
Introduction
     Over the last decade, transporta-
tion industries have produced a strong
competition between steel and low
density metals as a result of increasing
requirements of passenger safety, ve-
hicle performance, and fuel economy
(Ref. 1). The response of the steel in-
dustry to the new challenges is a quest
for the rapid development of high-per-
formance alloys, namely advanced
high-strength steels (AHSS) (Ref. 2).
These steels are characterized by im-
proved formability and impact tough-
ness during crashing compared to con-
ventional steel grades. The category of
AHSS covers the following generic
types: dual phase (DP), transforma-
tion-induced plasticity (TRIP), com-

plex phase (CP), and martensitic steels
(MART). All these above-mentioned
AHSS have been used in critical safety
locations of automobile structures to
absorb energy from impacts. High-
strength steels with high-energy ab-
sorption will better manage dynamic
loading occurring during car crashes or
collisions (Ref. 1). DP and TRIP steels
with ultimate tensile strength (UTS)
exceeding 1000 MPa have been shaped
by cold or hot forming processes for
these applications.
     Hot stamping is an innovative
process by which AHSS is more effi-
ciently formed into complex shapes
than with traditional cold stamping
(Ref. 3). The process involves the heat-
ing of the steel blanks until they are
malleable, followed by deformation

and rapid cooling in a specially de-
signed die, creating a transformed and
hardened material. The ability to effi-
ciently combine strength and complex-
ity allows hot forming to produce
parts in one relatively lightweight part
that would typically require a thicker
and heavier part. Press hardened
blanks therefore currently represent
one of the most advanced lightweight
solutions for the car body structure
that simultaneously allows improved
crash performance and passenger safe-
ty requirements.
     The hot stamping process currently
exists in two main variants: the direct
and the indirect hot stamping method
(Ref. 4). In the direct hot stamping
process, a blank is heated up in a fur-
nace, transferred to the press, and
subsequently formed and quenched in
the closed tool. The indirect hot
stamping process is characterized by
the use of a nearly complete cold pre-
formed part that is subject only to a
quenching and the calibration opera-
tion in the press after austenitization
(Ref. 3). Full martensite transforma-
tion in the material causes an increase
of the tensile strength of up to 1500
MPa. Today, many structures are hot
formed after welding, but the appear-
ance of a hard and brittle martensite is
a problem. Specifically, in tailored
laser blank welds of AHSS, one prob-
lem is the intrinsic high martensite
amount in the fusion zone (FZ) and
the heat-affected zone (HAZ) (Ref. 5).
     Since the most important phase
transformation during rapid quench-
ing is from austenite to martensite,
the martensite start temperatures
(Ms) and the critical cooling rate (CR)
for a number of boron-added AHSS for
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hot stamping has been established. Ac-
cording to Karbasian and Tekkaya
(Ref. 4), the 22MnB5 steel has the fol-
lowing characteristics: martensite
start temperature, Ms, of 410°C and
critical CR for the martensite transfor-
mation of 27°C/s. This latter value is
the cooling rate to form a fully
martensitic structure during hot form-
ing. Therefore, the press tool tempera-
ture must be designed to attain or ex-

ceed this CR.
The yield
strength, y, in
the as-delivered
condition was
457 MPa and af-
ter hot stamp-
ing, 1010 MPa.
These values are
the threshold be-
tween elastic
and plastic de-
formation of the
sheets, usually
measured at
0.2% of elonga-
tion in the ten-
sile tests. The
tensile strength,

m, representing the maximum tensile
strength of the sheet during deforma-
tion, in the as-delivered condition was
608 MPa and after hot stamping, 1478
MPa.
     Kim et al. (Ref. 6) laser welded Al-Si
coated 22MnB5 steel using a fiber laser.
The purpose of the coating is to protect
the base steel from high-temperature
oxidation during hot stamping. The

main constituent of the FZ was
martensite, and the HAZ was com-
posed of tempered martensite and bai-
nite. The Al-based coating was dis-
solved in the weldment causing brittle-
ness as evidenced during the shear ten-
sile stress of the overlapped joined
sheets. It was noticed the welded
blanks could break down during manip-
ulation, thus one possible solution is to
allow bainite to be formed instead of
martensite in the FZ and HAZ (Ref. 7).
     In bainite, nucleation corresponds
to a point where the slow, thermally
activated migration of glissile partial
dislocations gives way to rapid, break-
away dissociation (Ref. 8). This is why
it is possible to observe two sets of
transformation units, the first consist-
ing of very fine embryo platelets below
the size of the operational nucleus,
and the second set corresponding to
the rapid growth of the embryos to the
final size.
     There are several theories of bainite
nucleation and growth such as those
proposed by Bhadeshia (Ref. 9), Rees
and Bhadeshia (Ref. 10), Singh (Ref.
11), and Opdenacker (Ref. 12), all
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Fig. 1 — Comparison of experimental and calculated results for the
overall transformation kinetics of upper bainite in a steel as pro
posed in the Singh model (Ref. 11).

