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This study examined the microstructure and corrosion characteristics of friction
stir welded DP600 steel. Two different combinations of rotational and transverse
speeds were used for the welding process: 700 rpm and 80 mm/s (700-80 sample),
and 1000 rpm and 20 mm/s (1000-20 sample). Microstructural observations demon-
strated the formation of a mixture of polygonal ferrite, Widmanstatten ferrite (WF),
bainite, and ferrite-carbide aggregate in the stir zone (SZ) of the welded samples.
Furthermore, a coarser microstructure and a higher fraction of WF and bainite were
observed in the 1000-20 sample. Electron backscatter diffraction analysis revealed
areas with higher kernel average misorientation values around the martensite is-
lands in the DP600 steel and within the bainite and WF in the welded samples. For-
mation of bainite and WF in the SZ of the welded samples resulted in the increase of
the fraction of low-angle grain boundaries from ~ 5% in the DP600 steel to ~ 60%
in the 1000-20 sample. The study further investigated the corrosion behavior using
polarization, electrochemical impedance spectroscopy, and immersion tests. The
results indicated that the corrosion performance of the 700-80 sample was similar
to that of the original DP600 steel, whereas the 1000-20 sample exhibited a degra-
dation in corrosion behavior with a corrosion rate approximately twice that for the
other two samples, mainly due to its coarser microstructure.

1. Introduction

ferrite matrix. This distinctive microstructure results in
outstanding mechanical properties, including continuous

The automotive industry has seen a growing demand
for the use of dual-phase (DP) steels in recent years [1,
2]. DP steels are the most commonly used type of ad-
vanced high-strength steels (AHSS), with a unique mi-
crostructure consisting of martensite islands within a
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yielding, a high initial strain hardening rate, excellent
formability, and high strength [3, 4].

The automotive industry utilizes DP steels for various
applications, which require joining techniques. Resistant
spot welding is commonly used to join automobile com-
ponents, while laser welding is employed to join blanks
before the stamping process [5]. However, research has
shown that laser-welded DP steels often experience soft-
ening in the heat-affected zone (HAZ) and hardening in
the fusion zone [6, 7]. To address these issues, some re-
searchers have explored the use of friction stir welding
(FSW) as an alternative method for the joining of DP
steel sheets.

FSW is a solid-state joining technique that was
developed in 1991 [8]. In this process, a rotary tool with
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a pin and shoulder is inserted into the interface of the
workpieces and moved along the joint. The combination
of the tool's translation and rotation causes material to
move from the front to the back of the pin, resulting in
a solid-state welded joint. FSW offers several advantag-
es over fusion welding techniques, including improved
mechanical and metallurgical properties of the weld,
elimination of issues like cracking and porosity, no need
for shielding gas or filler material, lower residual stress-
es, and minimal fumes and hazardous waste [8, 9]. Over
the years, researchers have explored various aspects of
FSW concerning DP steel welds. For example, Miles et
al. [10] examined the formability of FS-welded DP590
steel sheets, Ashrafi et al. [11] studied how welding pa-
rameters affect the microstructure and tensile properties
of FS-welded DP600 steel, Mahmoudiniya and Kestens
[12] investigated texture changes in the stir zone (SZ)
and thermomechanically affected zone of a FS-welded
DP steel, and Ashrafi et al. [13] studied the impact of the
FSW heat input on the microstructure, micro-texture and
mechanical properties of SZ in a DP600 steel.

The corrosion resistance of DP steels is one of the
important factors for their use in the automotive industry.
These steels are exposed to oxygen and humidity during
service, making corrosion a significant concern, especial-
ly in areas with high salt content or acid rain [14]. How-
ever, research on the corrosion properties of DP steels
has been less extensive compared to their mechanical
properties. Studies have shown that DP steels experience
micro-galvanic corrosion between the ferrite and marten-
site phases. However, it has been reported that the corro-
sion rate of ferrite-martensite DP steels in a 3.5% NaCl
solution is lower than that of ferrite-pearlite microstruc-
tures due to a weaker galvanic couple between the ferrite
and martensite phases [15].

The purpose of this study was to assess the micro-
structure and corrosion characteristics of the FS welds
of DP600 steel. To achieve this, two different sets of pa-
rameters were used to perform FSW on the DP600 steel
sheet. The resulting microstructure and corrosion prop-
erties of the SZs were then examined and compared to
those of the base metal (BM).

