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Abstract: In the present study, the evolution of microstructure in laser-welded joints of ferrite-based
dual-phase Fe-Al-Mn-C steel sheets was analyzed and its effect on the mechanical properties of
the joints was investigated. Laser welding was performed using different powers and welding speeds
to attain different heat inputs. Electron backscatter diffraction (EBSD) examinations and hardness
measurements were used to characterize the microstructure of the welds. The tensile properties
were found to depend on the heat input, but joint strength exceeding that of the base metal (BM)
were obtained at low heat inputs. However, the fracture location shifted from the base metal to
the heat-affected zone (HAZ) as the heat input was increased. The HAZ consisted of a mixture
of austenite, ferrite and martensite, and its width increased with increasing the heat input. It was
supposed that the incompatibility between the ferrite, austenite and martensite phases led to early
void formation and fracturing of the phase interfaces in the wide HAZ.
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1. Introduction

Diverse types of high-strength and high-performance steels have been proposed with the aim
of reducing the weight of automobile bodies. As a result, highly deformable high-strength steels
such as transformation-induced-plasticity (TRIP) steels and twinning-induced-plasticity (TWIP) steels
have been developed [1–8]. Recently, a ferrite-based lightweight steel, namely, Fe-Al-Mn-C steel,
which exhibits transformation-induced hardening during deformation, was announced [9–12].

Ferrite-based lightweight steel contains the alloying elements Mn, Al, and C. These elements
expand the lattice of the steel while reducing its density by virtue of their low atomic masses [6].
Mn and C promote the formation of an austenitic phase because they act as austenite stabilizers.
On the other hand, Al, a ferrite stabilizer, helps to form a duplex structure at high temperatures,
consisting of ferrite and austenite phases, and promotes the precipitation of the κ-carbides
(Fe,Mn)3-Al-C and the formation of a perovskite structure during cooling [7,13–15]. Seol et al. [13]
found direct evidence for the precipitation of κ-carbides and could confirm the structure and chemical
composition of the steel using transmission electron microscopy and atomic probe tomography [13].
Fine and coarse κ-carbide particles are known to enhance the yield and tensile strengths of
austenite-based lightweight steels, owing to their precipitation of hardening [16–19]. However,
ferrite-based steels show poor mechanical properties during hot- and cold-rolling [20–22].

Stress- or strain-induced transformations lead to additional plasticity. The critical behavior of
multiphase steels depends on the mechanical stability and properties of each phase [23–26]. During
deformation, the softer phase yields first and, after the appropriate degree of work hardening, a suitable
amount of stress is transferred to the harder regions. Thus, the distribution of the plastic strain is
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irregular. Ryu et al. [27] examined the deformation behavior of a Fe-5.8 wt % Mn-3.1 wt % Al-0.47 wt %
Si-0.12 wt % C alloy. They reported that preferential straining occurred in the coarse ferrite matrix
during tensile deformation. Seo et al. [9] investigated the deformation behavior of a Fe-3.5 wt %
Mn-5.9 wt % Al-0.4 wt % C alloy and found that most of the deformation was accommodated by
the ferrite phase, while the clustered austenite particles underwent a strain-induced martensitic
transformation. This also resulted in the buildup of strain along the ferrite/austenite interphase
boundaries. Further, fracture was initiated either by the formation of voids in the ferrite grains
surrounded by the clustered austenite particles, or the cracking of the hard-phase particles.

Laser welding is a low-heat-input assembly process used in automotive manufacturing wherein
the joint is formed by melting with a high-density laser beam and the subsequent solidification.
The process is performed at high speed under low-heat-input conditions, such that the thermal history
of the welds can be changed rapidly. The cooling is very rapid in the laser welding process, in contrast
to conventional arc welding [28]. Thus, a fully martensitic microstructure readily evolves in the fusion
zone (FZ) of the advanced high-strength steels used in automotive applications.