Fig. 3 — Optical microscopy of the base material. The constituents are
ferrite (F – light colored phase) and pearlite (P – dark color regions).

Fig. 2 — Scanning electron micrograph of the base material near
the surface, showing the AlSi coating and the reaction layer.

Table 1 — Composition of the Base Material in wt% (Fe as the Balance)

      C            Mn          Si           Cu           Al           Cr           P             S              V             Ni              Ti                N                Mo                 Sn                B

   0.22        1.18       0.33       0.27      0.054     0.204   0.007     0.003      0.003      0.011       0.037        0.0042         0.005            0.004        0.0033
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from the University of Cambridge. Ac-
cording to Santofimia et al. (Ref. 13),
the Singh model (Ref. 11) predicts bet-
ter the bainite fraction as a function of
temperature for an alloy (Fe-0.31C-
0.25Si-1.22Mn) with similar composi-
tion to the current 22MnB5 steel. Fig-
ure 1 presents the simulated results
together with some experimental
points for the austempering tempera-
tures of 475°, 500°, and 525°C.
     According to Fig. 1, the volume
fraction of bainite will be 1 after 400 s
at a temperature ranging between
475° and 525°C. Consequently, for any
preheating around this temperature
range, it is recommended to reach this
time in order to maximize bainite for-
mation. The objectives of this work are
to propose a conjugated laser welding
and preheating treatment in the same
setup, in order to generate bainite in-
stead of martensite in the FZ of a
22MnB5 steel, and to characterize the
resulting microstructures and the me-
chanical behavior.

Material and Methodology

Material

     The studied material was furnished
by AK Steel Corp., West Chester, Ohio,
in the form of sheets measuring 105 
44  1 mm. The steel classification is
22MnB5 (DIN EN 10083-3), called Ul-
tralume PHS (press-hardenable steel)
by the company (Ref. 14). The steel
composition is given in Table 1.
     The steel surface was coated by an
electrogalvanized 20-m thick Al-9%Si

alloy — Fig. 2. The aim is to protect the
base steel from excessive oxidation at
high temperatures. Between the coating
and the steel, there is a reaction layer of
approximately 6 m thickness. The base
material is furnished in as-annealed
condition and is composed of pearlite
and ferrite, as shown in Fig. 3. Pearlite
accounts for about 44% of the volume
fraction of the base material.
     The hardness of the base material is
260±10 HV (24 HRC). According to
the quality control worksheet, the
base material tensile strength tests re-
sults are: yield strength (y) - 425
MPa, tensile strength (m) - 655 MPa,
and maximum elongation (m) - 20%.

Laser

     The laser used in this study was an
IPG Photonics fiber laser with an out-
put power of 1000 W, model YLR-
1000, equipped with a 100 m inner
diameter fiber optic for beam delivery.
The beam parameter product (BPP)

was 7.5 mm.mrad. The laser head mo-
tion was carried out by stepper motors
mounted on a CNC table and con-
trolled by Mach3 CNC software. The
CNC software also controls the laser
on/off and laser power.

Furnace

     The heating of the samples was car-
ried out using an induction heater
Ameritherm Inc., model EasyHeat. The
maximum output power was 1.2 kW
with induction frequency tuned be-
tween 150 and 400 kHz and a maxi-
mum AC coil current of 300 A. The in-
duction coil is a pancake-type with four
complete turns and positioned below
the sample to be heated. Figure 4A pres-
ents the experimental setup for the
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Fig. 4 — A — Setup for hightemperature laser experiments; B — front side view of the
experimental setup.

Fig. 5 — A schematic evolution of temperature as a function of time for the experiments.

A B
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high-temperature laser welding. An alu-
mina bridge was fabricated in order to
avoid short circuiting between the sam-
ple and the coil. Figure 4B presents the
actual setup with a front view for better
visualization of the coil position.
     The accuracy of the pyrometer meas-
urements was assured by a comparison
with thermocouples soldered to the
samples in some experiments. The dif-
ference between the measured tempera-
tures was ± 1°C, calibrated considering
substrate emissivity as 0.48 for temper-
atures between 100° and 700°C.