2. Materials and methods

In this study, a 2 mm thick sheet of DP600 steel with
the chemical composition listed in Table 1. was used as

the BM. Samples with the dimensions of 150 mmx40 mm
were cut from the initial steel and joined together using
FSW in a butt configuration along the rolling direction,
with the parameters presented in Table 2. A WC-based
material, as depicted in Fig. 1. was used as the tool, with
a tilt of 3° from the plate's normal and a plunge depth
of 0.2 mm. Before the welding, the samples underwent
mechanical cleaning, de-scaling, and degreasing with ac-
etone.

The optical microscopy (OM) technique was used
to examine the microstructure of welds. The cross-sec-
tions of the welds were observed using a Nikon EPHI-
PHOT300 microscope. To prepare the specimens for the
microstructural analysis, they were first ground with SiC
abrasive papers up to a grit size of 1200. Then, they were
polished using a 0.3 pm alumina suspension and final-
ly etched using a 2% Nital reagent. Electron backscatter
diffraction (EBSD) examinations were conducted using
a field emission scanning electron microscope (FESEM)
equipped with a Nordlys Nano Oxford detector. Before
the EBSD tests, the surfaces of the specimens were pol-
ished with a colloidal silica slurry with a particle size of
0.04 um . EBSD patterns were obtained using AZTEC
2.0 data acquisition software, with a binning of 5%5
pixels. The raw data obtained was then processed using
ATEX software [16].

Specimens with a dimension of 5 mm X 5 mm were
cut from the BM and SZ of different welds for corro-
sion tests. Before electrochemical tests, specimens were
ground up to 1200 grit finish followed by polishing with
the 0.3 um alumina suspension. The corrosion properties
of samples were examined using an Ivium Vertex-One
electrochemical instrument. To carry out both polar-
ization and impedance measurement, a conventional
three-electrode cell setup was used in this study. The
setup consisted of a saturated calomel electrode (SCE)
as the reference electrode, platinum as the counter elec-
trode, and the coated sample as the working electrode.
The electrochemical test was conducted in a solution con-
taining 3.5 wt.% NaCl at room temperature. To stabilize
the value of open-circuit potentials (OCP), all samples
were submerged in the solution for 3 hours. Polarization
measurement was then carried out with a scan rate of
ImV/s, and the values of E__and I were obtained us-
ing the Tafel extrapolation method. For impedance spec-
troscopy investigation, an input voltage of 10mV was
applied over a frequency range of 100 kHz to 10 mHz.

Table 1. The chemical composition of the DP600 steel sheet used in this research.

C Mn Si S P Ni Mo

Cu Vv Al Co Nb Zr Fe

0.18 125 02 0.01 0.011

0.015 0.019 0.019 0.02

0.073 0.045 0.023 0.011 Bal.
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Table 2. Parameters of FSW operations.

Sample code Rotational Speed (rpm) Transverse Speed (mm/min)
700-80 700 80
1000-20 1000 20
f
|
|
L 18 mm
|
e

NEoTT

e

4

mm

Fig. 1. Schematic diagram of the FSW tool.