The weldabilities of TRIP steels has already been investigated. Jung et al. [29] evaluated the spot
welding of a ferrite-based steel containing 0.3–0.4 wt % C and 3.5–5.6 wt % Al. They found that
the fusion zone consisted of δ-ferrite with a dendrite-like morphology and martensite. They also
reported that the microstructure and hardness distribution of the welds depended on the amount of
heat input. To enable a prediction of the effect of the heat input on the microstructure and mechanical
properties of joints in a 0.35 wt % C-3.5 wt % Mn-5.8 wt % Al lightweight steel, Sohn et al. [10] evaluated
the effect of the annealing temperature on the microstructural evolution and tensile properties of
the steel. Choi et al. [30] performed simulations of the kinetics and controlled solidification of similar
steels while Park et al. [31] proposed a tempering approach as a means of understanding the effects of
heat treatments on such steels.

In the present study, we investigated the laser welding characteristics of a ferrite-based lightweight
Fe-0.35 wt % C-3.5 wt % Mn-5.8 wt % Al steel. We performed laser welding on sheets of the steel
using a disk laser, and analyzed the effects of the resulting morphological changes on the mechanical
strength and fracture mode of the welds. In particular, since the structural complexity of welds affects
their mechanical properties, we focused on the heat-affected zone (HAZ), owing to its morphological
complexity. During the tensile tests, the fracture location shifted from the base metal (BM) to the HAZ
with an increase in the heat input. To elucidate the reason for the failure occurring in the HAZ,
the failure surface was analyzed, and the morphological evolution of the welds was examined.

2. Experimental Procedure

The chemical composition of the steel sheets used in the present study, which had a thickness of
1.0 mm, is given in Table 1. The main alloying elements were Mn, Al, and C, and the steel consisted
of ferrite and austenite phases [10]. Bead-on-plate welding was performed using a Yb:YAG laser.
The beam was delivered through an optical fiber with a diameter of 200 µm and an optics system with
a focal length of 450 mm. The measured beam diameter at the focal position was 0.6 mm. The laser
beam was irradiated perpendicularly on the specimen, and no shielding gas was used. The laser power
(P) and welding speed (WS) were chosen to ensure a full penetration bead. The welding conditions are
listed in Table 2.
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Table 1. Chemical composition and mechanical properties of base material.

Chemical Composition (wt %) Mechanical Properties

C Mn Al Si Fe Yield Strength (MPa) Tensile Strength (MPa) Elongation (%)

0.3 3.7 5.2 0.11 Bal. 506 824 43

Table 2. Laser welding conditions.

No. Laser Power, P (kW) Welding Speed, WS (m/min) Heat Input, H (kJ/m)

1
3

8 22.5
2 9 20.0
3 10 18.0

4
4

9 26.7
5 10 24.0
6 11 21.8

The welded specimens were polished and etched in a 5% nital solution, and the microstructures
along the planes transverse and normal to the sheet surface were observed using optical microscopy
(Olympus, Shinjuku, Tokyo, Japan) and a field-emission scanning electron microscopy (FE-SEM).
Electron backscatter diffraction (JEOL, Akishima, Tokyo, Japan) analysis was performed using
a FE-SEM (FEI company, Hillsboro, OR, USA) system. The EBSD specimens were mechanically
polished and then electropolished at room temperature in a solution of 10% perchloric acid and ethanol
at an operating voltage of 24 V. The critical misorientation angle was set to 10◦ for grain identification.
The data were interpreted using orientation imaging microscopy analysis software.

The tensile test specimens were obtained from the bead-on-plate welded specimens. The tensile
test specimens were machined based on the ASTM E8 standards and had a gage length of
50 mm and a gage width of 12.5 mm. To evaluate the local tensile behavior of the weld zone, the digital
image correlation (DIC) technique was used in the local strain fields. DIC is a non-contact optical
technique that can be used for analyzing full-field two-dimensional or three-dimensional surface
deformation. To assess the local strain behavior, a DIC system connected to the tensile testing machine
was used. The DIC specimens had a gage length of 25 mm and gage width of 6 mm. The Vickers
hardness values of the full weldments were measured under a load of 0.98 N with a hold time of 10 s.
The measurements were performed both before and after the tensile tests. The mechanical properties
of the microstructural constituent were measured by nanoindentation.