Weld Experimental Conditions

    The fixed process parameters were
weld speed (v) 50 mm/s (3 m/min);

laser power (P)
800 W, and focus
on the upper sur-
face of the weld
plate. The speed
was considered as
an optimal value
because the
equipment maxi-
mum output pow-
er is 1000 W, and

further increases in speed might result
in insufficient penetration. Lower
speeds would produce greater heat in-
put that could eventually enter the fer-
ritic zone on the time-temperature-
transformation (TTT) diagram. The
focus on the upper surface ensured a
minimum spot diameter of 0.176 mm,
according to the current laser configu-
ration. Considering both laser power
and spot diameter, the intensity was 1
× 107 W/cm2 and the heat input (HI =
P/v) was 16 J/mm.
     The holding temperature (T*) was a
variable in the present investigation
and set as presented in Table 2. The
AT20 condition describes the room
temperature welds and the other two
conditions are the high temperature

welds. For high-temperature condi-
tions, the currents through the induc-
tion coil were 135 and 145 A, respec-
tively. A potential variation in the
sample position could influence the
high frequency coupling and thus the
actual temperature; therefore, great
care was exercised to position the sam-
ples in the same locations during heat-
ing and welding. The high-tempera-
ture conditions were HT455 for tem-
perature ranging between 440° and
469°C and HT529 for temperature be-
tween 512° and 546°C. Each experi-
mental condition was repeated seven
times for HT434 and HT529 and four
times for AT20.
     A graphic representation of the
high-temperature welding procedures,
HT455 and HT529, is presented in Fig.
5 and described as follows:
     A) Both the recording pyrometer
and induction current were started at
the same time;
     B) The time from heating to laser
welding (t1) was kept at 10 min for all
the samples;
     C) The welds were autogeneous and
bead on plate type in the middle of the
sample;
     D) The laser processed sample was
maintained at T* temperature for an
additional 10 min;
     E) After the total time (t1  t2) of
20 min, the induced current was
turned off and the sample was cooled
down to the room temperature over
the alumina plate.
     The time of 10 min each, for both t1

WELDING RESEARCH

OCTOBER 2017 / WELDING JOURNAL 379-s

Fig. 6 — Calculated temperature profiles: A — Overall tempera
ture evolution as a function of time for the each condition; B —
detail of temperature near at the laser start time (~600 s); C —
the related cooling rates (in °C/s) after 0.5 s of laser interaction.

Table 2 — Preset Current and Temperature Conditions

 Condition                                         Current (A)                                              T* (C)

     AT20                                                      0                                                           20
    HT455                                                   135                                                        455
    HT529                                                   145                                                        529

A

C

B
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and t2, was chosen considering the time
needed to reach the temperature T* and
the time for ferritic bainite growth in
the austenite matrix (see Fig. 1).

Analysis

     Light optical microscopy (LOM)
was conducted by standard polishing
cross sections of the samples using di-
amond suspensions of 6 and 1 m, fol-
lowed by etching with a nital 2% (2%
HNO3 in ethanol) solution. The im-
ages were recorded by a camera con-
nected to an inverted metallurgical mi-
croscope LECO/Olympus model
PMG3.
      Scanning electron microscopy (SEM)
examination was conducted using a
QUANTA600 FEG, part number 300-
388-000, for imaging and using a JEOL
JSM 7000F, equipped with an EDAX Oc-
tane Plus, for chemical analysis.
     The Vickers microhardness meas-
urements were obtained using a LECO
tester, model 200, according to the
standard ASTM E384. The load was
100 gf with 10 s dwell time.
     The tensile strength tests were con-
ducted on an MTS, model Alliance
RT/100, computercontrolled servo-
hydraulic uniaxial test machine
equipped with a 1-in. extensometer.
The tests were carried out according to
ASTM E 8 M (Ref. 15) and the samples
were machined as subsize type. The
crosshead displacement was set at 1
mm/min. After the tests, the resulting
recorded stress-strain data were treat-

ed to obtain the elastic
modulus (E), the yield
stress at 0.2% elonga-
tion (y), the tensile
strength (u), the uni-
form elongation (u),
and the maximum elon-
gation before failure
(m). The toughness
moduli (Ut) were esti-
mated from the integral
of the strain-stress
curves.
      Simulation was car-
ried out using SysWeld
Software© (Ref. 16), a fi-
nite element analysis software designed
for welding and heat treatment of met-
als and alloys. For the current purpos-
es, a refined mesh around the laser
path was designed and the desired out-
puts are the time-temperature evolu-
tion and the stress-strain field at the
end of the processing. The exact
22MnB5 material properties are un-
available in the Sysweld database,
therefore TRIP750 material properties
were used instead.
     The composition and properties of
22MnB5 and TRIP750 steels are simi-
lar. The model was simulated in a
manner similar to the experimental
design (Fig. 5), starting with the mate-
rial at room temperature and preheat-
ing to a given T* (see Table 2). For
high-temperature conditions, the ma-
terial was maintained at T* for 10 min
after welding. The software produced
many valuable outputs, but those of

