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ABSTRACT

Low temperature friction stir welding (including below A, point) was successful for three types of carbon steels
with different carbon contents (IF steel, S12C, S35C). For all the carbon steels, the strength of the FSW joints
increased when compared to that of the normal structure (ferrite + pearlite) of base metal. Compared with IF steel,
the microstructures and mechanical properties of the carbon steel joints are significantly affected by the welding
conditions due to the phase transformations. For the S12C steel, the welding produces a ferrite-pearlite structure,
and the strength slightly increases with the increasing welding speed (decreasing the heat input) due to the refined
microstructure. For the S35C steel, under the conditions exceeding the lower critical cooling rate, martensite was
formed, resulting in a significantly increased joint strength; while under the conditions when martensite is not formed,
the strength of the joint increased with the increasing welding speed (decreasing the heat input) due to the refined
microstructures. Thus, friction stir welding enables us to control both the maximum temperature and the cooling

rate in order to produce higher strength joints.

lIW-Thesaurus Keywords: Carbon steels; Friction stir welding; Friction welding; Phase diagrams; Reference lists;

Steels; Unalloyed steels.

1 INTRODUCTION

Friction stir welding (FSW) is a solid phase welding
process during which a lower heat is input to inhibit
the grain growth, and therefore, it is a better welding
method than fusion welding that avoids decreasing the
strength of the joints [1]. Accordingly, this method has
been widely investigated for mostly low melting mate-
rials, such as Al, Mg and Cu alloys [2-4]. However, the
application of FSW to steels and other high tempera-
ture materials has been limited due to the absence of
a suitable tool material.
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Several previous studies [5-12] have reported the fric-
tion stir welding of carbon steels. These studies have
reported that FSW achieves grain refinement in the stir
zone of the carbon steel, similar to Al alloys. Additio-
nally, a complex phase transformations also occurred
during the FSW process. Accordingly, the mechanical
properties were improved compared to the base metals.
However, in these papers [5-8], important steel features,
such as the effect of the carbon content and the trans-
formation during the friction stir welding of the carbon
steels were not systematically classified. In particular,
the peak temperatures under all the welding conditions
exceeded the A, temperature, and therefore, the effect
of the phase transformation on the microstructure was
not completely investigated.

Accordingly, the objective of this study is to determine
the effect of the carbon content and the transformation
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on the mechanical properties and microstructures of
the FSW carbon steel joints. Three types of steels with
various carbon contents were friction stir welded under
different welding conditions. The low temperature fric-
tion stir welding of steels was also performed at around
650 °C, at which no transformation occurs.

2 EXPERIMENTAL PROCEDURE

The experiments were performed using a load-con-
trolled FSW machine. The welding tool, which was
made of a WC based material, had a 12 mm shoul-
der diameter, 4 mm probe diameter and 1.4 mm probe
length without threads [8, 9, 13] Butt-welding of an
ultra low-carbon IF steel, and two kinds of plain carbon
steels with different carbon contents — JIS S12C (equi-
valent to UNS G10120, SAE-AIEI 1012; 0.12 wt %C)
and JIS S35C (equivalent to UNS G10350, SAE-AIEI
1035; 0.34 wt%C) was performed. The plates are
1.6 mm thick, 30 mm wide and 300 mm long. The che-
mical composition and mechanical properties of these
materials are listed in Table 1. The IF steel features a
ferrite single-phase over the entire range of tempera-
ture below 910 °C, though an austenite-ferrite transfor-
mation occurs at the A3 temperature (about 8910 °C).
For both the S12C and S35C, the austenite-ferrite
transformation occurs between A3 (about 860 °C and
800 °C, respectively) and A1 (about 723 °C), and the
eutectoid reaction at A1. Therefore, $S12C would show
a mixture of proeutectoid ferrite and pearlite when it is
slowly cooled from austenite. The volume fraction of
the proeutectoid perlite is expected to be 13 %. Slowly
cooled S35C would also show a ferrite + pearlite struc-
ture in which the ferrite and pearlite have nearly equal
volume fractions (57 % and 43 %, respectively). The
S35C steel used in this study, however, is characterized
by the ferrite + globular cementite two-phase struc-
ture because spheroidized annealing was performed
in order to improve the machinability.

