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Abstract
The need for weight reduction without compromising load-bearing capacity has driven the development of modern high-strength
steels (HSS). The ability to take full advantage of these modern HSS is limited by their weldability. Friction stir welding (FSW)
can join HSS at low peak temperatures, better preserving the properties of the base material. This work evaluates the influence of
different FSW peak temperatures and cooling rates on the properties of a modern HSS. A HSS produced by a thermo-
mechanically controlled process was welded by FSW with peak temperatures, measured within the processed zone, ranging
from about 900 to 650 °C. Temperatures were measured using thermocouples positioned at the mid-thickness of the workpiece, at
5 to 10 mm from the joint line. The effect of the different peak temperatures was evaluated by mechanical testing, including
bending, tensile testing with digital imaging correlation, Charpy impact test, and hardness measurements. Microscopic analyses,
including optical microscopy and electron backscatter diffraction, were used to evaluate the microstructure. Results show that
FSW enables welding HSS within the intercritical temperature domain. The impact toughness of the best weld condition
overmatched the base material by over 37%, at both − 40 and − 60 °C. The yield strength efficiency was about 70%.
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1 Introduction

Welding is the main manufacturing technique applied in the
production of large and complex steel structures. New ultra-
high-strength steels (UHSS) offer superior mechanical prop-
erties enabling leaner, lighter, and, therefore, more cost-
efficient structures for a wide range civil, marine, offshore,
and other applications. These steels, manufactured using ac-
celerated cooling to achieve the desired microstructures, are
generally not resistant to high heat inputs and, as a result,
welding by conventional fusion processes can degrade their

properties. The weldability of these UHSS is, therefore, a crit-
ical characteristic that is currently limiting their widespread
use [1]. This limitation can be overcome by friction stir
welding, an autogenous solid-state process that can join these
materials at low temperatures and with some control of the
cooling rates. Compared to conventional fusion welding
methods, FSW has a high thermal efficiency (over 90% when
applied to aluminum alloys [2]) and produces welds with sig-
nificantly lower peak temperature and lower heat input dissi-
pated into the heat-affected zone (HAZ).

The distinction between high-strength steel (HSS) and
UHSS has not been universally defined by one precise
strength level. A universal yield strength limit would be diffi-
cult to define since the strength levels of special steels are
continuously increasing as new steels are developed [3]. The
steel studied in this paper has a yield strength of 700 MPa and
was produced via thermo-mechanically controlled processing
(TMCP). This steel is considered an UHSS based on the clas-
sification in reference [4], where the minimum yield strength
for UHSS is 550 MPa. However, in some classifications, con-
siderably higher yield strengths are required. For example, in
[5], yield strength of 900 MPa is necessary for a steel to be
classified as an UHSS.
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TMCP is currently a common production method for HSS
and UHSS since it enables the production of fine-grained steels.
Through this method, high-strength steels can be achieved even
with low levels of alloying. Additionally, this is not accom-
plished at the expense of toughness since grain size is the key
factor in attaining the high-strength properties [1, 6]. The lower
amounts of alloying elements have the further advantage of
reducing production costs [7, 8]. However, these steels are quite
sensitive to the peak temperatures and cooling rates. Welding
by conventional fusion processes can degrade their properties
destroying the original optimized grain size and good balance
of strength and toughness [1]. Friction stir welding (FSW), due
to its solid-state process domain and autogenous nature, can
join these materials at significantly lower temperatures and with
some control of the cooling rates, e.g., via active cooling, over-
coming the weldability limitations of conventional fusion
welding methods.

FSW is nowadays widely used across many market sectors
in the fabrication of safety critical structures, mostly applied to
lightweight metals and their alloys [9]. FSWof aluminum [10,
11], copper [12, 13], and magnesium [14] has had excellent
results once the operational parameters have been optimized.
This success increased the interest in transferring the benefits
of the process to other engineering materials, such as modern
steels. The lower processing temperatures associated with
FSW (compared to fusion welding processes) have the poten-
tial to produce fewer metallurgical changes in the weld metal
and HAZ and minimize distortion and residual stresses in
steels [15]. Furthermore, the absence of melting eliminates
the susceptibility to hot cracking and hydrogen induced crack-
ing in steels. Additionally, it also produces less hazardous
fume emissions [16].