interest are the time-temperature evo-
lution in different regions of the plate;
the final residual stresses near to the
weld centerline and the final out-of-
plane distortion angle (bending). The
final bending was calculated by the z-
axis displacement at the end of the
simulation. More information about
the FEM of the keyhole welding using
the software could be found in Ref. 17.
     For thermodynamic calculations
using the ThermoCalc© software, the
TCFE6-steel database was used (Ref.
18). The thermodynamic data avail-
able are the liquidus, A1 and A3 tem-
peratures for the current alloy. The
continuous cooling transformation di-
agrams for each alloy were generated
by a software called MAP_STEEL_M-
UCG83 developed by Mathew Peet and
H. K. D. H. Bhadeshia (Ref. 19). The
software was used for modelling of the
thermodynamics and kinetics of solid-
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Fig. 8 — Macrostructure of the sample AT, FZ, and HAZ
(LOM).

Fig. 7 — Calculated timetemperaturetransformation (TTT) curves
for the current alloy; Widmanstätten ferrite start (F); bainite start
(B); martensite start (Ms).

Fig. 9 — Macrostructure of the sample AT20, showing the
extension of the heataffected zone (LOM).
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state transformations in steels and cal-
culated Widmanstätten, bainite, and
martensite start temperatures.

Results and Discussion
Calculations

     Figure 6 presents the evolution of
temperature as a function of time as
estimated by Sysweld© in the middle
of the fusion zone. Figure 6A is the
calculated temperature profile for each
condition. For all experiments, laser
welding started after 600 s and the
sample would be at T* (see Table 2)
from the beginning of the simulation.
After 370 s, the high temperature con-
ditions attained steady state tempera-
ture. The in-situ, postwelding treat-
ment took 600 s for the high-tempera-
ture conditions.
     The preheating temperature, T*,
barely influenced the solidification

rate for each condition. Figure 6B
presents the SysWeld calculated cool-
ing curves for AT20, HT455, and
HT529 around the solidification inter-
val, i.e. between Tl and Ts, where the
cooling rates are 3.3  104°C/s, 1.8 
104°C/s, and 1.2  104 °C/s, respective-
ly. It is clear that rapid solidification
occurred in all cases.
     The influence of T* on the solid state
reactions was also marginal. As can be
seen in Fig. 6C, after a half second of
laser interaction, the cooling rates were
almost the same, irrespective of T*. Be-
tweeen 700° and 725°C, the cooling
rates for HT455 and HT529 were
190°C/s and the cooling rate for AT20
around 300°C was about 210°C/s.
     All the calculated temperatures vs.
time were calibrated using the pyrom-
eter. The reason for this is the missing
absorptivity of the laser beam in the
workpiece.
     Figure 7 presents the TTT curves

for Widmanstätten ferrite start, bai-
nite start, and martensite start tem-
peratures as a function of time for the
current alloy, calculated using the
MUCG83 software (Ref. 19). The Wid-
manstätten start temperature range
was between 660° and 705°C. The nu-
cleation limited bainite start tempera-
ture was 561°C. The martensite start
temperature was estimated as 412°C,
which corroborates well the value ob-
tained by Karbasian and Tekaya (Ref.
4). In the present work, the TTT
curves were used instead of continu-
ous cooling transformation (CCT) be-
cause the last one is missed in the lit-
erature and in the simulations package
MUCG83.
     Considering the TTT curves in Fig.
7 and an initial austenitizing tempera-
ture of 900°C, the critical cooling rates
for Widmanstätten ferrite (CRF) and
bainite (CRB) are 15°C/s and 65°C/s,
respectively. When the CR is below
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Fig. 10 — The microstructure of the FZ in the sample AT20. Optical
microscopy (LOM).

Fig. 11 — The microstructure of the FZ in the sample
AT20 (SEM).

Fig. 13 — The microstructure near the FL (LOM).Fig. 12 — Chemical analysis by EDS of the intradendritic and inter
dendritic regions of the AT20 weld (wt%).
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CRF a primary diffusion-controlled fer-
rite appears. When the CR is higher
than CRB, martensite is the main reac-
tion product. Finally, between CRF and
CRB, bainite will grow from the pri-
mary austenite. These values are only
estimates because the TTT curves will
be displaced during continuous cool-
ing conditions.

