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High strength and ductility of friction-stir-welded steel joints due
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Steel plates were friction-stir-welded together under conditions in which samples were first heated above the lower critical
temperature of the alloy and subsequently cooled at approximately 100 K s�1. This method produced joints with an excellent
balance between tensile strength and ductility. Severe plastic deformation during friction-stir-welding stabilized the austenite phase
in the steel joints. The austenite phase was subsequently transformed through deformation into the martensite phase when the joints
were actually used.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Welding and joining are multibillion-dollar fab-
rication technologies extensively used in the construc-
tion, transport, aerospace, energy, shipbuilding and
electronics industries [1]. However, the material proper-
ties of steel generally deteriorate as steel parts are welded
and joined together. Accordingly, there have previously
been numerous attempts to minimize the deterioration
of the mechanical properties of steel joints. We demon-
strate for the first time ever that friction-stir-welding
(FSW) can produce a mechanically stabilized metastable
austenite phase that actually increases the elongation
and tensile strength of steel joints.

FSW is a revolutionary method of solid-state joining
that was invented in the UK [2]. In FSW, a 10–20 mm
diameter rod-like tool rotating at high speed is pressed
onto the surface of the material to be joined where it
generates frictional heat. The tool is then moved along
the interface of the material to join parts together. Be-
cause the maximum temperature of FSW is below the
melting point of the material, joints produced using
FSW exhibit material properties that are superior to
those of the base metal. Therefore, FSW has recently
been used for a wide variety of low-melting-point mate-
rials such as Al, Mg and Cu alloys [3–12]. Application of
FSW to various steels has become possible through the
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development of appropriate tools and because of work
that has been done to determine the appropriate welding
conditions [13–22].

Several of the authors have previously used FSW to
develop a method of welding together plain carbon steel
parts below the lower critical temperature, AC1 (726 �C),
of carbon steel [19–21]. A joint without a martensite
structure is produced even when the method is used to
weld together parts produced with hypereutectoid steel
(0.85 wt.% C, AISI-1080). Such steel is very difficult to
weld using conventional methods of welding because
phase transformation causes cracks to form in the steel.
However, the authors believed that a method of welding
such as FSW, which does not induce phase transforma-
tion, could be used to weld such steel while retaining the
toughness of welded high-carbon steel joints. Joints pro-
duced using the method they developed exhibited
mechanical properties that are superior to those of joints
produced using conventional methods of welding. When
the method was extended to welding other difficult-to-
weld metals, we found that although the austenite phase
in steel is completely unstable at room temperature,
FSW significantly stabilizes the austenite phase against
the martensite reaction at room temperature, which is
an interesting and completely unexpected phenomenon.

The chemical composition of the steel alloy used in
this study was 0.1 C, 8 Cr, 2 W, 0.2 V, 0.04 Ta
(wt.%), and the balance was Fe. This steel consists of
sevier Ltd. All rights reserved.
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ferrite and tempered martensite phases and can be cate-
gorized as high-chromium ferritic steel. The AC1 temper-
ature of this alloy is 850 �C based on dilatometry. High-
chromium steel is difficult to weld because of the precip-
itation of brittle phases, which is why the authors se-
lected this particular steel for this study. FSW was
conducted under the following conditions: the rotating
tool was made of cemented carbide (i.e. tungsten car-
bide, WC), which has high strength, high toughness
and good thermal conductivity in the range of welding
temperatures anticipated in this study. The tool had a
12 mm diameter shoulder and a probe 4 mm in diameter
and 1.4 mm long was used at a tilt of 3� from the normal
to the plate. FSW was performed at rotational speeds of
100–300 rpm and at a constant welding speed of
100 mm min�1. Argon was used as a shielding gas at a
flow rate of 30 l min�1 to prevent oxidation of the steel
and the tool during FSW.

Frigaard et al. [23] reported that the total amount of
heat generated during FSW, q0, can be given by the fol-
lowing equation:

q0 ¼
Z R

0

4p2lPNr2dr ¼ 4

3
p2lPNR3; ð1Þ

where l is the friction coefficient, R (m) is the surface ra-
dius, N (s�1) is the rotation speed and P (N m�3) is the
mean pressure at the interface between the tool and
joint. Eq. (1) can be used to control heat generation
by varying N while fixing l, P and R, i.e. more heat is
input into a joint with increasing N.