3. Results and discussion
3.1. Microstructural observations

The microstructure and phase analysis results of the
DP600 steel are shown in Fig. 2. The OM image in Fig.
2a. reveals that the microstructure of DP600 steel con-
sists of unevenly distributed martensite islands (dark
areas) within a ferrite matrix (bright areas). The X-ray
diffraction (XRD) pattern of the DP600 steel in Fig. 2b.
only indicates the presence of body-centered cubic (bec)
phase. Since low-carbon martensite has the same crys-
tal structure as ferrite (i.e., bec) [17], the XRD peaks
should correspond to both ferrite and martensite. The
XRD peaks of retained austenite were not detected due
to its negligible amount. The phase map obtained from
the EBSD measurements, shown in Fig. 2¢. confirms the
presence of ferrite and less than 0.1% retained austenite,
consistent with the XRD results. It is important to note
that ferrite and martensite cannot be distinguished on
EBSD patterns due to their similar bce structure. How-
ever, they can be differentiated based on their band con-
trast (BC) values. The martensite phase has a high crystal
lattice distortion, resulting in a faint Kikuchi pattern [18,
19], and appearing dark in the BC map shown in Fig. 2d.
Therefore, the dark areas in the BC map represent mar-
tensite islands predominantly located at grain boundaries
of polygonal ferrite (PF). Additionally, it can be observed
that these martensite islands are mainly positioned at tri-
ple junctions. Based on the EBSD phase analysis, the
volume fraction of the martensite in the studied DP steel
was approximately 22%.
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Fig. 3. illustrates the microstructure of the SZ in the
FS-welded samples. In the 700-80 sample (Fig. 3a.),
the microstructure consists of a combination of PF,
Widmanstatten ferrite (WF), bainite, and ferrite-carbide
aggregate (FCA). The FCA is composed of small cemen-
tite particles dispersed in a ferrite matrix and forms under
similar cooling rates as WF [20]. In the 1000-20 sample
(Fig. 3b.), the micro-constituents were similar to those
in the 700-80 sample, but the microstructure was coarser
with a noticeable increase in WF and bainite and a de-
crease in PF and FCA fractions. The phase maps shown
in Figs. 3¢ and 3d. only indicate the presence of bec fer-
rite. No retained austenite was detected in the SZs. The
brightness levels in the BC maps (Figs. 3e and 3f.) rep-
resent grains with different levels of BC. It is important
to note that although PF, WF, and bainite are identified as
bece ferrite in the EBSD maps, their BC differs [21].

As measured in a previous study on the FWS of the
current DP600 steel [11], the peak temperature in the SZ
is higher than the critical temperature of A,. Therefore, the
microstructure is fully austenitic at the peak temperature.
Due to a higher welding heat input in the 1000-20 sam-
ple, the peak temperature in the SZ is higher and therefore
the austenite in this sample has a larger grain size. Large
austenite grain size and relatively fast cooling rate lead to
the formation of bainite, WF, and FCA besides PF. On the
other hand, in the 700-80 sample, due to a lower peak tem-
perature and therefore finer austenite grains, a larger frac-
tion of PF forms during the cooling cycle. Furthermore,
because of the higher cooling rate in the 700-80 sample,
its microstructure is finer than that in the 1000-20 sample.
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Fig. 2. Microstructure and phase analysis of the DP600 steel: (a) OM, (b) XRD pattern, (c) phase map,
and (d) BC map.

O Ferrite m Austenite

[ Ferrite ® Austenite

Fig. 3. OM image (a) and (b), phase map (c) and (d), and BC map (e) and (f) of the SZ for (a) & (c) & (e) 700-
80 sample; (b) & (d) & (f) 1000-20 sample. Red pixels in the phase maps (¢ & d) are non-indexed points.

18



H. Ashrafi et al. / International Journal of ISSI, Vol. 21(2024), No. 1, 15-23

Fig. 4. displays the Kernel Average Misorientation
(KAM) and Grain Boundary (GB) maps. KAM rep-
resents the average misorientation between a specific
point and its neighboring points within a grain. It serves
as an indicator of dislocation density and can be used
to establish a connection between plastic deformation
and misorientation within the microstructure. Grains
that have undergone plastic deformation exhibit KAM
values higher than 1° due to the presence of a high dis-
location density, while recrystallized grains have KAM
values smaller than 1° [22]. In the KAM map of the
DP600 steel shown in Fig. 4a. the martensite phase is
highlighted in red due to its significant lattice distortion.
Additionally, most of the grains have KAM values be-
low 0.5°, indicating a recrystallized structure. The fer-
rite matrix exhibits high KAM values (represented by
white color) around the martensite islands rather than
within the ferrite grains. This observation aligns with
previous studies [23, 24], which attributed the forma-
tion of dislocation pile-up near the martensite phase to
stresses resulting from austenite to martensite transfor-
mation. Due to the introduction of high stored energy

by dislocations, the distorted ferrite matrix surrounding
the martensite islands will likely dissolve preferentially.

The KAM map of the 700-80 and 1000-20 samples,
shown respectively in Figs. 4c and d. indicate regions
with high KAM values (represented by blue and white
colors). This suggests that the transformation of aus-
tenite to bainite leads to the formation of geometrically
necessary dislocations in the bainitic phase, increasing
the KAM value [25]. Therefore, the areas with high
KAM values in both samples are associated with the
presence of bainitic regions. The GB map of the DP600
steel (Fig. 4b.) reveals that the majority of the grain
boundaries (>95%) are high-angle GBs (HAGBs), while
Figs. 4d and f. show that the fraction of the low-angle
GBs (LAGBsS) is higher in the SZs (~30% in the 700-
80 and ~ 60% in the 1000-20 samples) compared to the
BM. This increase in the fraction of LAGBs can be at-
tributed to the higher volume fraction of the displacive
transformation products such as bainite and WFE. EBSD
studies have demonstrated that the misorientation angle
between ferrite laths in the bainite and WF is less than
10° [26, 27].