Microstructural Results

Room Temperature Welds — AT20

     The welds produced at room tem-
perature, AT20, exhibited the typical
laser keyhole shape, as shown in Fig. 8.
The width of the FZ depended on the
depth, z, being 1, 0.4, and 0.6 mm at
the top, middle, and bottom of the
weld, respectively. Figure 9 shows the
extent of the HAZ measuring 0.48 mm
in the mid-thickness of the sheet.
     The microstructure observed in the
FZ is presented in Fig. 10. As can be
seen, the as-welded structure is com-
posed of primary dendrites of retained
austenite and interdendritic ferrite.
The solidified ferrite is sometimes re-
ferred to as skeletal type (Ref. 20). The
dendrites are filled with dark needles
that resulted from martensitic trans-
formation.
     Figure 11 presents an image ob-
tained by backscattered electrons in a
SEM of the AT20-FZ. The dendritic
structure and the intradendritic
martensite needles are clearly visible.
Using an automatic particle counting

software, the in-
terdendritic fer-
rite (darker col-
ored phase in
Fig. 11) account-
ed for about 20%
near to the cen-
ter of the weld.
     Figure 12
shows the EDS
chemical analysis
of the intraden-
dritic and inter-
dendritic regions,
such as those pre-
sented in Fig. 11.
Each region was
measured six
times. The carbon
composition
could be disre-
garded. Despite
the low standard deviation for the cur-
rent samples, the x-ray peak was too
close to the beginning of the spectra
and subject to a large variation depend-
ing on the analysis method. From Fig.
12, a measurable amount of ferrite sta-
bilizing elements, such as Al, Si, and Cr,
was detected in the interdendritic spac-
ing. This segregation explains the ap-
pearance of a white zone between the
dendrites in Fig. 10. It is also reasonable
to conclude that the high Al content in
the FZ came as a result of the coating di-
lution. Therefore, the coating was not
properly removed from the sheet sur-
face prior to welding.
     The region near to the weld interface

(WI) is shown in Figs. 13 (LOM) and 14
(SEM). The volume fraction of marten-
site was much higher in the HAZ.
     Other evidence in Figs. 13 and 14
shows that both austenite and ferrite
grew epitaxially from the solid. This is
a typical feature of peritectic alloys as
proposed by Kerr and Kurz (Ref. 21).
Near the FZ, the growth rate was suffi-
ciently low to allow for the nucleation
of some pro-peritectic ferrite. Howev-
er, the time would not be sufficient to
allow for the peritectic reaction be-
tween the ferrite and liquid to form
austenite. Consequently, the residual
liquid would directly solidify as
austenite. When the growth rate in-
creased, a few micrometers from the
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Fig. 14 — The microstructure near the FL (SEM).

Fig. 16 — Macrostructure of the sample HT455, showing the exten
sion of the HAZ.

Fig. 15 — Macrostructure of the sample HT455.
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FL, austenite would be the primary
phase because of its higher growth
temperature than ferrite. The mecha-
nism could be observed in Fig. 13 for
an epitaxial ferrite near the FL, at low
growth rates, and in Fig. 14 where
high growth rates promoted austenite
dendrites.

HighTemperature Welds — HT455

     Figure 15 presents an optical image
of the sample produced in the condi-
tion HT455. The width of the FZ de-
pends on the relative weld depth, be-
ing 0.9 mm, 0.4 mm, and 0.6 mm at
the top, middle, and bottom of the
weld. Figure 16 presents the extension
of the evident HAZ, measuring around
0.67 mm in the mid-thickness of the
sheet.
     The observed FZ microstructure of
the HT455 sample is shown in Fig.
17A and B. Figure 17A shows a low
magnification of a region in the mid-
dle of the FZ, showing a typical
bainitic microstructure (B) and resid-
ual austenite matrix (A). Figure 17B

presents a higher magnification
image where the ferritic laths and
polygons are more visible. According
to phase analysis, the total amount of
bainite is 66% and the average bainite
plate thickness is 0.4 m.
     Figure 18 shows the SEM image
near the FL. The HAZ next to the FZ is
composed of martensite and the FZ is
a mixture of bainitic ferrite and
austenite.

Weld Cross Section — HT529

     Figure 19 presents a view of a
HT529 weld cross section. The FZ is
not easily distinguished from the
BM/HAZ because of the high-temper-
ature treatment, but the widths of the
FZ could be measured: 1.0 mm at top,
0.47 mm at mid-thickness, and 0.72
mm at bottom of the sheet.
     Figure 20 presents the microstruc-
ture in the middle of the FZ after pro-
longed etching using a 2% Nital solu-
tion (dark etched). The difference be-
tween austenite (light color) and
bainitic ferrite (dark) is clearly evident.

     Figure 21A shows a region in the
center of the weld for the sample
HT529. Bainite (B) and residual
austenite (A) are the principal con-
stituents of the weld. In this image,
the overall bainite percentage is about
36%. Figure 21B presents a higher
magnification near to the top of the
weld, where coalesced bainite (Bc) is
more visible. Small ferrite grains (G)
start to develop as well.
     The weld interface is clearly visible
under SEM — Fig. 22. A high amount
of retained austenite is noticeable in
the FZ. Because the temperature and
time were sufficiently high near to the
FL, the grains also developed a bainitic
structure. In some grains, allotriomor-
phic ferrite (F) is visible at grain
boundaries.

