter condition positioned the FSW tool
on the advancing side of the lap inter-
face, as depicted in Fig. 5C. In the first
condition, uplift of the interface oc-
curred even though the weld nugget
was free from volumetric defects, as
shown in Fig. 5B. Conversely, Fig. 5D
displays the top layer weld where in-
terfacing hooking was minimized.
That is, hooking was minimized by po-
sitioning the tool advancing side on
the lap interface side of the corner
joint. The difference in results is due
to the difference in material flow
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Fig. 4 — Notch location and dimensions of specimen for Charpy impact test.

Fig. 3 — Convex scroll shoulder step spiral pin (CS4
tool design) MS80 tool. The shoulder diameter was
36.8 mm with pin height and radius of 5.94 and
3.79 mm, respectively.
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caused by the different combinations
of tool rotation direction and tool
travel direction. The uplift of the lap
interface in a corner joint is undesir-
able because it can result in a decrease
in strength and potentially premature
failure (Ref. 20). An alternative way to
prevent a hooking defect is to use a
specially designed lap joint tool, which
has a feature at the tool tip that cre-
ates horizontal metal flow (Ref.  21),
as opposed to threads or the step spi-
ral that create vertical flow. With hori-

zontal metal flow, there is expected to
be little uplift of the lap interface, thus
minimizing hooking. This different ap-
proach is beyond the scope of work for
the present paper.

Charpy Impact Toughness Test
Result

Impact toughness of the SZ, HAZ,
and BM of each layer was studied by
Charpy V-notch impact tests at differ-
ent temperatures. The Charpy impact

test results for each zone, with differ-
ent layers at different test tempera-
tures, are summarized in Fig. 6. For
example, the average absorbed energy
of the BM at the bottom layer (butt
joint) was found to be 15.8 J at –50°C.
The average impact toughness of the
SZ at the bottom layer at –50°C was
87.7 J, i.e., almost 5.5 times higher
than the BM. Toughness of the SZ at
the bottom layer and the top layer was
much higher than the BM at all tested
temperatures. However, the absorbed
energy of the SZ at the middle layer
was higher for all temperatures up to
0°C but was lower at 20°C. One possi-
ble explanation is that the welds were
not fully consolidated at this location,
i.e., small voids and defects were ob-
served in the SZ at the middle layer
potentially lowering the impact tough-
ness. In addition, the SZ at the top,
middle, and bottom layers showed an
average of 79.1, 74.1, and 81% shear
fracture area. Next, the toughness of
the HAZ at the bottom layer was 61.9
J, again considerably higher than the
base metal at –50°C. The toughness of
the HAZ at the top and middle layer
was higher than the BM up to 0°C. The
HAZ at top, middle, and bottom layers
showed an average of 68.9, 68.9, and
78.3% shear fracture area. Konkol and
Mruczek studied the toughness of fric-
tion stir welded HSLA-65 steel using
subsized Charpy specimens (Ref.  22).
They also found the toughness for the
SZ and HAZ to be higher than the BM.
Similar observations were obtained for
aluminum alloys in previously re-
ported studies (Refs. 23, 24). This sub-
stantial increase in the absorbed
impact energy can be related to the
fine grain size of the SZ and HAZ. The
grain size of each zone is discussed
below with the microstructure images.
For comparison, the BM showed an
average of 20, 72, and 80% shear frac-
ture area at –50°, 0°, and 20°C test
temperatures, respectively. 

The SEM images, which illustrate
fracture surfaces from the impact
toughness tests for each zone at the
bottom layer, are shown in Fig. 7. For
the SZ, the failure mode at all temper-
atures was found to be ductile fracture
with the presence of dimples at the
fracture surface — Fig. 7A–C. Simi-
larly, the fracture mode was ductile for
the HAZ with dimples at the fracture
surface at all temperatures. Finally, the
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Fig. 5 – A — When the FSW tool was positioned with the retreating side located on the
lap interface; B — optical image showing hooking defect at the lap interface (red color
arrows); C — a corner weld with the FSW tool advancing side positioned on the lap inter
face; D — optical image showing minimal (or no) uplift of the lap interface. (Note: Adv is
advancing side and Ret is retreating side.)