10-62° —— 2-10°———

Fig. 4. KAM and GB map for (a) & (b) DP600 steel, (¢) & (d) 700-80, (e) and (f) 1000-20.
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3.2. Electrochemical corrosion behavior

The corrosion resistance of the DP600 steel and the
welded joints was assessed through OCP, potentiodynam-
ic polarization, and EIS measurements during an immer-
sion test in the 3.5% NaCl solution. Fig. 5. demonstrates
the variations in the OCP during the immersion test as a
function of time. At the outset, the OCP decrement rate is
high for all samples, but as the exposure time progress-
es, this rate gradually decreases until it becomes almost
constant, after 80 min immersion. These variations in the
OCP can be attributed to the change in the surface prop-
erties such as the formation or dissolution of corrosion
products on the specimen surface during immersion in
the corrosive salt [28, 29]. The sample labeled 1000-20
has the lowest OCP value, while the 700-80 sample has
the highest, indicating that the 700-80 sample has bet-
ter stability compared to both the DP600 steel and the
1000-20 samples. Thermodynamic stability of the sam-
ples in the corrosive media can be obtained by the study
of OCP variations. In other words, the OCP varies with
time because of the change in the oxidation tendency of
the sample surface.

-0.5

DP600 —
FSW700-80 —
FSW1000-20 —
~ 0.6
—
)
o
.’:
: &
z
g -07
:
-0.8

0 1000 2000 3000

Time (s)

Fig. 5. OCP wvariation of the BM and FS welded
sample.

4000 5000 6000

Fig. 6. shows the typical potentiodynamic polariza-
tion curves obtained for samples after 3 hours of immer-
sion in the 3.5wt.% NaCl aqueous solution. Passivation
behavior is not observed in any of the samples; Indeed,
the absence of passivation behavior can be expected
based on the chemical composition of the DP600 steel.
The electrochemical parameters such as cathodic and

anodic slope, corrosion current density (I_ ), and corro-
sion potential (E_ ) of the tested samples obtained by the
Tafel analysis method are presented in Table 3. It is evi-
dent that the corrosion potential of DP600 and FSW700-
80 samples are close to each other, and the welding pro-
cess has not had a significant impact on the corrosion
potential of this sample. The changes in corrosion po-
tential are more evident in the FSW1000-20 sample. A
higher negative potential indicates a greater tendency to
participate in electrochemical reactions. The lower cor-
rosion rate is obtained for the FSW700-80 sample (8.3
pA/cm?), which is close to that for the DP600 steel. The
corrosion rate of the FSW1000-20 sample is increased
by about two times compared to DP600 and FSW700-
80 samples. As previously mentioned, the microstructure
of the DP600 steel mainly consists of martensite islands
distributed along the boundaries of the ferrite grains. Ad-
ditionally, a significant number of dislocations was ob-
served around the martensite islands. According to Chen
et al. [30], When dual-phase (DP) steels are exposed to a
corrosive solution, the chemical potential difference be-
tween the martensite and ferrite phases leads to the for-
mation of micro-galvanic cells. This phenomenon results
in the localized anodic dissolution of the ferrite matrix.

0.3

DP600 —
FSW700-80 —
FSW1000-20 —
0.1
.;?
7
Z 05
=
=
~
e
=
0.9
13
9 a7 5 3 -

Log i (A/em?)

Fig. 6. Potentiodynamic polarization curves of the DP600
steel and SZs in 3.5% NaCl aqueous solution.

In the 700-80 and 1000-20 samples, different
micro-constituents like PF, bainite, WF, and FCA are
present. In electrochemical studies, the presence of
multiphase structures facilitates the occurrence of gal-
vanic corrosion. The difference in the electrochemical
potential between the cementite particles within the FCA

Table 3. Corrosion parameters obtained in the test with a 3.5% NaCl solution.

