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Abstract

The fibre laser welding of dual phase DP600 steel and bake hardening BH220 steel were
studied with a concentration on the microstructure of butt joints, but microhardness and
tensile properties were also measured. The temperature peaks influenced the microstructure
of the fusion zone and heat affected zone. The microstructure in the fusion zone was predom-
inantly built of acicular ferrite with small areas of upper and lower bainite, and martensite.
The similar microstructure was observed in the heat affected zone near DP600 steel. The mi-
crostructure in the heat affected zone near BH220 steel consisted mostly of coarse ferrite and
acicular ferrite. The microhardness increased in the fusion zone and in the heat affected zone
near DP600 steel, which was the consequence of martensite and bainite formation in these
areas. The tensile strength of the fibre laser welded joints exceeded the strength of the BH220
steel base material with failure occurring in this steel.

Key words: dual phase steel, bake hardening steel, fibre laser welding, microstructure,

microhardness

1. Introduction

Recently dual phase (DP) steels have found wide-
spread application as structural components due to
their excellent properties. Some of the major advan-
tages of the DP steels include their superior mecha-
nical properties in comparison with standard steels,
moderate price thanks to the small amount of alloy-
ing additions, as well as excellent technological prop-
erties, together with good weldability and formabil-
ity [1-5]. They can be used in the manufacture of
lightweight automobiles to reduce fuel consumption
without compromising other attributes such as safety,
performance, recyclability, and cost. Frames, cross-
beams, vertical beams, side impact beams, and safety
elements are often made of DP steels [6-8]. The excel-
lent mechanical properties of DP steels are the conse-
quence of their multiphase structure. The microstruc-
ture of DP steel usually consists of 10-30 % martensite
in the fine-grained, spherical ferrite matrix, but there

are DP steels even with the portion above 50 % of
martensite. As a result, the steels are characterized by
high tensile strength up to 1200 MPa with unit elon-
gation up to 27 % [9, 10]. Most often the microstruc-
ture of DP steel is developed as a result of accelerated
cooling of thin sheets after cold rolling in the range
between A.1 and Ac.s and controlled air-water mist
cooling to ambient temperature. The process is a flex-
ible one and allows different combinations of the rela-
tive volume ratio of ferrite and martensite [2, 11, 12].
Bake hardening (BH) steels are an important part of
high strength low alloy steels (HSLA). Although they
are still predominantly used in structural applications,
their application in auto industry is rapidly increasing.
Due to the low carbon and alloying element content,
BH steels have mainly ferritic microstructure. This mi-
crostructure is the consequence of lower strength, but
better formability and weldability compared to DP
steels [4, 13-15].

When joining DP steels with BH steels in tailor
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Table 1. Maximal concentration, cmax (wt.%), of alloying elements in dual phase steels DP600

Element C Mn Si Al P

S \% B Cr + Mo Nb + Ti

Cmax 0.17 2.2 0.8 2.0 0.08

0.015 0.2 0.05 1 0.15

Table 2. Maximal concentration, cmax (wt.%), of alloying elements in bake hardening steel BH220

Element C Mn Si Al

P S Nb Ti

Cmax 0.1 0.07 0.5 0.1

0.08 0.025 0.09 0.12

welded blank (TWB) parts, the good ratio of strength-
-deformation properties can be achieved. The DP steel
assigns the strength of the part and BH steel as-
signs the deformation zone because of its ferritic struc-
ture and excellent formability. The TWBs are semi-
-finished parts that consist of at least two single sheets
that are welded together prior to the forming process.
The sheets can exhibit different mechanical proper-
ties, thickness or coatings. Using TWBs enables an
adaptation to locally different loading conditions or
other requirements in the part [16, 17]. Other advan-
tages of joining prior to the forming are the reduc-
tion of the number of the required forming tools, the
higher accuracy in the forming process and the en-
hanced use of material which leads to lower produc-
tion costs. The most important advantage of a part
made from TWBs is the weight reduction compared
to conventional products. A car body manufactured
using TWBs and high strength steels can achieve a
25 % weight reduction [3, 18, 19].