Fig. 6 — Charpy Vnotch impact test results for each layer at different temperatures (Ref. 14).
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BM shows two different failure modes
as a function of temperature. At 20°C
test temperatures, the fracture mode
was found to be ductile with the pres-
ence of dimples at the fracture surface
— Fig 7G. Mostly ductile with small
brittle fracture surface was found at
0°C test temperature — Fig 7H. A brit-
tle failure mode was found at –50°C
where a cleavage fracture surface was
identified, as shown in Fig. 7I.  

Microhardness and 
Metallography 

Microhardness of each weld at the
bottom, middle, and top layer was
measured to correlate with the
strength of each weld zone. Figure 8A
illustrates the hardness distribution
for the friction stir weld region at the
bottom layer, where the x direction is
transverse to the weld direction. The
hardness profiles along the two
dashed lines in Fig. 8A are further
plotted in Fig. 8B. The average meas-
ured hardness of the BM was approxi-
mately 170 HV. For the HAZ, the
measured Vickers hardness value
ranged from 175 to 185 HV. In the SZ,
the highest hardness ranges from 195
to 220 HV. Similar hardness values
were measured at the middle and top
layer. Based on the hardness values in
the SZ, it is expected that a bainitic
microstructure formed upon cooling.
Variations in hardness results are
likely due to differences in the grain
size and microstructures sampled by
indentation grids. The hardness varia-
tion is fairly small between the differ-
ent weld zones in MM-FSW when
compared to a multipass flux cored arc
welded pipe steel (X-80) where hard-
ness variations up to 200 HV are com-
mon (Ref. 25). Moon et al. (Ref. 26)
also used multipass gas metal arc
welding (GMAW) on HSLA-100 steel
with various heat inputs ranging from
1200 to 4300 kJ·m–1. They found the
hardness of the weldment varied from
199 to 400 HV and was greatly de-
pendent on heat input and cooling
rate. 

One of the advantages of FSW is
achieving high strength in the weld
through grain refinement in the stir
zone. However, due to the complexity
of refined ferrite grains in the stir re-
gion, it is difficult to quantify grain

size using optical microscopy and sec-
ondary electron microscopy. The cur-
rent study applied EBSD to study the
microstructures and grains of the fric-
tion stir welds. EBSD maps for the SZ,
HAZ and unaffected BM are shown in
Fig. 8. The base metal orientation map

(Fig. 9C) shows large polygonal ferrite
with small islands of pearlite similar to
that shown in Fig. 1. Significant grain
refinement was found in the SZ (Fig.
9A), as compared with the BM — Fig.
9C. Grain refinement has been ob-
served previously in the SZ due to dy-
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Fig. 7 — SEM images showing fracture surfaces after Charpy Vnotch impact toughness
testing (SZ, HAZ, and BM samples at the bottom layer) at different temperatures.

Fig. 8 — A — Mapped Vickers microhardness values for the bottom layer (butt joint)
weld area; B — crosssectional hardness plots at the height of 4 and 5 mm locations
[dashed line in A). (Adv: advancing side, Ret: retreating side) (Ref. 14).

A B C

D

G H I

E F

Lim 12-14_Layout 1  11/11/14  2:56 PM  Page 447



namic recrystallization and severe
plastic deformation during FSW (Ref.
1). In the SZ, the grains are not
equiaxed. Wedge-shaped plate fea-
tures, which are an indication of a
bainitic microstructure, were also ob-
served (Ref. 27). The hardness meas-
ured in the SZ ranged from 195 to 220
HVN, showing agreement with the mi-
crostructure observations. 