3. Results and Discussion

3.1. Tensile Properties of Laser Welds

Figure 1a shows the results of the tensile tests performed on the welds formed using a range of
laser powers and welding speeds. Three specimens were prepared for each condition and the tensile
strength of three samples of each specimen was measured. To allow for a comparison of the strengths
of the samples before and after welding, the strength of the BM is indicated in Figure 1a by a dotted
line. The strengths of the specimens subjected to heat inputs of less than 22.5 kJ/m were similar to that
of the BM. For those specimens subjected to a heat input in excess of 22.5 kJ/m, the strengths were at
least 25% lower than that of the BM. Figure 1b shows the principal strain map images of deformed
specimens immediately before the start of the fracture. The fusion zone was not stretched during
the tensile test. Necking occurred, followed by rupturing of the base metal in the case of the specimen
subjected to a heat input of less than 22.5 kJ/m. However, the necking phenomenon was not observed
in the DIC results of the specimen fabricated using a higher heat input. This is described in greater
detail in Figure 8. All the specimens ruptured at the fusion line.
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Figure 1. (a) Measured engineering tensile strengths; and (b) strain maps from digital image correlation
(DIC) measurements at different failure locations. Laser welds that ruptured at base metal were
produced using a laser power of 3 kW and welding speed of 8 m/min, while specimens that fractured
at the fusion line were produced using a laser power of 4 kW and welding speed of 10 m/min.

Figure 2 shows cross-sectional images of a specimen that fractured in the HAZ. The images were
obtained along the transverse and normal directions, respectively. In Figure 2b,c, the white dashed
line indicates the fusion line. In the sample shown in Figure 2b,c, the sectional image was obtained
along the normal direction, and the crack initiated in the HAZ and propagated through the coarse
ferrite matrix.

In the present study, we performed laser welding on sheets of a ferrite-based lightweight steel
containing high concentrations of Mn, Al, and C. Further, the steel consisted of dual phases with
different mechanical properties and underwent work hardening during deformation [9,32]. Therefore,
there could be three reasons for the fracturing that occurred in the HAZ. The first is stress concentration
due to the presence of precipitates such as carbides, and a secondary phase. As mentioned previously,
in steels with a high Mn content, precipitates (κ-carbides) form at the grain boundaries, resulting in
brittle fractures. Second, failure can occur when the substrate cannot accommodate the deformation
that occurs during a tensile test. As stated, each of the phases would exhibit a different deformation
resistance and work-hardening mechanism. In particular, the phase distribution of the welds would be
complex and non-homogeneous as a result of the rapid heating and cooling. This means that the phases
constituting the welds would elongate differently during the tensile test. The BM initially consisted of
austenite and ferrite phases, which can be transformed into each other based on the thermal history.
Therefore, the incompatibility of the phases may also be a reason for the fracture which occurred in
the HAZ. Third, softening caused by grain growth or, hardening resulting from phase transformation
can occur during welding.
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Figure 2. Micrographs of fracture section along the (a) transverse (magnification of 1000×) and (b) normal
directions after the tensile test (magnification of 1000×), and (c) a normal direction view of the contents of
the white-bordered box in (b) (magnification of 3000×). Specimen was prepared using a laser power of
4 kW and a welding speed of 10 m/min. FZ is the fusion zone; HAZ is the heat-affected zone.

3.2. Confirmation of Segregation of Carbides and Secondary Phase at Failure Surface

Figure 3 shows the results of SEM observations of the fracture surface of the HAZ failure specimen.
The specimen exhibits a typical brittle fracture surface. While cleavage can be seen, no dimples
are present. To confirm whether carbide or secondary phase particles were formed on the surface,
the fracture surface was analyzed using an electron probe microanalyzer. However, the results did not
indicate the presence of carbide or secondary phase particles at the surface.

The fraction of the phases formed during the cooling process was determined by thermodynamic
calculations. The commercial FactSAGE™ 7.0 software (FactSage, Montreal, QC, Canada) was
used for the calculations. To simulate the cooling process, simulations were performed under
the Scheil–Gulliver [33,34] condition, as shown in Figure 4. The results showed that κ-carbides
were not formed and that this was the case even at low temperatures. These results were in good
agreement with those obtained experimentally. Thus, strength degradation based on the formation of
precipitates can be excluded as a probable reason for the fracturing which occurred in the HAZ.
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Figure 3. SEM images of specimen that ruptured at the HAZ. Specimen was prepared using a laser
power of 4 kW and a welding speed of 10 m/min using a 450-mm focusing optic system: magnification
is (a) 1000× and (b) 5000×.