In series production, the joining of TWBs is usu-
ally done by laser welding though other weld tech-
niques are also possible. Among commercial laser sys-
tems, fibre lasers have the characteristics of excel-
lent beam quality and high brightness, and conse-
quently, they have attracted more attention over the
last decade for cutting, welding, and cladding applica-
tions [1, 20]. Low heat input is an important charac-
teristic of laser welding, and it is the consequence of
small fusion zone (FZ) and heat-affected zone (HAZ)
and the lower cost and greater flexibility compared to
other welding methods. Low heat input welding meth-
ods can produce the fine grain structures that provide
the strength and toughness of the joint, and they also
have the benefit of decreasing welding thermal distor-
tion [1, 21, 22].

Microstructure changes accompanying the laser
welding increase the strength in weld region of TWB
but also worsen its formability. The proper microstruc-
ture assures proper ratio between strength and forma-
bility [3, 4, 23]. The microstructure is affected mainly
by the chemical composition of base materials, sheets
thicknesses and welding parameters such as power in-
put, welding speed and others. The final microstruc-

ture in FZ and HAZ weld is a consequence of rapid
heating and cooling cycles with melting and solidifi-
cation happening in a significantly short time. FZ and
HAZ are characterized by increased hardness and de-
creased plastic properties. The welding process influ-
ences the weld imperfections, which are related to the
weld geometry such as concavity, sagging, impurities
or gaseous elements, porosity, pinholes or craters [13,
14, 24]. Several works were devoted to the laser weld-
ing of different DP steels, but fewer works were focused
on welding of DP steels with BH steels. Many papers
which presented laser welding of DP steels were con-
centrated on microstructure and hardness of welded
joints. Some authors studied the effect of hardness in-
crease in the FZ and HAZ in DP steels after laser
welding process on the properties of joints. The higher
hardness causes reduction of formability and even sig-
nificant lack of toughness [3, 4, 13-15]. Several authors
described the reduction of hardness in the tempered
region of HAZ; a phenomenon is generally known as
HAZ softening. HAZ softening has detrimental effects
on the weld properties with strain localization in the
HAZ at lower stress than may be supported by the
base material (BM) [7, 23, 25-27]. Since more infor-
mation about microstructure evolution of fibre laser
welded joints is needed, this work attempts to charac-
terize the microstructure of DP600 and BH220 steel
fibre laser welded joints and its correlation with mi-
crohardness profile across the welded joints.

2. Experimental procedures

Two different steel sheets: dual phase DP600 steel
and bake hardening BH220 steel with a thickness
of 1.2mm and zinc coating of 100gm™2 were used
for fibre laser welding. The chemical composition of
the experimental steels is given in Tables 1 and 2
and their mechanical properties are compared in Ta-
ble 3. Used steels differ in contents of alloying ele-
ments. The DP600 grade dual phase steel has a higher
amount of these elements which is the consequence
of higher strength and lower plasticity compared to
BH220 grade bake hardening steel (Table 3). The max-
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Table 3. Mechanical properties of experimental steels

Steel Tensile strength (MPa) Proof strength (MPa) Elongation (%)
DP600 min. 600 340-420 min. 20
BH220 320-400 220-280 min. 32

imal concentration of Al (2.0 %) given in standards for
DP600 steel is quite high, but the typical concentra-
tion is about 0.04 % Al

The welding experiments were done on the solid-
state fibre laser IPG type YLR 4500 with a maximum
output of 4.5 kW, the wavelength of 1060 nm and a
fibre diameter of 100 um. Welding experiments were
conducted on sheets with the length of 200 mm and
width of 100 mm along the longitudinal edge. Prior to
welding abutting surfaces were cleaned with steel wire
brush followed by acetone swabbing. The butt joints
were prepared at different welding parameters, but for
this study welded joints prepared at a beam power of
1500 W and a welding speed of 30 mms~! were cho-
sen. The distance of welding head was 250 mm, the
focal position was 10 mm, and samples were prepared
without filler metal and without shielding atmosphere.