Hardness Results

     Hardness profiles were obtained ac-
cording to a line crossing the fusion
zone in a cross-section of the sample.
The lines were positioned approxi-
mately at the mid-section of the weld
thickness. Figure 23 presents the
hardness profile for the sample AT20.
The average hardness in the FZ was
590 HV. The HAZ was divided in two
parts: HAZ1 around 0.4 mm away
from the weld centerline where the av-
erage hardness was 700 HV, and HAZ2
starting around 0.55 mm and finish-
ing 1 mm from the weld centerline
where a minimum hardness of 450 HV
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Fig. 17 — SEM micrographs of the FZ in HT455. The letters A and B indicate austenite and bainite, respectively.

Table 3 — Comprehensive Mechanical Behavior of the Experimental Conditions

      Sample           E (GPa)        y (MPa)      u (MPa)           u (%)             m (%)       Ut (MPa)
  Designation                                                                                                                             

         AT20             280  90       450  40     1210  20       1.3  0.2        1.3  0.2          12
       HT455           230  30      400  50      840  50        1.3  0.3        2.7  0.4          19
       HT529           260  40       410  30      650  50        1.7  0.5        3.5  0.6          20

A B
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was attained. Therefore, the HAZ pres-
ents a region harder than the FZ next
to the weld interface and softer than
the fusion zone farther away from the
FZ. HAZ1 has been associated to a ful-
ly austenitized region, which trans-
formed into martensite during
quenching. HAZ2 corresponds to the
intercritical region composed of soft
phases, austenite and ferrite, and tem-
pered martensite. The base material
presents varied hardness, between 550
and 700 HV, because of the different
microconstituents present such as fer-
rite, bainite, retained austenite, and
martensite.
     Figure 24 presents the hardness
profile for the HT455 condition. The
FZ hardness was approximately 320
HV, which is almost half of the previ-
ous condition discussed (AT20). The
HAZ1 and HAZ2 were also character-
ized in the figure with peak hardness
of 390 HV and a minimum hardness of
210 HV. It is important to note that
the maximum HV of the HAZ1 in
HT455 (Fig. 24) is 13% less than the
minimum HV of the HAZ2 in AT20
(Fig. 23). The HAZ2 in HT455 shows a
hardness similar to the BM: 260 HV.
     Figure 25 represents the hardness
plot for a sample at HT529 condition.
The FZ average hardness was about
310 HV, which is similar to HT455-FZ
condition (see Fig. 24). However, the
increase in hardness in HAZ1 was only
up to 320 HV, which is hardly notice-

able. This behavior
was attributed to the
absence of marten-
site near the WI. The
decrease of the hard-
ness in HAZ2 at-
tained the level of
the BM (~260 HV).

Tensile Strength
Results
     Tensile testing
was carried out on
AT20, HT455, and
HT529 coupons, as described in the
Material and Methodology section.
Figure 26 shows three curves repre-
sentative of each experimental condi-
tion. Although the elastic part of the
curves appeared similar, the plastic be-
havior was very different. The AT20
coupon presented the higher values of
tensile strength, but very limited duc-
tility or any necking. On the contrary,
the high temperature weld coupons
presented lower yield strengths but an
extended ductility.
     Table 3 summarizes the tensile re-
sults. The elastic moduli (E) were al-
most the same, only slightly reduced
in HT455 and HT529 when compared
to AT20. This observation resulted
from the annealing of the entire plate
during the experiments, which partial-
ly tempered the initial microstructure,
contributing to some softening. The

yield strength (y) in AT20 was slightly
higher compared to the HT conditions
because of the hardening in FZ and
HAZ1. However, due to the limited di-
mension of these zones, compared to
the entire tensile coupon, the HT ef-
fect in y is less perceptible. The elon-
gation values (u) of the samples were
statistically similar.
     On the contrary, the effect of HT
processing on the tensile strengths
(u), the maximum elongations (m),
and the moduli of toughness (Ut) was
far more noticeable. The increasing
values of T* promoted a decreasing u

and increasing m and Ut. The AT20
condition presented ultra-high tensile
strength and negligible maximum
elongation. The HT conditions exhibit-
ed lower values of u and higher m,
being more suitable for post mechani-
cal processing as aimed in this work.
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Fig. 18 — SEM micrograph of the weld line of HT455. WI is the
weld interface.

Fig. 19 — Macrostructure of the sample HT529 (LOM).

Fig. 20 — Dark etched microstructure at the center of the FZ
for the sample HT529 (LOM).
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Comparing the moduli of toughness
between the AT20 and HT529 condi-
tions, the toughness of the coupons
using the proposed technique was al-
most doubled when compared with
the AT condition.
     The ductility of the laser welded
samples was below the value proposed
by the fabricant (~20%). This is due to
the effect of the welding process that
produced a softened HAZ2, composed
of tempered martensite, location at
which the tensile coupons broke.
     The coupons at condition HT529
presented the same yield and tensile

strength of the base
material, accordingly to
the material data sheet.