During FSW, heat generation is in-
fluenced by the tool rotation rate and
weld travel speed as well as material
properties. Due to the difficulty of
temperature measurements in the SZ,
the empirical expression developed by
Arbegast (Ref. 28) is used to estimate
the peak temperature in the weld
nugget.

(1)
where T is the temperature
during welding (°C), Tm is
the liquidus temperature of
the alloy (°C),  is the tool
rotational rate, V is the
weld travel speed,  (range
of 0.04–0.06) and K (range
of 0.65–0.75) are two em-
pirical material constants,
respectively. The liquidus
of A572 Grade 50 steel is
about 1504°C (2740°F) and
the transverse tool speed
used in the experiment was
1.27 ¥ 10–3 m·s–1. The tool
rotation speed was 250
rev/min (26.18 radian·s–1).
Based on different combi-

nations of  and K values, the esti-
mated peak temperature ranged from
1147° to 1433°C, which is lower than
the liquidus temperature of steel.
When  and K are 0.04 and 0.65, re-
spectively, the calculated peak temper-
ature is 1133°C. This estimated peak
temperature is in reasonable agree-
ment with the peak temperature
(ranged from 1000° to 1200°C) re-
ported by previous researchers (Refs.
1, 8). Similarly, Ghosh et al. (Refs. 29,
30) used Equation 1 to estimate the
peak temperature (calculated ranged
from 1030° to 1090°C) at the weld
nugget for friction stir welded M190
steel. This estimated peak temperature
in the SZ was well above the A3 tem-
perature of the steel, 824°C, which was
calculated using Thermo-Calc® and

TCFE database (Ref.  31). Therefore,
for the stir zone, it is expected that the
base metal mixture of ferrite and
pearlite transforms to single-phase
austenite during the heating cycle.
Furthermore, the estimated peak tem-
perature in the SZ supports the postu-
lated peak temperature in the
intercritical temperature range experi-
enced by the HAZ. 

The highest temperature, which is
estimated about 1100°C based on the
above calculation, can be used to ex-
plain the two distinct regions ob-
served in the HAZ, i.e., the
intercritical HAZ (ICHAZ) and the
fine-grained HAZ (FGHAZ) shown in
Fig. 9B.

In the ICHAZ, there coexists fine
and coarse ferrite grains. The peak
temperature experienced by this re-
gion during welding is between A1 and
A3. As a result, the ferrite to austenite
transformation during heating is in-
complete due to the low peak tempera-
ture, producing fragmented and thus
smaller austenite grains mixed with
original ferrite grains. Upon cooling,
the austenite transforms back into fer-
rite, resulting in a microstructure in
this region that is composed of newly
formed fine ferrite surrounded by un-
transformed ferrite (Ref. 32). 

On the other hand, the FGHAZ ex-
periences a local peak temperature
that is above A3, thus producing a full
austenite microstructure albeit with
smaller grain size than the parent fer-
rite upon heating (Ref. 27). However,
as the highest temperature in the en-
tire weld is capped at 1100°C, the
austenite grain growth was limited in
the FGHAZ. The small austenite trans-
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Fig. 9 — EBSD maps of different weld zones. A — Stir
zone (some bainite plates were pointed out); B —
heataffected zone [Note: finegrained heataffected
zone (FGHAZ) and intercritical heataffected zone
(ICHAZ); C — unaffected base metal.

Fig. 10 — Grain size distribution of all three regions (SZ, HAZ, and BM).
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forms back into ferrite during cooling,
resulting in a final microstructure that
is composed of fine ferrite grains. In
addition, the kernel average misorien-
tation (KAM), a parameter that is used
to evaluate the strain or the stored en-
ergy for a given point (Refs. 33–35),
shows a very small value and no signif-
icant preferred orientation for regions
in Fig. 9B. Therefore, it is believed that
this region is not significantly influ-
enced by the mechanical deformation
common to the thermal mechanically
affected zone. 