The macrostructures of the laser weld surfaces
were observed on the stereomicroscope Zeiss. The mi-
crostructure was studied on samples cut off the weld-
ing joints and prepared using standard metallographic
techniques. The microstructures were observed using
Axiovert 40MAT light microscope, JEOL JSM-IT300
scanning electron microscope (SEM) and two trans-
mission electron microscopes (TEM) JEOL 200 CX
with an accelerating voltage of 200 kV and Philips CM
300 with an accelerating voltage of 300 kV. Both car-
bon replica samples and thin film samples were pre-
pared for TEM analysis. Selected area electron diffrac-
tion was used for qualitative phase analysis of weld
sub-zones. Energy-dispersive spectroscopy (EDS) was
employed for chemical analysis of particular phases.
Image analysis was used to measure grain sizes of base
materials. Microhardness surveys were performed on
transverse sections of weld bead centres parallel to the
surfaces of sheets using Vickers indenter with a load of
100 g. The samples for tensile tests were prepared from
welded joints and tests were carried out using univer-
sal testing machine Instron 195 at room temperature

and a crosshead speed of 50 mm min~!.

3. Results
3.1. Microstructures of base materials
The SEM micrograph revealing microstructure of

DP600 steel, which consists of the martensitic is-
land in ferrite matrix steel, is documented in Fig. 1.

Fig. 1. The microstructure of the DP600 steel, SEM (M —
martensite, F — ferrite).

Fig. 2. The microstructure of BH220 steel, LM (F — ferrite,
MnS — manganese sulphide inclusions).

The microstructure of DP600 steel is fine grained
with equiaxed character, but it shows slight crystal-
lographic texture which is built by equiaxed ferritic
grains with an average size of 7+ 1.5 um and rows
of martensite including a small portion of tempered
martensite. The presence of tempered martensite can
be explained by high martensite start temperature
(Ms) of DP600 steel about 441°C and so the marten-
site can self-temper immediately after transformation
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Fig. 3. The macrostructure of welded joint of DP600 steel
with BH220 steel, LM (FZ — fusion zone, HAZ — heat af-
fected zone).

[21, 28]. According to the work [28] the DP steel con-
sists of 75 % martensite, 24 % ferrite and 1 % retained
austenite. The microstructure of BH220 steel in Fig. 2
has a ferritic microstructure with relative homoge-
neous grain size, and with the average grain size of 10
+ 3 pm. There are some inclusions visible in Fig. 2.
These were identified by EDS analysis as MnS sul-
phides.

3.2. Macrostructure of fibre laser welded joint

The macrostructure of a cross section of welded
joint can be seen in Fig. 3. Particular sub-zones of the
weld can be distinguished. The FZ in the centre has
a thickness approximately from 0.7 to 1.0 mm. The
DP600 steel BM is on the left and the BH220 steel
BM is on the right of Fig. 3. The HAZ near DP600
steel with a thickness from 0.7 to 0.9 mm is between
the FZ and DP600 steel and the HAZ near BH220
steel with a thickness from 0.5 to 0.7 mm is between
the FZ and BH220 steel. The sub-zones are charac-
terized by quite narrow shapes which are typical for
keyhole welding. There is no evidence of defects such
as porosity, cracks, but the joint is characterized with
the slight concavity of the face and root sagging. The
grain size within both HAZs varies accordingly dif-
ferent peak temperatures reached during the welding
thermal cycle which are the most important factors in
determining the microstructural evolution. The grain
size in both HAZs decreases with the distance from
the weld boundaries with the largest grains (coarse-
-grained region) observed in the vicinity of the FZ with
the highest peak temperature above A.3 temperature
but under the solidus temperature.

3.3. Microstructure of fibre laser welded joint

Typical microstructure in FZ of the weld is in

Fig. 4. Microstructure in FZ of the weld, SEM (AF — aci-
cular ferrite, UB — upper bainite, LB — lower bainite, M —
martensite).

Fig. 5. Acicular ferrite in FZ of the weld, SEM.

Fig. 4. The FZ consists of coarse columnar dendritic
grains, which are oriented perpendicular to the fu-
sion boundary because the rate of heat removing is
maximal in the direction perpendicular to the fusion
boundary and the grains tend to grow in that direc-
tion. A mixture of large areas of acicular ferrite (AF)
and small areas of upper bainite (UB), lower bainite
(LB), and martensite (M) was identified within a large
columnar grain structure. The characteristics of these
microstructures were observed at higher magnification
using SEM and TEM microscopy and are presented in
Figs. 5 to 13.