Residual Stresses

     It was expected that high-tempera-
ture welding produces less residual
stresses and low distortion in the
plates. According to the FEM simula-
tion results shown in Fig. 27A, the
residual stresses after welding were re-
duced from 780 to 340 MPa from
AT20 to HT455 condition, i.e., a reduc-
tion of 56%. Comparing the condition
HT529 to AT20, the reduction is even
higher, about 66%. These simulated

values are difficult to validate experi-
mentally because the weld bead di-
mensions are very small for any ana-
lytical detection. 
     The degree of bending, as a meas-
urement of the final out-of-plane dis-
tortion angle, was also reduced by
welding at high temperatures. Figure
27B shows the bending angle for each
condition, comparing AT20, HT455,
and HT529, for both FEM simulations
(bars) and experimental measure-
ments using a 3808AC Dial Starret
test indicator with an arm-held
mount. Considering both calculated
and measured values of bending angle,
there was a clear reduction in bending
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Fig. 21 — SEM micrographs of the FZ in HT529: A — region near to the center; B — region near to the top. The letters A, B, and Bc indicate
austenite, bainite, and coalesced bainite, respectively.

Fig. 22 — A SEM micrograph at the weld interface in
HT529. The letters A, B, and Bc indicate austenite, bainite,
and coalesced bainite, respectively.

Fig. 23 — Hardness profile of the sample at AT20 condition. The dis
tance from the weld centerline (d = 0) is shown together with the ap
proximated location of the FZ as well as HAZ1 and HAZ2 boundaries.

A B
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after HT treatment. The angle reduc-
tion was reduced by 80 and 90% for
HT455 and HT529, respectively. The
differences between the FEM and ex-
perimental values are due to the in-
trinsic differences between the mod-
eled and the real material.

General Discussion

     There are several differences be-
tween the conventional austempering
and the proposed approach. In the
conventional method, the steel is ini-
tially austenitized above 900°C for a
period of time to homogenize the mi-
crostructure and then quenched in a
given medium, such as a salt bath, to
obtain bainite. If the quenching is
done correctly, the metastable austen-
ite is kept just above Ms and enters
the bainite curve in TTT.
     During welding, the FZ is heated
above the liquidus temperature and
freezes to form austenite dendrites with
some segregation. Compared to normal
austempering, the material is chemical-
ly and morphologically different be-
cause of the thermal gradient. Addition-
ally, the welded material could have a
different composition from the base
material because of elemental volatiliza-
tion from the pool and incorporation of
the coating elements.
     The use of TTT curves in the partic-
ular context of isothermal transforma-
tion of an initial austenitic weld bead
seems to be correct. The austenitizing
time is considered as the period the
weld is maintained above A3 (808°C
(Ref. 18)), which is only about 0.1 s in

the middle of the weld. However, as
the phase transformations occur rap-
idly during laser welding, a more pre-
cise determination of ferrite and
austenite fractions as a function of
time is missing in this analysis.
     The physical properties used in the
Sysweld simulations belong to
TRIP750 steel, which has a different
chemical composition from the cur-
rent alloy. However, the temperature
evolution may be correct because the
TRIP750 and the 22MnB5 steel have
similar thermal conductivities, densi-
ties, and specific heats. Thermome-
chanical results such as residual stress-
es and final bending (Fig. 27) should
be considered with greater care, as
they might represent only behavioral
trends in the present case. The esti-
mated decrease in both residual stress-

es and final bending can be assumed
to be correct.
     Microsegregation plays an important
role in the as-welded microstructure, as
could be seen in Fig. 11. As the original
dendritic microsegregation is annealed
at high-temperature treatments, the
carbon content is expected to become
homogeneous throughout the fusion
zone. However, the time needed to ho-
mogenize substitutional atoms such as
Si and Mn must be quite long and then
composition modulation can occur in
the samples. The initial bainitic ferrite
plates could eventually find the Si- and
Mn-rich regions as low energy sites for
nucleation, but this is still an open sub-
ject for discussion.
     The Al-Si coating, if not completely
removed, will be diluted in the FZ, lead-
ing to an increase in Al content in the
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Fig. 24 — Hardness profile of the sample at HT455 condition. The
distance from the weld centerline (d) is shown together with the
approximated loci of the FZ, HAZ1, and HAZ2 boundaries.

Fig. 25 — Hardness profile of the sample at HT529 condition. The
distance from the weld centerline (d) is shown together with the
approximated loci of the FZ, HAZ1, and HAZ2 boundaries.