For the IF steel, an ultrafine grained material was also
prepared by the accumulative roll bonding (ARB) pro-
cess in order to investigate the effect of the initial grain
size on the microstrucuture and mechanical properties
of the joints. For the ARB process [8, 14], two sheets
were layered to make the degreased and brushed sur-
face closely fixed to each other by clips. Roll bonding

was conducted by a 50 % reduction in one pass. The
roll-bonded sheet was immediately cooled in water
and then cut into two pieces. To produce the ultrafine
grains, this procedure was repeated 5 times for the IF
steel. High angle boundaries were introduced in these
materials by this method. As a result, the strength of
the IF steel increased to 775 MPa.

The tool was tilted 3 degrees from the plate nor-
mal direction during FSW. The rotation speed was
400 rpm and the welding speed was varied from 100
to 400 mm/min. A K-type thermocouple was inserted
into the interface of the plates and separated on the
bottom surface to measure the change in temperature
at the centre on the bottom surface during the FSW.
Additionally, the tensile properties of each joint were
evaluated using three tensile specimens cut perpen-
dicular to the welding direction from the same joint.
All tensile tests were performed using an initial strain
rate of 3X10*s'. The Vickers hardness profile of the
weld was measured on the cross section perpendi-
cular to the welding direction with a 0.98 N load for
15 s. The microstructures were characterized by optical
microscopy, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The metallur-
gical inspections were preformed on a cross section
of the joint after polishing and etching with nitreagent
(3 %HNO, + 97 %(H,0+C,H,OH)). In order to clarify
the crystallographic features of the microstructures, an
electron back-scattering pattern (EBSP) technique was
also used with a field emission type scanning electron
microscope (FE-SEM) operated at 25 kV. The cross
section was cut perpendicular to the welding direc-
tion and then electrolytically polished in 20 ml HCIO,
+ 180 ml CH,COOH solution at 248 K (-25 °C) for the
EBSP analysis. The EBSD measurements were carried
out using a program developed by TSL Inc. (OIM™)
using a Philips XL30S SEM equipped with field emis-
sion operated at 20 kV. The planes parallel to the TD
were cut from the weld and scanned by EBSD. Thin
foils perpendicular to the transverse direction (TD) and
parallel to the welding direction were cut from the cen-
tre of the weld and electro-polished in a 100 ml HCO,
+ 900 ml CH,COOH solution for the TEM observations.
A Hitachi H-800 microscope was operated by 200 kV, A
Vickers hardness test was conducted along the TD to
evaluate the hardness profiles of the centre thickness.
The average grain size was determined by the mean-
linear-intercept method.

Table 1 - Chemical composition and mechanical properties of carbon steel

Mechanical properties
Chemical composition in mass % Tensile Yield Elongation
Type strength strength
C Si Mn P S Cu Ti (Mpa) (Mpa) (%)
IF 0.002 - 0.10 0.01 - - 0.04 284 155 92
S12C 0.12 - 0.29 0.008 0.02 - s 317 202 76
S35C 0.34 0.21 0.69 0.012 0.003 0.01 = 574 303 57 =]
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3 RESULTS AND DISCUSSION

3.1 Effect of welding conditions
on temperature and mechanical properties

Figure 1 shows the tensile properties of the carbon
steel FSW joints welded at different welding speeds.
The heat input (energy input per unit weld length)
decreases with the increasing welding speed at a con-
stant rotation speed [15]. Because all the tensile speci-
mens involving the entire joint fractured in the base
metals for the sound joints [8], small tensile specimens
of which the gauge length was covered by the weld
nugget shown in Figure 1 a) were used to characterize
the tensile properties of the stir zone. In this case, the
strength of the IF steel joints slightly increased with
the increasing welding speed (decreasing heat input),
while the dependence of the welding speed for $12C
and S35C are greater than that of the IF steel. For the
512C steel, the strength of the joints increased with the
increasing welding speed (decreasing heat input), while
for the S35C steel, the strength of the joints showed a
peak near 200 mm/min.

Thermocouples were embedded on the bottom surface
at the centreline. The peak temperatures increase with
the decreasing welding speeds for all three types of
steels. The heating and cooling rates of the three types of
steels, on the other hand, decrease with the decreasing
welding speeds. It is noted that the peak temperatures
at the 400 mm/min welding speed are about 650 °C for
the IF steel, S12C and S35C, which are all below A.. It
can be stated that the temperatures much lower than
the peak temperatures reported in the previous papers
[5-7] were controlled in this study. On the other hand,
the temperature could exceed the A, or A, temperature
under the conditions of a high heat input.