The presence of acicular ferrite was dominant in
the FZ and is in details documented in SEM micro-
graph in Fig. 5 and in two TEM micrographs in Fig. 6.
Acicular ferrite in Fig. 5 is characterized by coarse
ferritic laths. Figures 6a and 6b represent the bright
and dark images of acicular ferrite, respectively. The
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Fig. 6. Acicular ferrite in FZ of the weld: a) bright field

TEM image, b) dark field TEM image with reflection of

ferrite, c) electron diffraction pattern of BCC crystal struc-
ture of ferrite.

high density of dislocations can be seen inside the fer-
ritic lath in bright field image in Fig. 6a. White areas
in dark field image in Fig. 6b with reflections corre-
sponding to the ferrite confirm the presence of ferrite.
The electron pattern image in Fig. 6¢ verifies the BCC

Fig. 7. Upper bainite in FZ of the weld, SEM (M3C —
carbide precipitates).

Fig. 8. Lower bainite in FZ of the weld, SEM (M3C —
carbide precipitates).

crystal structure of ferrite phase.

The upper and lower bainite can be distinguished
in micrographs in Figs. 7 to 9. Upper bainite in Fig. 7
has laths of ferrite with coarse M3C carbides precipi-
tated at lath boundaries. However, carbides are finer
and precipitate inside the laths in lower bainite as can
be seen in SEM micrograph in Fig. 8 and in TEM
micrographs in Fig. 9. The dark image in Fig. 9b re-
flects bright M3C carbides in this image. Both ferrite
(white motif) and M3C carbide (dark motif) phases
were identified in the electron diffraction pattern in
Fig. 9c. The presence of these phases and their mor-
phology confirms the presence of lower bainite. As the
lower bainite is created at a lower temperature com-
pared to upper bainite, the diffusion of carbon is lower,
and carbides are finer in lower bainite in Fig. 8 than
in upper bainite in Fig. 7.

Only a few small areas of martensite were found
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Fig. 9. Lower bainite in FZ of the weld: a) bright field

TEM image, b) dark field TEM image with reflections of

M3C carbides, c) electron diffraction pattern (white motif
— ferrite matrix, black motif — M3C carbides).

in sub-structure of the FZ. These were identified by
SEM in Fig. 10 and by TEM in Fig. 11. Morpholog-
ical characteristics of low carbon martensite with re-
tained austenite can be seen in Fig. 10. The martensite
lath packets with the angle of 60° contain interlath re-

Fig. 10. Martensite with retained austenite in FZ of the
weld, SEM (RA — retained austenite).

tained austenite (RA). Interlath retained austenite is
also seen between the particular martensitic laths in
Figs. 11a,b. The identification of martensite was con-
firmed by dark field image in Fig. 11b with reflections
corresponding to the retained austenite (white areas).
Since the martensite is a supersaturated solid solution
of carbon in alpha ferrite, two phases can be identi-
fied in the electron diffraction pattern of martensite
in Fig. 11c. Ferrite matrix represents the black motif
and retained austenite represents the white motif in
the electron diffraction pattern of martensite.

The microstructures within both HAZs in Figs. 12
and 13 were created by the effect of weld thermal cy-
cle. As the chemical compositions of both steels are
different, the different microstructures in both HAZs
were observed. Since the DP600 steel contains a larger
amount of alloying elements compared to BH220 steel,
the HAZ microstructure near DP600 steel consisted
mainly of lath microconstituents built in packets. The
microstructures of HAZ were finer with the distance
from the fusion boundary. The microstructure in the
coarse-grained region of HAZ near DP600 steel in the
vicinity of fusion boundary is documented in Fig. 12.
Large prior-austenite grain size and all microcon-
stituents typical for laser welded joints except marten-
site can be seen in Fig. 12. Proeutectoid ferrite (PF)
and large areas of acicular ferrite (AF) can be seen at
prior austenite grain boundary. Small areas of upper
bainite (UB) and lower bainite (LB) are visible, too.
The microconstituents created within the HAZ near
DP600 steel were similar to those within the FZ, and
therefore they were not documented in such details as
it was in the case of the FZ. The HAZ microstructure
near BH220 steel consists mainly of coarse ferrite and
acicular ferrite as can be seen in Fig. 13. This is the
consequence of lower content of carbon and alloying
elements in BH steel compared to the DP steel.
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Fig. 11. Martensite with retained austenite in FZ of the

weld: a) bright field TEM image, b) dark field TEM image

with reflections of retained austenite, ¢) electron diffrac-

tion pattern (black motif — ferrite matrix, white motif —
retained austenite).