It was only in 1999 that the feasibility of FSW of steel was
first reported in open literature. Thomas et al. [17] showed that
12 mm plain low carbon steel and 12% chromium alloy steel can
be welded in a single pass, and demonstrated, by tensile and bend
testing, that the mechanical properties of the welded joints can be
compared to those of the base material. Tool wear was identified
as a limitation but recent advances in material selection and de-
sign have led to the development of tools with a fine balance of
high-temperature strength, hardness, and ductility enabling the
production of long uninterrupted FSW steel welds [18, 19].

Compared to fusion welding, FSW typically produces less
distortion, is not detrimental to toughness, and does not cause
concerning levels of hardness. Additionally, FSW can gener-
ate superior fatigue properties [20]. The solid-state nature of
the process can enable joining the TMCP steels in the same
range of temperatures where they are originally processed,
i.e., the intercritical temperature region (ferrite austenite two-
phase region) between the A1 and A3 temperatures [6]. FSWof
UHSS in their optimal range of thermomechanical processing
conditions could result in welds with fine microstructure en-
abling a good combination of high-strength and toughness.

Furthermore, FSW is an autogenous process (i.e., it requires
no filler metal), which helps to reduce or eliminate the chem-
ical and mechanical mismatch in the processed zone.

Studies on FSW of steels, such as the ones by Lienert et al.
[21] and Reynolds et al. [22], report that the stirred zone of
ferrous metals displays a recrystallized microstructure. This in-
dicates that FSW of ferrous metals develops in a similar way to
that of aluminum alloys. The trend is analogous to that observed
with aluminum alloys, where the grain size decreases and the
strength gradually increases [23, 24]. Additionally, during the
FSW of steel, the thermomechanical processing can induce
complex phase transformations leading to the improvement of
mechanical properties.

The microstructure and mechanical properties of FSW
joints on carbon steel are known to be affected by the welding
conditions [25–27]. The strength of the steel joints increases
with the decreasing peak temperatures [25]. This is attributed
to the relationship between the peak temperature and the
intercritical temperature domain. When FSW is performed
within this temperature domain, between A1 and A3, the mi-
crostructure is refined and the highest strength is achieved
[26]. Although in [26] FSW was applied to mild steels (IF
steel, S12C and S35C), it is reasonable to assume that FSW
of TMCP HSS with low heat input (resulting in peak temper-
atures between A1 and A3) would have a similar, if not more
relevant, effect. Since the improved properties of HSS typical-
ly result from thermomechanical processing within the A1 to
A3 temperature range, FSW in this range of temperatures
should prevent a significant loss of the original microstructure,
including the small grain size. Additional evidence of the ben-
efits, for UHSS, of FSW at temperatures within the
intercritical temperature domain was presented in [28]. FSW
joints were performed on a 2.2-mm sheet metal quenched and
tempered UHSS, with specified minimum yield strength of
1600 MPa. The authors reported that the weldability of that
steel is not feasible below the A1 temperature. The microstruc-
ture of the stirred zone processed above A1 was akin to that of
the base material, with fine martensite and a low amount of
retained austenite. Accordingly, both the impact load and
absorbed energy for the stir zone are about the same as the
base metal. Thus, the main motivation for this research work is
to evaluate the same potential benefits when applying the
FSW to a thicker, 4 mm, HSS plate with a specified minimum
yield stress of 700 MPa.

In this work, the influence of different peak temperatures
and heating and cooling rates achieved during the FSW
cycles was evaluated. A TMCP HSS with a specified mini-
mum yield stress of 700 MPa was welded by FSW under
different conditions resulting in peak temperatures, in the
close vicinity of the processed zone, ranging from about 650
to 900 °C. The effect of the different peak temperatures and
heating and cooling rates on the microstructure and proper-
ties was investigated.
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2 Experimental procedure

HSS plates were joined by FSW under four different condi-
tions, combining a set of two parameters (rotation speed, �,
and travel speed, v) with and without active cooling provided
by water-cooled anvil and clamping system. The temperature
was monitored in different key positions of the processed zone
and specimens were extracted for mechanical and microstruc-
tural characterization. The tests include bending, tensile,
Charpy impact, hardness, optical microscopy (OM), and elec-
tron backscatter diffraction (EBSD).