The mechanical properties of the joints welded to-
gether at each N were assessed by tensile testing at a
quasi-static strain rate. In addition, the macrostructures
of cross-sections of the joint cut perpendicular to the
FSW direction were observed by optical microscopy
and scanning electron microscopy (SEM) using a micro-
scope equipped with an electron backscatter diffraction
(EBSD) detector. Each cross-section was polished to a
mirror finish and was then etched using Keller’s solution
(95% HNO3 + 1% C2H5OH + 1.5% HF + 2.5% HCl).

Figure 1 shows the microstructures of cross-sections
of the joints welded together at each N. Defect-free
joints were obtained at each N. The welding temperature
was above the AC1 transformation point when
N = 300 rpm and the stir zone whitened, indicating the
formation of a phase distinguishable from the one that
had formed below AC1 and that was indicated by a
Figure 1. Cross-sections of joints welded at various rotation speeds
and at a constant welding speed of 100 mm min�1. At a rotation speed
of 100 rpm, the entire stir zone was dark white and was formed at
temperature below AC1. At rotation speed of 300 rpm, however, the
stir zone was white when formed at a temperature above AC1. At a
rotation speed of 200 rpm, the welding temperature was above AC1 in
the upper part of stir zone and below AC1 in the lower part.
peripheral dark area. When N = 200 rpm, the welding
was performed above AC1 from the top to the middle
of the stir zone and below AC1 from the middle to the
bottom of the stir zone. Accordingly, the boundary be-
tween the white and dark areas is observed in the central
part of the stir zone. When N = 100 rpm, on the other
hand, the entire stir zone was formed below AC1, and
no such boundary was observed.

The maximum welding temperatures were measured
at the centre back surfaces of the butt samples. The tem-
peratures were 740, 762, and 787 �C when N = 100, 200,
and 300 rpm, respectively. The maximum welding tem-
perature was below the AC1 temperature when
N = 100 and 200 rpm, and above it when
N = 300 rpm. The cooling rate decreased with increas-
ing rotation speed. When the cooling rate is defined as
the average cooling rate from the maximum temperature
to 500 �C, the cooling rate was 58, 78 and 120 �C s�1

when N = 100, 200 and 300 rpm, respectively. FSW
was performed in the single-c phase or (a + c) phase
temperature regions when N = 300 rpm. When
N = 100 rpm, on the other hand, it was performed with-
out any phase transformation. However, the tempera-
ture was measured at the bottom of the plates;
therefore, it is necessary to examine the microstructure
to determine whether the phase actually transforms dur-
ing FSW.

Figure 2 shows the phase maps obtained for the cen-
tral part of the stir zone by measuring the EBSD of the
joints when N = 100–300 rpm. There is a microstructure
boundary at the centre of the stir zone when
N = 200 rpm, as previously mentioned. Accordingly,
the phase maps for both the upper and lower parts of
the stir zone are shown. Body-centred cubic (bcc) ferrite
Figure 2. Phase maps for joints friction-stir-welded at rotation speeds
of (a) 100, (b) 200 (lower stir zone), (c) 200 (upper stir zone) and (d)
300 rpm. Red and green indicate ferrite and austenite phases,
respectively, and yellow points denote locations where phase cannot
be precisely determined. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this
article.)



Figure 3. Stress–strain curves for stir zones in joints produced using
FSW. Data for base metal are denoted by a dotted line for reference.
Because austenite phase retained in joints produced at rotation speeds
of 200 or 300 rpm was transformed into martensite phase during
tensile test, the elongation and tensile strength of joints was signifi-
cantly higher than those of base metal. FSW conveys these excellent
properties to steel through formation of mechanically stabilized
metastable austenite phase.
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phases are observed in the phase map obtained when
N = 100 rpm. When N = 300 rpm, on the other hand,
the face-centred cubic (fcc) austenite phase retained in
the joint is observed in the phase map, which is com-
pletely different from the phases observed in the phase
map for the continuously cooled microstructure, i.e.
the ferrite and martensite phases are simultaneously
formed in the continuously cooled microstructure with-
out any deformation even at the same cooling rate.