Figure 10 shows the grain size dis-
tribution in the SZ, HAZ (both FGHAZ
and ICHAZ) and BM from EBSD data
for the bottom layer. The average grain
sizes of the FGHAZ and ICHAZ are
slightly lower than that of SZ, both of
which are less than 10 m. As a result,
the peak temperature of the FGHAZ
observed in the current EBSD study is
expected to be lower than 1000°C (Ref.
36). Conversely, the BM has the
largest grain size, i.e., ~30 m. Similar
grain sizes and microstructures were
found in the SZ, HAZ, and BM for the
middle and top layers. For brevity,
those microstructures are not re-
peated in the current paper. 

Finally, the grain size was different
in the SZ, HAZ, and BM with the
smallest grain size found in the HAZ.
If average grain diameters (9 m for
the HAZ, 10 m for the SZ and 28 m
for the BM) were plugged into the fol-
lowing Hall-Petch relationship, 

g = KyD–1/2 (2)

where Ky is 0.363 MPa m1/2 (Ref. 36),
g is the strength contribution from
grain boundaries, and D is average
grain diameter. The estimated
strength contribution from grain
boundaries for the SZ, HAZ, and BM
are 114.8, 121, and 68.6 MPa, respec-
tively. Since bainite, which has more
dislocations than ferrite, is also ob-
served in the SZ, additional strength
in the SZ is expected. Nevertheless,
the grain boundary strengthening has
a significant effect in the current fric-
tion stir weld. Additionally, a refine-
ment in grain size can increase the
impact toughness. 

By taking advantage of the MM-
FSW method, a potential application
for the present work could be fabrica-
tion of multilayer high-pressure stor-

age vessels. Multilayer pressure vessels
or storages are often preferred over
heavy thick single-wall structures due
to lower cost and manufacturing effi-
ciency (Refs. 37, 38). 

Conclusion
In conclusion, the use of MM-FSW

enables fabrication of thick structures
in high-strength low-alloy steel. This
technique can be potentially used for
multilayer high-pressure storage/
vessel applications. Strengths in the
SZ and HAZ were higher than the BM
based on microhardness measure-
ments. Also, CVN results indicate that
impact toughness in the SZ and HAZ
are generally higher than BM. Both the
SZ and HAZ have fine-grained mi-
crostructures, although the mecha-
nism for it is expected to be different
for the SZ (i.e., dynamic recrystalliza-
tion) vs. the HAZ (i.e., intercritical
temperature). Taken together, with all
the mechanical tests and hardness
measurements, the present work indi-
cates that the overall mechanical
strength of the MM-FSW steel sam-
ples were comparable or superior to
the base metal. For future work, hook-
ing that occurs due to the butt/lap
joint configuration should be avoided
by either using a special tool to pro-
duce horizontal metal flow or by using
an alternate joint design.
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     The National Robotic Arc Welding Conference will take
place June 1–3, 2015, in Milwaukee, Wis. This year’s theme
is “Future Tools — Future Workforce” in recognition of the
fact that new technology will not work well without trained
and motivated people. 
     We are looking for speakers who have addressed robotic
and automatic arc welding-related challenges and succeeded
through innovation in part design, tooling, process opti-
mization, workforce training, or other means. Submissions
are welcomed from end users, equipment suppliers, or a
combination of both. If you are interested, please submit

your presentation title, short paragraph discussing what it
is about, and who will give the 30-min talk to j.noruk@ser-
vorobot.com. Deadline for consideration is December 31,
2014.
     This premier conference traces its roots to 1983 when
John Hinrichs, who passed away in 2012, started it with the
purpose of helping the fledgling robotic welding industry
grow by sharing new technology and ideas. Proceeds from
the conference will go to the John Hinrichs Memorial En-
dowment, which is currently funded in an amount to pro-
vide more than $10,000 annually in scholarships.

Call for Presentations
National Robotic Arc Welding Conference
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