2.1 Material

The material studied in this paper was the Strenx 700MC+,
from SSAB, a modern hot-rolled structural HSS produced by
TMCP. This direct quenched steel, with nominal chemical
composition presented in Table 1, fulfills the requirements of
the S700MC grade according to standard EN 10149-2. The
plate thickness was 4 mm. Research on the weldability of this
steel, in different thicknesses, by MIG, PAW, and SAW was
carried out by Peltonen [29] and Lathtinen [30].

2.2 FSW procedure specification

The weld runs were performed in force control, using an
ESAB Legio 5 UT FSW machine. The plate dimensions be-
fore welding were 330 × 100 × 4 mm. Specimens welded with
four different conditions were tested. The different welding
conditions were designated as (1) BSlow^; (2) BFast^; (3)
BSlow + Cooled^; and (4) BFast + Cooled^ according to their
different welding parameters (travel speeds) and external
forced cooling condition, as summarized in Table 2.
Rotation speed was kept constant at � = 200 rpm. The weld
pitch ratio (�/v) used for the slow (hotter) welds was (�/v-
)slow = 3.33, and for the fast (colder) welds was (�/v)fast =
1.67. All welds were made along the rolling direction of the
plates, in single-pass square butt joints, in flat position. Edge
preparation was done by machining. The plates were firmly
clamped with mechanical fixtures and dedicated water cooled
clamping elements and backing bar that enable active cooling,
as depicted in Fig. 1a. The plates were joined using a tool
made from pcBN-based W-Re composite materials with
70 vol.% pcBN [20]. The tool has a scrolled convex shoulder
(enabling tilt angle = 0°) with outer diameter of 25 mm and a

3.75-mm-long conical probe with stepped spiral features (Fig.
1b). Argon was used as shielding gas for the tool and the top
surface of the processed zone, flowing at 20 L/min out of a
nozzle with diameter of 70 mm that envelops the body of the
FSW tool. The parameters used during the plunging period
were as follows: rotation speed � = 800 rpm, plunging speed
vz = 0.1 mm/s, plunging depth zplunge = 3.9 mm and dwell time
tdwell = 3 s. The weld length was 290 mm starting and ending
20 mm from the edge of the plates. Three identical welds were
done for each of the four welding conditions. Of those three,
the first was used for temperature measurements and to extract
samples for bending tests. The remaining two welded plates
were used for extraction of samples for tensile, Charpy impact,
and microscopy testing.

2.3 Temperature measurements

Temperatures were measured at the half-thickness of the plates
and at four different distances from the original abutting sur-
faces using insulated N-type thermocouples. The temperature
measurement positions were ± 10, ± 8, ± 6, and ±5 mm, where
the positive (+) values represent temperatures measured at the
advancing side (AS) and the negative (−) values represent
temperatures measured at the retreating side (RS). These po-
sitions were chosen considering the tool geometry, to attempt
to encompass all the different welding zones, while minimiz-
ing any disturbance to the material flow during the FSW pro-
cess, i.e., avoiding direct contact with the probe (Fig. 2a).
Each measurement position was repeated once, for redundan-
cy. Accurate positioning of the thermocouples was possible by
employing a backing plate with grooves machined for the
thermocouple wires and by drilling holes in the weld plates
at the desired temperature measurement positions and depth as
depicted in Fig. 2b. The spacing between measurement posi-
tions along the weld direction was 25 mm, over one shoulder
diameter, to ensure no coercive effects in the thermal field
between the different thermocouples.