3.2 IF steel with a ferrite one-phase structure

Figure 2 shows an SEM image of the microstructu-
res of the base metal. The base metal of the IF steel
consists only of ferrite. Figure 3 shows the TEM bright

77

Figure 2 - SEM image of microstructure of IF steel
base metal

field images of the stir zones welded at 400 mm/min.
The microstructures consist of equiaxed grains inclu-
ding dislocations. The dislocation density seems to be
higher than that in the stir zone in the FSW processed
commercial purity aluminium [16]. This is caused by
the restricted recovery during the FSW process due to
higher melting temperature of the steel.

e

Figure 3 - TEM bright

field images of stir zones
of IF steel welded at 400 mm/min
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Figure 1 — Configuration and size of tensile specimens and tensile strength of FSW steel joints
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It is found that the grain size at the centre of the stir
zone is 5 pm at 400 mm/min, which is much smaller
than that of the base metal, 24 ym. When the wel-
ding speed is 100 mm/min, the grain size is 6 pm.
The bottom surface temperatures under the highest
(100 mm/min) and lowest (400 mm/min) heat input
conditions reached 839° C and 643 °C, respectively. It
was revealed that all of the IF steels were welded in
the ferrite single-phase region, and no transformation
occurred. Therefore, the grain refinement is the major
hardening factor of the material.

Because the grain size did not significantly decrease
with the decreasing heat input, the strength only slightly
increased by less than 4 %, as shown in Figure 1.
Similar results are obtained for the aluminium alloys or
copper alloys, etc., in which no transformation occurs
during the welding, namely, the strength of the joints
slightly increases with the decreasing heat input [4, 17-
20].

Figure 4 shows the hardness profile of the normal
grained and ultrafine grained IF steel joints welded
at 400 mm/min. The hardness of the stir zone of the
ultrafine grained steel joint decreased from the base
material. On the other hand, the hardness of the stir
zone of the normal grained steel joint increased from
the base material.

Figure 5 shows TEM images of the ultrafine grained IF
steel joints. Figure 5 a) shows the base material and
Figure 5 b) shows the stir zone of the ultrafine grai-
ned IF steel joint welded 400 mm/min. For the ultrafine
grained IF steel, the grain size of the stir zone was
larger than that of the base material and the number
of dislocations in the equiaxis grains is smaller than
that of the base material. Consequently, the strength of
the stir zone decreases. The obtained stir zone struc-
ture is similar to that for the normal grained IF steel,
although the grain size of the ultrafine grained IF steel
is slightly smaller. Based on these results, it is found
that the strength of the FSWed IF steel joints cannot
significantly be changed by the welding conditions and
the initial grain size.
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Figure 4 - Hardness profiles of IF steel joints

3.3 §12C with small proportion of pearlite

Figure 6 shows the microstructure in the stir zones of
the friction stir welded joints of the S12C steel. It was
found that the ferrite-pearlite structures with a limited
amount of pearlite were obtained under all the wel-
ding conditions. Under the lower heat input condition
(400 rpm, 400 mm/min), the bottom surface tempera-
ture was about 640 °C. In this case, FSW is performed
below the A, temperature and therefore, the transfor-
mation does not occur during cooling after welding.
Accordingly, the pearlite in the base metal was stirred
and fractured into small pieces, so that the carbides
were uniformly distributed in the ferrite matrix. Similarly,
the breakup of constituent particles is also present in
the friction stir weld of the metal matrix composites
(MMC) [21, 22] and the cast Al-Si alloy [22, 23], resul-
ting in the increased hardness of the welds.

Under the higher heat input condition (400 rpm,
100 mm/min), on the other hand, almost the entire

b) Stir zone

Figure 5 - Bright field images of ultrafine grained IF steel
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640 °C (o + Fe,C)

Figure 6 - SEM microstructures of the stir zone in $12C FSW joints:
a), b) 400 rpm, 100 mm/min; c), d) 400 rpm, 400 mm/min

microstructure consists of equiaxed ferrite grains,
while several large pearlite clusters were found in limi-
ted areas. However, under the lower heat input condi-
tions (400 rpm, 400 mm/min), small pearlite colonies
and carbides were uniformly distributed in the ferrite
matrix.