3.4. Microhardness profile across the welded
joint

The variation in microhardness profile across the
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Fig. 12. The microstructures of HAZ near the DP600 steel,

TEM (PF — pro-eutectoid ferrite at prior austenite grain

boundary, AF — acicular ferrite, UB — upper bainite, LB —
lower bainite).

Fig. 13. The microstructures of HAZ near the BH220 steel,
SEM.

FZ, HAZs, and BMs measured across the mid-section
of the welded joint is presented in Fig. 14. The mi-
crohardness profile is characterized by an unsymmet-
rical shape, and with increased microhardness values
in both HAZs from BMs towards the FZ. HAZ soft-
ening is visible in the vicinity of DP600 steel BM and
marked by the circle. The hardness of DP600 steel BM
was in the interval from 208 to 229 HV( ; and with an
average value of 219 HV 1, and this value represents
a ferritic-martensitic microstructure of DP600 steel.
However, the microhardness in the interval from 85
to 135 HV( 1 and with an average value of 110 HV¢
measured for BH220 steel represents a ferritic struc-
ture of the BH220 steel. The microhardness values in
FZ were in the interval from 265 to 375 HV( 1. The mi-
crohardness values within the FZ could be compared
with works [29-31] that were devoted to laser welding
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Fig. 14. Microhardness profile across the welded joint.

of DP600 steels. The FZ in these works reached hard-
ness in the interval from 270 to 340 HV [29], from 310
to 360 HV [30], and from 300 to 370 HV [31]. The
microhardness in HAZ near BH220 was in the inter-
val from 135 to 298 HVy.; and the microhardness in
HAZ near DP600 steel was from 195 to 435 HVq.1. The
value of 435 HV.; was the highest measured micro-
hardness, and it was measured in the coarse-grained
region of HAZ. The smallest value in this HAZ was
195 HV(.; and was measured in the vicinity of DP600
steel BM and represents the softening region. This re-
duction of hardness in the tempered region of HAZ
is minimal and in good agreement with works [29-31].
Authors of these works measured the minimal hard-
ness about 190 HV [29, 30], or 200 HV [31]. The mi-
crohardness values confirm the identification of mi-
crostructural constituents.

3.5. Tensile properties of welded joint

The tensile tests showed the average joint strength
of 340 MPa and an apparent average elongation of
8.9 %. The strength of welded joint reached the ten-
sile strength of weaker BH220 steel, and it was in line
with the microhardness results.

The elongation was less than the average value of
both DP600 and BH220 steel. The lower elongation of
welded joint compared to both BMs can be explained
by strengthening of the weld by the welding pro-
cess and minimal yielding of weld region, which was
confirmed by microhardness profile across the welded
joint (Fig. 14).

4. Discussion
4.1. Microstructure characteristics

The development of microstructure within the dif-

ferent sub-zones of a welded joint depends on the lo-
cal thermal cycles characterized by the peak tempera-
ture and cooling rate reached during the welding pro-
cess. By comparing peak temperatures with theoreti-
cal transformation temperatures in the time tempera-
ture transformation diagrams of welded steel, the evo-
lution of microstructure can be described. This com-
parison is important mainly for DP steel because less
variation in microstructure was observed in BH steel.
The A.3 temperature which corresponds to the com-
plete transformation to austenite for DP600 steel is
according to work [28] about 900°C. The A tem-
perature which corresponds to the temperature at
which the BM begins to transform to austenite is
about 700°C. Both temperatures decrease due to the
larger cooling rates during the laser welding process
[28].

The microstructures within the FZ are the results
of solidification behaviour and subsequent solid phase
transformations, which are controlled by composition
and cooling rate given by heat input. In this fast so-
lidification process a large number of large austenite
grains formed, which were columnar and orientated
parallel to the direction of heat removing. Under the
very fast cooling conditions following welding, these
large prior austenite grains transformed to acicular
ferrite, upper and lower bainite or martensite. The
large prior austenite grain boundaries and acicular fer-
rite in the FZ can be seen in Fig. 4. The upper and
lower bainite were identified according to the pres-
ence of M3C carbide precipitates. In upper bainite in
Fig. 7 coarse carbides precipitated at lath boundaries.
Fine carbides inside the laths were observed in lower
bainite in Figs. 8 and 9. Only small areas of laths
of low-carbon martensite were found, and these were
identified according to martensite lath packets with in-
terlath retained austenite. These are visible in Figs. 10
and 11.

