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Dual phase (DP) steels are designed to consist of hard martensite dispersed in a relatively soft ferrite
matrix, which offers a favorable combination of high strength with good deformability. Fiber laser
welding (FLW) is becoming increasingly important for joining advanced materials due to its flexi-
bility and deep penetration. In this study, the microstructure of a DP steel, DP980, welded by FLW
technique was carefully analyzed. Gleeble thermo-mechanical simulation coupled with analytical
transmission electron microscopy revealed that the FLW process produced significant micro-
structural changes in a narrow heat-affected zone (HAZ) and fusion zone (FZ), which can result in
dramatic changes in mechanical properties. This is reflected in the micro-hardness profile obtained
across the welded material. The salient phase transitions induced by the FLW, including the for-
mation of new martensite grains in the upper-critical HAZ and FZ, are discussed.
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I. INTRODUCTION

IN the automotive industry, dual phase (DP) steels
are quickly becoming one of the most popular materials
for structural applications in light weight vehicles.!"! The
term ‘dual phase’ indicates that the steel has two distinct
phases, i.e., martensite and ferrite. Martensite is a very
hard phase with body-centered tetragonal structure,
while ferrite is a relatively soft phase with a body-
centered crystal structure. Therefore, DP steels possess
high strength and good ductility properties,”*! which
enable automakers to produce vehicles with improved
fuel economy and safety.

Welding is a technique widely used in the automotive
industry. Despite the fact that laser welding cannot be
used on reflective materials, it is still an enabling
technology that is versatile, easy to use, and precise.
Recently, fiber laser welding (FLW) has been developed
and receiving attention due to its multiple advantages
such as low maintenance costs and high efficiency, and
produces deep penetration at high-welding speed.[* ¢

The use of DP steels for automotive structural appli-
cations is an effective way to reduce weight while
improving the performance of vehicles. The welding of
DP steels is an essential procedure during manufacturing.
However, one issue in the application of welded DP steels

JIANQI ZHANG, Former Graduate Student, ABDUL KHAN,
Research Officer, and OLANREWAJU A. OJO, Professor, are with
the Department of Mechanical Engineering, University of Manitoba,
Winnipeg, MB R3T 2N2, Canada. Contact e-mail: olanrewaju.ojo@
umanitoba.ca NORMAN ZHOU, Professor, is with the Department
of Mechanical and Mechatronics Engineering, University of Waterloo,
Waterloo, ON, Canada. DAOLUN CHEN, Professor, is with the
Department of Mechanical and Aerospace Engineering, Ryerson
University, 350 Victoria Street, Toronto, ON, Canada.

Manuscript submitted September 10, 2014.

Article published online January 7, 2015.

1638—VOLUME 46B, AUGUST 2015

is that the rapid thermal cycle involved in FLW can
significantly change the mechanical properties of the
welded materials, especially high strength grade steels
such as DP980.7"”) The evaluation of microstructural
changes induced by welding is, nonetheless, vital in order
to understand and predict how FLW affects the mechan-
ical properties of the welded materials. However, it is very
difficult to properly elucidate microstructural changes
that occur during welding as the FLW generates narrow
welds that contain large microstructural gradients.

Only a few studies have systematically investigated
the microstructural changes of fiber laser welded DP980
steel. Therefore, the objective of this study was to study
and understand the microstructural changes in welded
DP980 steel caused by FLW.

II. MATERIALS AND EXPERIMENTAL
PROCEDURE

The thickness of the DP980 steel sheets is 1.2 mm. The
detailed chemistry composition of DP980 steel is listed in
Table I. An IPG Photonics YLR-6000 FLW machine
operated at 6 kW was used, with a welding speed of 16 m/
min, a beam spot size of 0.6 mm, and a focal length of
30 mm. Welding was performed perpendicular to the work
pieces without shielding gases. Heat-affected zone (HAZ)
microstructure simulation was conducted on a Gleeble
1500D thermo-mechanical weld simulator built by Dy-
namic Systems, Inc, with a heating rate of 200 °C/s, peak
temperatures of 373 K to 1473 K (100 °C to 1200 °C), a
0.5 second holding time and then water quenched. Fig-
ure 1 shows real time—temperature plots of simulation.

Samples for microstructure characterization were
prepared using standard methods. The solution used
for etching was 2 pct Nital and for electropolishing was
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Table I. Main Chemical Composition (Weight Percent)
of DP980 Steel

Element C Mn P S Si Cu Ni Cr
DP980  0.15 1.50 0.01 0.006 0.31 0.02 0.01 0.02
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Fig. 1—Gleeble real time-temperature profile for the HAZ micro-
structure simulation.

a solution of 10 pct percholoric and 90 pct methanol. A
microstructural analysis was carried out using an optical
microscope (OM) (ZEISS Axiovert 25 inverted-reflected
light microscope equipped with CLEMEX Vision 3.0
image analysis software), JEOL 5900 scanning electron
microscope (SEM), and a JEOL 2000 FX transmission
electron microscope (TEM). The microhardness profiles
were obtained across the welded samples using a Buehler
microhardness tester with a 200-g load and 15 seconds
dwell time. The samples were etched to reveal the
microstructure prior to testing. Sufficient space between
indentations was ensured to avoid the strain effect of the
adjacent indentations.