The new finding in this study is that although the aus-
tenite phase in steel is completely unstable at room tem-
perature, FSW significantly stabilizes the austenite
phase against the martensite reaction at room tempera-
ture, while the martensite start temperature of this alloy
is 400 �C measured by dilatometry. The stabilization of
the austenite phase seems to be due to the significant
plastic deformation of that phase during FSW. Plastic
deformation creates a high density of dislocations,
which increases the magnitude of the internal stress of
the austenite phase. The martensite transformation, on
the other hand, requires long-range movement of the
interface under the stress, sT, which originates from
the change in chemical free-energy, DG, of the transfor-
mation as follows [24,25]:

sT ¼ /DG; ð2Þ
where / is a constant, and DG is the difference between
the free energies of the ferrite, Ga, and austenite, Gc,
phases, i.e. DG = Gc � Ga. The martensite transforma-
tion does not occur when the magnitude of the internal
stress exceeds sT during FSW; thus, the austenite phase
should be retained in the steel. It should also be noted
that the cooling rate of the phases in the stir zone is gen-
erally much higher (�100 K s�1) than that of those in
practical heat treatment processes such as hot rolling
adopted in the steel industry, and that this condition
helps prevent diffusional transformation and dislocation
annihilation.

All the welded joints were then broken at the base
metal to obtain standard tensile specimens whose gauge
parts included both the stir zone and the base metal.
From these, only the tensile specimens whose gauge part
was exclusively composed of the stir zone were prepared.
The gauge width and length were 3 and 2 mm, respec-
tively. Figure 3 shows the stress–strain curves obtained
for the three joints and for the base metal. Because the
welding was completed without any phase transforma-
tion when N = 100 rpm, the tensile strength of the joint
was similar to that of the base metal. For the welding
completed when N = 200 or 300 rpm, on the other hand,
the tensile strength of the joints was significantly higher
than that of the base material. Note that the elongation
of these joints was also higher than that of the base
material.

When N = 300 rpm, the welding was performed in
the (a + c) phase or the single-phase c-phase tempera-
ture range for the entire stir zone, and the austenite
phase was retained in the steel because of severe plastic
deformation during FSW. The retained austenite phase
was then transformed into the martensite phase through
the well-known transformation-induced plasticity
(TRIP) effect [26] during the tensile test. As a result,
the elongation and tensile strength of the joint were sig-
nificantly higher than those of the base metal. Although
the TRIP effect is expected for steel alloys produced with
a special chemical composition that promotes TRIP,
FSW induces the TRIP effect for steel alloys that are
not produced with the special chemical composition.

When N = 200 rpm, the retained austenite phase was
obtained in the upper part of the stir zone after the
FSW, whereas the ferrite phase was retained in the lower
part during the FSW due to the lower peak temperature,
which was not high enough for the transformation to the
austenite phase. This constitution of the microstructure
was strongly related to its tensile properties. The joint
produced when N = 200 rpm exhibited higher tensile
strength than the one produced when N = 300 rpm. In
particular, the yield stress of the former was higher than
that of the latter because the former consists of the bcc
ferrite phase in the bottom part of the stir zone and the
fcc austenite phase in the upper part and because the bcc
ferrite phase should exhibit higher yield strength than
the fcc austenite phase. The elongation of the joint pro-
duced when N = 300 rpm, on the other hand, is higher
than that of the joint produced when N = 200 rpm be-
cause the former consisted almost entirely of the re-
tained austenite phase.

FSW of a steel alloy was performed at a welding
speed of 100 mm min�1 and at various rotation speeds
in the range 100–300 rpm, some of which induced mar-
tensite phase transformation and others of which did
not. Under these welding conditions, the welding tem-
perature can be easily controlled above and below AC1

during welding by controlling the rotation speed. On
the basis of these results, it was concluded that deforma-
tion of the austenite phase enhances its stability against
the martensite reaction.
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Accordingly, FSW enables the production of joints
with an excellent balance between tensile strength and
ductility because of the formation of the mechanically
stabilized metastable austenite phase. The metastable
austenite phase retained in the steel was transformed
into the martensite phase when deformation was in-
duced in a welded structure at room temperature. Con-
sequently, both the tensile strength and elongation of
the joints produced using FSW were significantly higher
than those of the base material.
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