Figure 4. Results of thermodynamic calculations performed using FactSAGE™ 7.0 for phase formation
during solidification under the Scheil–Gulliver condition.

3.3. Effect of Microstructure and Its Incompatibility on Fracture Behavior

For a misfit to exist between the different phases of the material being welded, the phases must
continue to exist in the welds. Figure 5 shows typical examples of the microstructures of the weldments.
The welds can be divided into three parts, as shown in Figure 5a: namely, the FZ, HAZ, and BM.
In the FZ, a dendritic structure was formed at the center of the welds (see Figure 5b). Further, the grain
size of the matrix of the HAZ (see Figure 5c) was smaller than that of the BM.

The ferrite to austenite fraction ratio in the FZ was approximately 5:95, and the interpreted average
grain size of the austenite phase was 0.68 µm while that of the ferrite phase was 6.13 µm. Columnar
dendrites were formed along the central line and austenite grains were dispersed next to the dendrite
arms. The interdendritic region had a lath-type microstructure, as shown in Figure 6d.
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Figure 5. Sectional images of laser welds formed at a laser power of 3 kW and a welding speed of
8 m/min at a 0-mm focal position using a 450-mm focusing optic system ((a) macrosection, (b) fusion zone,
(c) heat-affected zone, (d) base metal).

Figure 6. EBSD phase maps of laser-welded medium-Mn-content steel (� BCC; � FCC; misorientation
angle > 10◦): (a) base metal; (b) heat-affected zone; (c) fusion zone; (d) definition of welds and Electron
backscatter diffraction (EBSD) measuring points; (e) Measured phase fraction and average grain size of
each region. Laser welds were fabricated at a laser power of 3 kW and a welding speed of 8 m/min
using a 450-mm focusing optic system.
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Figure 7 shows the local Vickers hardness values of the FZ. Both the lath-type ferrite and plate-type
ferrite were indexed as the same ferrite in the EBSD analysis results. However, the local hardness
values indicated that the lath-type and plate-type ferrite phases had different mechanical properties.
The interdendritic region consisted of martensite. Since the cooling rate in the laser welding
process was very high, it is likely that non-diffusion transformation had occurred. Thus, it can
be concluded that contact ferrite/martensite and austenite/martensite interfaces were formed.
Further, based on the EBSD analysis results, the phase was indexed as being a ferrite phase,
for which the hardness was very high (greater than 550 Hv). Thus, it can be concluded that contact
ferrite/martensite and austenite/martensite interfaces were formed.

Figure 7. Local Vickers hardness in fusion zone of laser welds formed using a laser power of
3 kW and a welding speed of 8 m/min at a 0 mm focal position using a 450-mm focusing optic
system: (a) the hardness of the dendrite arm and dendrite arm spacing region and (b) optical images of
measurement points.

The local strain was confirmed via DIC analysis, as shown in Figure 8. The FZ was not completely
deformed, since it contained a high fraction of martensite. The local strain can be predicted based on
the changes in the hardness, since the relationship between the stress and hardness is linear. Figure 9
shows the average hardness values and the differences in the values before and after the tensile test.
The hardness of the BM and HAZ increased markedly after the tensile test, as these zones contained
a large amount of austenite and ferrite, and a small amount of martensite. This indicated that an
extreme deformation had occurred in these regions, which was in keeping with the results shown in
Figure 8.

The results of previous studies suggest that failure must occur in the BM regardless of
the amount of heat input, because the BM is the most deformed and softened region as per
the DIC strain maps and hardness profiles. However, in the present study, failure occurred in
the HAZ when the heat-input was high. This was caused by the difference in the constituent
phases of the two zones. The BM consisted of ferrite and austenite phases while the HAZ
consisted of ferrite, austenite, and martensite phases. An incoherent interface, especially
martensite–austenite and martensite–ferrite types, can experience voids even in the case of
small deformations, as shown in Figure 10a. Subsequently, the point defects connect to each
other and propagate to form a crack. Thus, the incompatibility between the phases was the primary
reason for failures in the HAZ.
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Figure 8. (a) Local true strain calculated using DIC program and (b) measurement positions and map
of true strain, which depends on engineering strain (εENG) from 3% to 18.9%. Specimen was prepared
using a laser power of 4 kW and a welding speed of 10 m/min at a 0 mm focal position.