III. RESULTS AND DISCUSSION

A. Microstructure Evolution

Figures 2(a) and (b) show OM and SEM micrographs
representing the typical microstructure of the DP980
steel. As reported by De et al.l'” the ferrite appears
bright while bainite and martensite appear dark under
OM when the steel is etched by Nital solution. As shown
in Figure 2(a), the bright phase is likely to be ferrite and
dark phase is likely to be martensite or bainite. The
volume fraction of the dark islands in the DP980 BM
was estimated to be about 55 pct based on OM image

Fig. 2—(a) OM, (b) SEM, (c) BF micrographs of the DP980 steel, and () corresponding SADP of martensite and ferrite with the orientation of

[001T,//[TT1] -
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analysis. A higher magnification SEM micrograph
(Figure 2(b)) shows a continuous matrix with patches
of islands. The islands are likely to be martensite while
the matrix is likely to be ferrite.>” """ TEM was
used to confirm the phases in the DP980 steel. A TEM
bright field (BF) image of the DP980 steel is shown in
Figure 2(c), and selected area diffraction pattern
(SADP) analysis (Figure 2(d)) confirmed that the matrix
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Fig. 4—Micrographs of the HAZ in laser welded DP980 steel.
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is ferrite and the islands are martensite. The orientation
relationship _between ferrite and martensite is
[OOI]Ferrite//[l 1 I]Martensite‘

By analyzing the microstructure of the cross section of
fiber laser welded steels, three different regions are found
as shown in Figure 3. The fusion zone (FZ) is in the
middle, with adjacent HAZs and followed by unaffected
BM on each side. The widths of the FZ and HAZ are
about 400 to 500 and 150 to 250 um, respectively. Xia
et al" reported that the diode laser welding of DP980
steel with a laser power of 4 kW resulted in 4 and 3 mm
wide HAZ and FZ, respectively. The narrower HAZ
and FZ widths in the present work are due to higher
energy density and smaller beam size of FLW compared
with that of diode laser welding.” In addition, higher
welding speed can lead to a narrower weld.!”’

Figure 4 shows SEM micrograph of a typical micro-
structure of the HAZ in the DP980 steel. The HAZ can
be divided into three regions, i.e., HAZ-1, HAZ-2, and
HAZ-3 as labeled in image. In the HAZ-1, the mar-
tensite presented in the alloy prior to weld appears to
have decomposed. In the HAZ-2, it appears that a new
microconstituent which increases with increasing prox-
imity to HAZ-3 was formed. In HAZ-3, the newly
formed microconstituent becomes the dominant feature.
The newly formed microconstituent appears to have
martensitic or bainitic structure based on the SEM
examination. The microstructural analysis of simulated
samples found that when the simulation temperature is
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Fig. 5—SEM micrographs of the Gleeble simulated HAZ of the DP980 steel with peak temperatures of 673 K to 973 K (400 °C to 700 °C).

lower than 573 K (300 °C), no significant microstructure
changes is discernable by the use of the SEM.

At the simulation temperature range of 673 K to
973 K (400 °C to 700 °C), the microstructure of simu-
lated samples is similar to the actual weld HAZ-1.
Figure 5 shows the SEM micrograph of sample simu-
lated at 673 K to 973 K (400 °C to 700 °C). It appears
that some fine particles were formed within the mar-
tensite at 673 K and 773 K (400 °C and 500 °C). At
temperatures of 8§73 K and 973 K (600 °C and 700 °C),
the decomposition of martensite and fine particles
become more obvious. The fine particles are likely
carbides formed due to the tempering of martensite at
this temperature range.

At the simulation temperature range of 1073 K to
1173 K (800 °C to 900 °C), the microstructure of
simulated samples is similar to the HAZ-2. Figure 6
shows the SEM micrograph of sample simulated at
1073 K to 1473 K (800 °C to 1200 °C). The microstruc-
ture suggests that no martensite tempering occurred at
these temperatures, and possible new martensite grains
were formed. At 1173 K (900 °C), an almost fully
martensitic or bainitic structure was formed. Above
1173 K (900 °C), the microstructure of simulated sam-
ples is similar to the HAZ-3 of welded sample. The SEM
micrographs of simulated samples at the temperature
range of 1173 K to 1473 K (900 °C to 1200 °C) are
shown in Figure 6. It can be observed that fully
martensitic or bainitic structure is formed at tempera-
tures above 1173 K (900 °C), and an increase of the
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packet size of the microstructure can also be observed as
temperature increased. The lath-like structure of simu-
lated samples at this temperature range is similar to the
microstructure of the region very close to the FZ of the
welded sample.