Fig. 26 — Representative engineering stressstrain curves for the different experimental
conditions.

AT20

HT455

HT529
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interdendritic region, as shown in Fig.
12. Although a reference (Ref. 4) indi-
cates that intermetallic Fe-Al may ap-
pear after welding of Al-Si coated
22MnB5, no microstructural or hard-
ness evidences were observed. On the
other hand, the Al increase in the FZ
was expected to change the TTT behav-
ior (see Fig. 7) by extending the Wid-
manstätten ferrite range to shorter
times. Considering that the actual com-
position of Al in the molten metal was
raised from 0.054% to 2% , the CRF in
Fig. 7 would be much higher than ex-
pected, exceeding 1000°C/s (Ref. 19).
This cooling rate is only obtainable us-
ing laser or electron beam welding. In
the industrial environment, the choices
of heating could include high-frequency
induction, resistance or furnace sources.
However, because of many aspects such
as high cooling rate, limited HAZ and
distortion, high-energy weld sources are
preferable.
     Although the main literature re-
sults about the bainite growth are very
optimistic, the bainite fraction never
attains unity (complete transforma-
tion) because 1) the strain field around
the ferrite plates would stabilize the
austenite; 2) an extended time or
higher temperatures would coarsen
the original plates instead of creating
new, isolated plates (coalescence (Figs.
21 and 22) is a natural evolution of the
operating ferritic nucleus, with or
without carbides, because the inter-
faces are convergent); and 3) the over-
all content of Al in solution would lead
to a decrease in the final bainite frac-
tion in the weld.
     The differences between the marten-

site in FZ and HAZ of the AT20 samples
are due to the effectiveness of solid-
state transformation. In other words,
the grains near the WI become fully
austenitic and then transform to
martensite on cooling. On the other
side of the WI, the epitaxial solidifica-
tion would begin with ferrite grains and
then develop into austenite dendrites.
     The softening in HAZ2 (Fig. 23) is a
larger threat than coalescence during
deformation. A softer zone next to the
FL will be a stress concentration point
that can plasticize earlier than the rest
of the tensile coupon. In all cases, fail-
ure would occur within this HAZ2
leading to limited ductility.
     The AT20 condition produced an ul-
tra-high-strength steel with negligible
ductility and toughness. The HT treat-
ment reduced the tensile strength, but
the parts retained sufficient toughness
to be safely manipulated.
     The current technique could be fur-
ther developed to fabricate tough weld
joints in many AHSS. The difference
between conventional preheat-and-
weld procedure in conventional weld
methods and the current methodology
is the automation.

Conclusions
     A technique combining laser welding
and induction heating was developed to
produce 22MnB5 steel welds direct in
the bainitic range. The methodology for
such process was to preheat the sample
to a temperature T* above the marten-
site start temperature and held for 10
min before the laser weld. After laser
welding, the temperature T* was held

for an additional 10 min for the specific
alloy case.
     According to the current TTT plots
and the literature, two temperatures
(455° and 529°C) were chosen for the
preheating.
     The as-welded room temperature
welds, AT20, presented a microstruc-
ture composed of primary austenite
dendrites, which transformed to
martensite during cooling, and inter-
dendritic ferrite. The interdendritic re-
gion was richer in ferrite stabilizing el-
ements such as Al, Si, and Cr. The FZ
hardness was about 600 HV and at-
tained a maximum value of the 700
HV in the HAZ. The tensile tests
showed a negligible ductility (1.3%)
and a high tensile strength (1200
MPa) for these coupons.
     High-temperature welding caused
the samples to exhibit microstructures
of bainite plus austenite grains.
     The sample with T*  455°C,
HT455, had around 66% of bainite in
an austenite matrix. The hardness in
the FZ was 320 HV and attained a
maximum of 390 HV in HAZ, repre-
senting about half of the AT20 values.
The tensile tests showed a maximum
elongation of 2.7% and a tensile
strength of 840 MPa.
     The sample with T*  529°C,
HT529, had around 33% of bainite in
an austenite matrix. The reduction in
the bainite percentage compared to
HT455 is due to the cooling procedure
because the undercooling temperature
is too low. Additionally, this sample
presented some coalesced bainite. The
hardness in the FZ was 310 HV and at-
tained a maximum of 320 HV in HAZ,
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Fig. 27 — A — Estimated von Mises residual stresses for each experimental condition; B — estimated bending angle for each experimental
condition. The percentages indicate reduction from the AT20 value.
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which was similar to the original base
material. The tensile tests showed a
maximum elongation of 3.5% and a
tensile strength of 650 MPa.
     The proposed methodology at-
tained the initially established objec-
tive of producing tough welds directly
in the bainitic range, without the need
of extra heat treatments.
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