2.4 Mechanical testing and microscopy

Bending testing Specimens for bending tests were extracted
from the temperature measurement welds at positions that
were unaffected by the thermocouple positioning holes. For
each of the four welding conditions, six bending specimens
were tested, three with the tension stress at the face side and

Table 1 Chemical composition
of the S700MC (wt%), according
to melting analysis conducted by
SSAB in Raahe, Finland. CEIIW

[31] is the carbon equivalent as
adopted by International Institute
of Welding

Material S700MC C Si Mn Cr Nb Ti V Al

0.056 0.179 1.8 0.048 0.082 0.112 0.012 0.036

Cu Ni Mo N B P S CEIIW

0.016 0.035 0.009 0.0068 0.0003 0.009 0.0022 0.241
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three with tension at the root side. The bending tests were
carried out according to standard ISO 5173 + A1, using a
MTS 810 Material Test System at a constant speed of
0.2 mm/s. The maximum displacement of the loading pin
was restricted to 60 mm from the starting position contacting
the surface of the specimens.

Tensile testing and DIC measurements Specimens for tensile
testing were extracted according to the extraction plan present-
ed in Fig. 3a. The tensile tests were conducted using a MTS
Landmark machine. A 25-mm extensometer was used to reg-
ister the strain rate. Digital image correlation (DIC) measure-
ments were performed during the tensile test on one specimen
of each condition. To this end, a random pattern was spray
painted on the specimens over a white paint substrate. A
Lavision Imager Pro X camera system recorded images of
the specimens at the frequency of 2 Hz. Based on changes in
the pattern with increasing strain, the behavior of the strain
and its localization was estimated by analyzing the images
using DaVis software.

Charpy impact testing Charpy impact tests were conducted
according to standard ISO 148-1. Due to constraints
posed by plate thickness, a reduced-section specimen
was used: 55 × 10 × 4 [mm]. The notches were placed at
three different positions as illustrated in Fig. 3b, corre-
sponding to the center of the stirred zone (SZ), center −
5 mm at the RS, and center +5 mm at the AS. The spec-
imens were tested at − 40 and − 60 °C. Due to the non-
standard size of the specimens, and to allow for a

meaningful comparison and interpretation of the results,
specimens with the same geometry extracted from base
material were also tested.

Hardness Microhardness measurements were performed using
an instrumented tester and a Vickers tip. The step size between
each indentation was 0.5 mm and the indentation load was
5 N, producing indentations with a cross-section diagonal of
approximately 50 �m in the base metal. The measurement
matrices, containing 315 indentations, covered a 22.5 mm
by 3.5 mm area encompassing the different weld zones and
the BM on both sides of the weld. The hardness values mea-
sured with the instrumented tester are presented in units of
HVIT, which for an indentation load of 5 N is roughly equiv-
alent to HV05.

OM and EBSD Specimens for optical microscopy were polished
down to 1 �m diamond paste and etched with 2% Nital solu-
tion. Optical micrographs were taken using an Olympus CX40
microscope. The microscope was equipped with Olympus
MPlan metallurgical lenses. SEM/EBSD was carried out using
a Zeiss Ultra 55 field emission scanning electron microscope
(FESEM) equipped with an HKL Nordlys EBSD detector by
Oxford Instruments. Sample preparation for EBSD was con-
ducted using a mechanical vibratory fine polishing to ensure a
deformation-free surface to obtain a sufficiently high diffraction
pattern quality. The EBSD data was post-processed using
Channel 5 post-processing software.

3 Analysis of results

3.1 Temperature measurements

The highest temperatures in all the weld conditions were mea-
sured by the thermocouples positioned closest to the FSW
tool, at ± 5 mm distance. The differences between the temper-
atures measured at the RS and AS are small, less than 25 °C,

Table 2 Sets of FSW parameters for the different weld conditions

FSW condition F [kN] Tilt angle [°] � [rpm] v [mm/min] Cooling

Slow 45 0 200 60 Off

Fast 120 Off

Slow + Cooled 60 On

Fast + Cooled 120 On

Fig. 1 Welding setup and tool for FSW. a Details of the clamping system
and temperature measurement setup including (1) water cooled clamping
elements. The average water temperature was ≈ 7 °C and the flow was
8 L/min; (2) water cooled anvil; (3) shielding gas nozzle; and (4)

thermocouple cables. b FSW tool with 25 mm shoulder diameter and
10 mm probe root diameter. c Perspective of top surface of Fast weld
condition
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