TEM was then carried out to further study the
microstructures in the HAZ of DP980 steel. The typical
peak temperatures chosen for HAZ-1 and HAZ-3
studies are 923 K and 1273 K (650 °C and 1000 °C),
respectively. Figure 7(a) is a BF image that shows some
particles dispersed in the matrix of simulated HAZ-1
sample. TEM SADP analysis showed the particles to be
cementite and the matrix to be ferrite with an orienta-
tion  relationship  of  [l110]cementite//[200]ferrite
(Figure 7(c)). A corresponding dark field (DF) image
taken using the g = 110 cementite reflection revealed
the cementite particles as shown in Figure 7(b).

Figure 8(a) shows a BF image of lath microstructure
of the simulated HAZ-3 sample. TEM SADP analysis
confirmed that the structure consists of lath martensite
and interlath austenite. The corresponding DF image
taken using the g = 200 austenite reflection (label as A)
revealed the interlath austenite as shown in Figure 8(c).
Twinned martensite was also occasionally observed. The
corresponding DF image taken using the circled twinned
martensite reflection in the inserted SADP revealed
twinned martensite as shown in Figure 8(b). As previ-
ously stated, the HAZ of the welded DP980 steel can be
divided into three regions: HAZ-1, HAZ-2, and HAZ-3.
In the HAZ-1, the steel experienced thermal cycles to
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Fig. 6—SEM micrographs of the Gleeble simulated HAZ of the DP980 steel with peak temperatures of 1073 K to 1473 K (800 °C to 1200 °C).

peak temperatures from about 673 K to 973 K (400 °C
to 700 °C). At these temperatures, the martensite was
decomposed into cementite particles dispersed within
the ferrite matrix. Since the Gleeble simulation study in
this work showed that the phases are formed within the
temperature range of 673 K to 973 K (400 °C to
700 °C), therefore HAZ-1 is sub-critical HAZ section.
Previous research also found tempered martensite in the
sub-critical HAZ of welded DP steels.t!¢!®]

In the HAZ-2, the steel experienced thermal cycles to
peak temperatures from 1073 K to 1173 K (800 °C to
900 °C). New martensite formed in this region, and the
newly formed martensite increases in amount with
increasing proximity to the HAZ-3. Since the Gleeble
simulation study in this work showed that the phases are
formed within the temperature range of 1073 K to 1173
K (800 °C to 900 °C), therefore the HAZ-2 is the inter-
critical HAZ region. In inter-critical HAZ, the steel was
partially austenized during the heating process due to
the thermal cycles involved during welding, and the
austenite transformed to martensite upon rapid cooling.

In the HAZ-3, the steel experienced thermal cycles to
peak temperatures above 1173 K (900 °C). The domi-
nant phase found in the HAZ-3 is lath martensite phase,
with thin retained austenite located in the interlath
region. Since the Gleeble simulation study in this work
showed that the phases are formed above 1173 K
(900 °C), the HAZ-3 is upper-critical HAZ region,
where the steel was fully austenized during the heating
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process. When the austenite rapidly cooled down,
carbon atoms were trapged in the phase causing it to
transform to martensite.!'”)

The microstructure in the HAZ of fiber laser welded
DP980 steel is significantly different from that in the
BM. In the BM, the microstructure is relatively uniform,
while there is a large microstructural gradient in the
HAZ of the DP980 steel. Besides, in the BM, martensite
and ferrite are the dominant phases, while the main
phases in the sub-critical HAZ are ferrite and tempered
martensite (ferrite and cementite), and in the upper-
critical HAZ, the dominant phases are martensite and
austenite. The changes in the microstructure in the HAZ
of welded DP980 steel could significantly affect the
mechanical properties of the DP980 steel. Previous
studies®®?! have showed that mechanical properties
degradation occurred due to the martensite tempering in
the subcritical HAZ of welded DP steel.

Figure 9(a) shows the SEM micrograph of the micro-
structure of the FZ of the DP98O0 steel. It appears from
the microstructure that the FZ of DP980 steel has a fine
martensitic or bainitic structure. Figure 9(b) shows a BF
image of the FZ in DP980 steel, which reveals a lath
microstructure. TEM SADP analysis confirmed the lath
phase to be martensite and austenite as the interlath
phases. SADP taken from [001] zone axis of martensite
is shown in Figure 9(d), which indicates an orientation
relationship of [001],//[011],. DF image taken with
g = bar200 austenite reflection is shown in Figure 9(c).

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 7—(a) BF, (b) DF micrographs of simulated HAZ-1 of the DP980 steel, (¢) Corresponding SADP of the cementite and ferrite.