The peak welding temperature measured on the bot-

~ tom surface was 790 °C under the higher heat input

conditions (400 rpm, 100 mm/min), which reveals that
the S12C steel welding was performed in the ferrite-
austenite two-phase region, and that transformation
then occurred during cooling after welding. In this case,
because only the austenite with a small proportion
(about 13 %) was transformed into the pearlite below
A., the pearlite distribution is not uniform. The ferrite
grain size is fairly small (about 5 pm), because heavy

2pm

a) 400 rpm, 100 mm/min

b) 400 rpm, 200 mm/min

deformation in the ferrite + austenite two-phase region
causes fine recrystallized microstructures.

The area having uniformly distributed carbides
increases with the increasing welding speeds, while the
ferrite grain size does not significantly change. This is
because the temperature near the sample surface is
higher, and therefore, the area where the temperature
exceeded the A, point decreases with the increasing
welding speed.

3.4 S35C with large proportion of pearlite

Figure 7 shows the microstructures in the stir zones of
the friction stir welded joints of the S35C steel. It was
found that the ferrite-pearlite structures were mainly

c) 400 rpm, 400 mm/min
Figure 7 - SEM microstructures of the stir zone in S35C FSW joints
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a) 400 rpm, 400 mm/min

b) Base metal

Figure 8 - SEM microstructures of S35C near the bottom

obtained in the stir zones under almost all the welding
conditions. The microstructure under the lowest heat
input condition (400 rpm, 400 mm/min) shows a fine
ferrite + partially deformed pearlite in the upper part,
but a ferrite + globular cementite structure in the lower
1/3 part, which is similar to the base metal, as shown
in Figure 8. The peak welding temperatures (on the bot-
tom surface) at the welding speeds of 100, 200 and
400 mm/min are 873 °C, 741 °C, and 653 °C, respec-
tively. These temperatures correspond to the austenite
single-phase region, the ferrite + austenite two-phase
region and the ferrite + cementite two-phase region,
respectively.

Because the bottom surface temperature under the
lowest heat input condition (400 rpm, 400 mm/min) of
653 °C is below A, the S35C steel welding was per-
formed in the ferrite + cementite two-phase region on
the bottom, and therefore, the transformation should
not occur during cooling after welding. Consequently,
the microstructure is almost the same as that in the
base metal, as shown in Figure 8, while the ferrite grain
size slightly decreased from the base metal due to the
recrystallization. This result indicates that despite stir-
ring by the tool, the microstructure was not significantly
changed under this condition. However, the tempera-
ture on the upside of the stir zone seems to exceed A,.
Consequently, the partially deformed pearlite structure
was formed in the upper part of the stir zone. It is
deduced that, although the peak temperature slightly
exceeded A, the temperature soon decreased to below
A., just after the tool went through the position, but the
metal is still being stirred.

Because the ferrite + globular cementite structure,
which is softer than the ferrite + pearlite structure, exists
in the lower part, the tensile strength of the entire weld
joints decreased when the welding speed exceeded
200 mm/min, as shown in Figure 1. Under the medium
heat input condition (400 rpm, 200 mm/min), the ferrite
+ pearlite structure is the finest and the joint strength is
the highest. This is because the peak temperature was
in the ferrite-austenite two-phase field.
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4 SUMMARY

The effect of the carbon content and the transformation
on the mechanical properties and microstructures of the
FSW carbon steel joints was investigated. The low tem-
perature friction stir welding of steels was successful
at around 650 °C, at which no transformation occurs.
In addition, the control of the temperature enabled the
steels to be welded in various regions, such as the
o + ¥ two-phase region and the vy single-phase region.
As a result, the following conclusions were achieved.

(1) The mechanical properties of steel joints are signi-
ficantly affected by the welding conditions and carbon
content. Compared with the IF steel, the microstruc-
tures and mechanical properties of the carbon steel
joints are significantly affected by the welding condi-
tions. The mechanical properties of IF steel joints are
not significantly changed by the welding conditions and
the initial grain size.

(2) The strengths of the S12C steel joints increased
with the increasing welding speed (decreasing the heat
input), while the strengths of the S35C steel joints show
a peak near 200 mm/min.

(3) This can be explained by the relationship between
the peak temperature and the A, or A, point. When the
friction stir welding is performed in the ferrite-austenite
two-phase region, the microstructure is refined and the
highest strength is then achieved for the S35C steel.

(4) Thus, friction stir welding enables us to control both
the maximum temperature and the cooling rate and
then produce higher strength joints.
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