Figure 9. Hardness values measured before and after the tensile test, and the austenite fraction in
the welds. Specimen was prepared using a laser power of 4 kW and a welding speed of 11 m/min.

Figure 10. SEM observations of HAZ of 10% of the elongated tensile specimen: (a) formation of voids
at interface between phases and (b) propagation of nucleated voids to ferrite matrix. Specimen was
prepared using a laser power of 4 kW and a welding speed of 10 m/min.
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3.4. Effect of Heat Input on Mechanical Properties

Phase transformation is highly dependent on the amount of heat input, and these phenomena in
turn determine the properties of the welded joints. Han et al. [35] examined the laser weldability of thin
high strength steel sheets using a high-energy density beam and high welding speeds of 4–10 m/min.
They found that the maximum hardness of the FZ did not vary with the welding speed, and it was
similar to that of the water-quenched specimen. Zhou et al. [36] performed laser welding on dual
phase steel. In the experiments, a Nd:YAG laser and diode laser were used as a high-energy density
beam and a low-energy density beam, respectively. The maximum amount of HAZ softening was
proportional to both the martensite volume fraction in BM and the heat input. However, the maximum
HAZ softening did not vary with the heat input for the cases with a high-energy density beam.

Figure 11a shows the hardness profile of specimens before the tensile test. The width of the HAZ
increased with the increase in heat input and the HAZ softening was not observed in the range of heat
inputs used in the experiments. As a result, wider and harder HAZ was formed in the case of high
heat input conditions.

Figure 11. (a) Hardness profile of the welded specimen of the various heat input conditions at
the middle of the thickness. Specimen was prepared using a laser power of 4 kW with a welding speed
of 9 to 11 m/min; (b) load-displacement curves of all constituent phase.

According to the rule of mixture, H = HmVm + HfVf + HaVa, the hardness of the HAZ can be
estimated by multiplying each of phase ratio by the representative value [37–39]. Hm, Hf and Ha

refer to the Vickers hardness of the martensite, ferrite, and austenite, respectively. Vm, Vf and Va

indicate the volume fraction of martensite, ferrite, and austenite. The hardness of each of phases
is presented in Figure 11b using a nanoindentation. Austenite and ferrite exhibited a similar
load-displacement curve, but the martensite phase deformed less than other two phases. Since
the hardness of austenite and ferrite is similar, the fraction of the martensite phase was dominant to
the hardness.

From the hardness results in Figure 11a, it seems that the proportion of martensite in
the HAZ and FZ increased with increasing the heat input. This could increase the incompatibility
between the phases and result in decreased joint strength.

4. Conclusions

In the present study, laser welding was performed on sheets of a ferrite-based Fe-Al-Mn-C
lightweight steel, using a range of laser powers and welding speeds, in order to evaluate its laser
weldability. The failure location shifted from the BM to the HAZ with increases to the heat input.
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To elucidate the reason for the fracturing of the HAZ, the mechanical properties and morphological
evolution of the welds were analyzed. The key conclusions of the study can be summarized as follows:

(1) Typical brittle fracture surfaces were observed. Further, while cleavage was seen, dimples were
not. The experimental results indicated that carbide or secondary phase particles were not present
on the failure surface. The phases formed were also determined through simulations performed
using commercial thermodynamic software. The simulation results were in good agreement with
those obtained experimentally.

(2) The HAZ and FZ were composed of ferrite, austenite, and martensite phases. Thus, contact
ferrite/martensite and austenite/martensite interfaces with a high degree of incompatibility
were formed. Incompatibility between the phases can induce voids even in the case of small
deformations. These defects subsequently connect to each other and propagate to form a crack.
Thus, incompatibility between the phases was the primary reason that failure occurred in
the HAZ.
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