The microstructure of the FZ is significantly different
from that of the BM. Phases in the BM of the DP980
steel are mainly ferrite and martensite, while phases in
the FZ of the DP980 steel are mainly martensite and
austenite. The volume fraction of martensite in the BM
is about 55 pct, while in the FZ more than 90 pct
martensite is formed. The morphology of martensite in
the FZ of the DP980 steel is ultra-fine lath, while the
morphology of the martensite in the BM is island. The
large difference in the microstructure between the FZ
and the BM could result in dramatic changes in
mechanical properties. The effect of microstructural
changes due to welding on the microhardness of the
steel will be further discussed into details in the
Section III-B.

B. Hardness

Vickers microhardness profile across the welds of the
fiber laser welded DP980 steel is measured and plotted in
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Figure 10(a), and the average hardness value of the
Gleeble simulated samples is plotted in Figure 10(b).
The average microhardness value of the BM of the
DP980 steel was about 350 HV. The microhardness
curve in Figure 10(a) shows two softened zones in the
sub-critical HAZ, where the average micro-hardness
value dropped significantly from 350 HV (BM) to
280 HV. Gleeble simulated results showed that there
was a negligible change in the hardness value when the
tested peak temperatures were between 373 K and
573 K (100 °C and 300 °C). As the peak temperature
increased from 573 K (300 °C) onwards, reduction of
hardness is also observed in simulated samples. The
hardness of the DP980 steel decreased and reached the
minimum value of 225 HV at peak temperature of
973 K (700 °C). The reason for the softening of the steel
in the sub-critical HAZ is that the martensite locally
tempered at this region. Visible martensite tempering
started at the peak temperature of 673 K (400 °C), and
the decomposing process accelerated as the temperature

VOLUME 46B, AUGUST 2015—1643
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Fig. 8—(a) BF micrograph of simulated HAZ-3 of the DP980 steel, (b)) DF micrograph with inset SADP showing twinned martensite, (¢) DF
micrograph using 200, spot showing interlath austenite, and (d) corresponding SADP from austenite (labeled as A), martensite, and twinned

martensite.

increased until 973 K (700 °C). The tempering of
martensite in the HAZ was responsible for the local
weakening of the hardness in welded DP980 steels.

In the inter-critical HAZ, there is a sharp increase of
the hardness, which is up to the hardness of FZ. Similar
results were observed in the simulated samples at
temperature range of 1073 K to 1173 K (800 °C to
900 °C). The hardness of simulated samples dramati-
cally increased as the temperature increases from
1073 K (800 °C) to 1173 K (900 °C). This is because
that in the inter-critical HAZ, the volume fraction of
martensite increases with increasing proximity to the
upper-critical HAZ. New martensite formed when the
temperature reached 1073 K (800 °C), at which temper-
ature the steel was partially austenitized. Increasing
peak temperature results in more austenite formation,

1644—VOLUME 46B, AUGUST 2015

which in turn yields more martensite upon rapid
cooling.

In the upper-critical HAZ, the hardness of the DP980
steel remains at high value which is equivalent to the
hardness in the FZ. The hardness values of the simu-
lated samples at a temperature range of 1173 K to
1473 K (900 °C to 1200 °C) are similar to those mea-
sured in the upper-critical HAZ of the welded DP980
steel. The hardness of simulated samples achieved
almost a constant hardness value of 440 HV from the
temperature of 1173 K (900 °C) until 1473 K (1200 °C).
This is because when the temperature reached 1173 K
(900 °C), almost full austenitization was achieved. The
fast cooling rate induced by water quenching the sample
at the peak temperature led to the formation of lath
martensite.

METALLURGICAL AND MATERIALS TRANSACTIONS B



Fig. 9—(a) SEM, (b) BF micrographs
SADP of austenite and martensite.
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Fig. 10—(a) A microhardness profile of the fiber laser welded DP980 steel. (b) Microhardness of simulated DP980 steel.
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IV. CONCLUSIONS

The microstructural changes that occurred in the HAZ
and the FZ of a fiber laser welded DP980 steel were
systematically studied by the use of Gleeble thermo-
mechanical simulation system and TEM techniques. The
following are the conclusions that can be drawn:

1. Fiber laser beam welding resulted in considerable
microstructural changes in a narrow HAZ and FZ of
the DP980 steel.

2. The analyses show that pre-weld martensite grains
were severely tempered in the sub-critical HAZ, while
extensive formation of new martensite occurred in
the upper-critical HAZ and FZ.

3. The microstructural alteration in the HAZ and FZ
resulted in notably disparate micro-hardness values
in these regions compared with that of the BM.

4. Therefore, appropriate post-heat treatments may be
required to modify the microstructure of the fiber laser
welded DP98O0 steel in order to minimize variation in
mechanical properties between the BM, HAZ, and FZ.
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