In the HAZ near DP600 steel and in the vicinity of
the fusion boundary is coarse-grained region. In this
region the peak temperature rises above A.z (900°C)
but is lower than the solid temperature which is the
consequence of complete re-austenitization and rapid
grain growth. During rapid cooling following weld-
ing, various microconstituents form. Acicular ferrite,
pro-eutectoid ferrite, upper bainite, and lower bainite
within this HAZ are documented in Fig. 12. As the
peak temperatures decrease with the distance from
the fusion boundary, austenitization is not complete;
grains are finer, and less microstructure transforma-
tion occurs. Therefore, the only microstructure in the
coarse-grained region of HAZ near DP600 steel was
presented in the paper. In consequence of lower car-
bon and alloying elements content the microstructures
in the coarse-grained region of HAZ near BH200 steel
are composed of only coarse ferrite and acicular ferrite
as can be seen in Fig. 13.
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4.2. Microhardness profile across the welded
joint

The microhardness across the welded joint varies
significantly because of the phase transformations oc-
curred in the FZ and HAZs during the welding thermal
cycle. The fast heating and cooling rates associated
with fibre laser welding result in the generation of acic-
ular ferrite, upper and lower bainite, and martensite in
the FZ and HAZ near DP600 steel. Harder microcon-
stituents as upper and lower bainite and martensite
created small areas within the larger areas of acicular
ferrite but had the major contribution to the hard-
ness increase and consequently increased the strength
of the weld. This results in the maximal microhard-
ness in the FZ of 375 HV( 1, and the microhardness in
HAZ near DP600 steel reaching a value of 435 HV 1,
when compared with the microhardness of the BMs
(219 HVy ;1 for DP600 steel and 135 HV(; for BH220
steel). The reduction of microhardness in HAZ near
DP600 steel to the value of 190 HV 1 represents the
HAZ softening region in the vicinity of DP600 steel
BM. The maximal microhardness in HAZ near BH
steel was 298 HVy.1, which indicates that some up-
per bainite could be present together with acicular
ferrite in this area, but only ferrite and acicular fer-
rite were observed in HAZ near 220BH steel. The cre-
ation of harder microconstituents in welded joint is
accompanied by the strength increase in the weld. The
strengths of FZ and both HAZs were higher than that
of BH220 steel BM and fibre laser welded tensile test
specimens failed in the BH220 steel BM.

5. Conclusions

The fibre laser welding of dual phase DP600 steel
with bake hardening 220BH steel was studied with
a concentration on microstructure and its correlation
with microhardness. The welds prepared with a fibre
laser process were free of porosity or cracks, and their
geometry was characterized by the slight concavity of
the face and root sagging. These imperfections did not
have the negative effect on the tensile strength of the
joints.

Large areas of acicular ferrite were found in the
FZ of the welded joint. The smaller areas were cre-
ated by the lath microconstituents. Laths of upper
and lower bainite and martensite were built in pack-
ets within a large columnar grain structure and were
the consequence of rapid cooling. The microstructure
of HAZ near DP600 steel consisted of acicular ferrite,
upper and lower bainite, and martensite. Coarse fer-
rite and acicular ferrite were observed in HAZ near
BH220 steel.

Microhardness profile across the welded joint was
characterized by an unsymmetrical shape, with in-

creased microhardness values in FZ, both HAZs, and
with HAZ softening in HAZ near DP600 steel. The
maximum microhardness across the welded joint was
measured within the HAZ near DP600 steel with the
value of 435 HVg 1. The maximal hardness in the HAZ
near BH220 steel reached 298 HV( 1. The hardness in
the FZ was in the interval from 265 to 375 HV 1. The
tensile strength of the fibre laser welded joints reached
the strength of the BH220 steel with all welded spec-
imens failing in the BH220 steel.
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