Specimen Ecorr (V vs SCE) I cor. (uA/cm?) Rp (Q.cm?) Corr. Rate (mm/y)
DP600 -0.66 9.2 1.98x10% 0.0038
FSW700-80 -0.65 8.3 2.37x10* 0.0035
FSW1000-20 -0.72 17.4 0.786x10* 0.0074
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compared to the ferrite in the 1000-20 sample can lead to
the formation of the galvanic microcells that enhance the
ferrite corrosion, resulting in the higher corrosion current
density. A similar effect can be observed in the cementite
particles within the ferrite laths in the bainite, thus accel-
erating the corrosion rate. The lower corrosion rate in the
700-80 sample can be attributed to its smaller grain size
and more homogeneous microstructure, which increases
the resistance to penetration of corrosive ions [31]. Ad-
ditionally, a finer grain size leads to a more uniform dis-
tribution of phases in the steel matrix, bringing the anode
and cathode areas closer together [32].

Fig. 7. shows the electrochemical impedance spec-
troscopy (EIS)-Nyquist plots of the BM and SZ speci-
mens in the 3.5 % NaCl solution. All plots show a single
depressed semicircle shape, indicating that the elec-
trode reaction is controlled only by a charge transfer
process. The larger ring shows a higher impedance val-
ue and higher corrosion resistance. The capacitance arc
diameter (Rct), a measure of corrosion resistance, can
be ranked in increasing order as FSW1000-20 < DP600
< FSW700-80, which aligns well with the polarization
results.

Fig. 8. exhibits OM images depicting the corroded

surfaces of the specimens following a 3-hour immersion
and polarization test in the 3.5% NaCl solution. A com-
parison between the specimens reveals that the surface of
the 1000-20 specimen experiences more extensive corro-
sion, which aligns with the electrochemical findings. In
the case of the DP600 steel (Fig. 8a.), there are crevic-
es present along the ferrite-ferrite and ferrite-martensite
boundaries. This indicates a preferential dissolution of
the ferrite matrix adjacent to these boundaries. Impor-
tantly, Chen et al. [30] have highlighted that such pref-
erential dissolution of the surrounding ferrite can result
in the detachment of martensite islands. Furthermore,
the 700-80 specimen demonstrates a greater severity of
corrosion attack in the ferrite regions of FCA and bainite
compared to the PF. As previously stated, the corrosion
mainly occurs through the creation of small galvanic
cells between the ferrite and cementite phases. It appears
that when the cementite particles are evenly distributed
within the ferrite matrix, the dissolution of the anode
(ferrite) decreases. In comparison to the BM, the 700-80
specimen exhibited shallow and evenly distributed corro-
sion on the ferrite regions. In the 1000-20 specimen (Fig.
8c.), a severe corrosion attack was observed across the
entire microstructure.

2
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FSW700-80 &
FSW1000-20 *
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Fig. 7. EIS Nyquist plots of DP600 steel and FS welded samples in 3.5%NaCl solution.

Fig. 8. Optical micrograph of the corrosion morphology for different samples after immersion and polarization test in the
3.5% NaCl solution for 3h, (a) DP600 steel, (b) 700-80, (c) 1000-20.
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4. Conclusions

This study compared the microstructure and corro-
sion characteristics of the SZ in FS-welded DP600 steel
with the respective BM. Microstructural analysis using
OM and EBSD showed that the microstructure of the SZ
in the FS-welded samples consisted of a combination
of PF, WF, bainite, and FCA. The microstructure of the
SZ in the 1000-20 sample was coarser than that in the
700-80 sample and the former had a larger fraction of
displacive transformation products like bainite and WF
than the latter, as a result of a larger prior austenite grain
size. Regions with high KAM values, caused by the vol-
ume change during the transformation of austenite, were
observed in the vicinity of the martensite islands in the
microstructure of the DP600 steel, and within the bainite
and WF laths in the microstructure of 700-80 and 1000-
20 samples. Formation of bainite and WF resulted in a
higher fraction of LAGBs in the SZs (~30% in the 700-
80 sample and ~60% in the 1000-20 sample) compared
to the DP600 steel BM (< 5%). The results obtained from
polarization, EIS, and immersion tests indicated that the
corrosion performance of the 700-80 sample was similar
to that of the DP600 steel, while the 1000-20 sample ex-
hibited worse corrosion performance than the other two
samples. This degradation in corrosion performance can
mainly be attributed to the coarse microstructure in this
sample.
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