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Abstract The effect of heat treatment on the microstructure
and mechanical properties of 1.6-mm-thick boron steel
welded by using gas metal arc welding was investigated.
The microstructure and mechanical properties of welded bo-
ron steel were determined before and after heat treatment. The
heat treatment process was conducted according to manufac-
turer recommendation for optimum outcome. In results, the
microstructure of heat treated specimen was completely trans-
formed to martensite. The soften region that was detected and
caused fracture of tensile test is located. EDX analysis found
that boron element was concentrated at heat-affected zone.
Fractography on heat-treated samples shows an intergranular
fracture at heat-affected zone because of microvoid existence
at grain boundaries. Consequently, this fracture decreased
sample strength and promoted fracture propagation.

Keywords Boron steel (22MnBS5) - Boron steel welding -
Fusion welding - GMAW

1 Introduction

Advanced high strength steel (AHSS) is a promising metal
satisfying the desired requirement in safety, fuel efficiency,
emissions, manufacturability, durability, and quality at a low
cost. This metal could replace high-strength steel (HSS) ma-
terials in automotive industry [1, 2]. Thin components or parts
can be designed, and the same load-bearing capability and
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balanced crash test performance can be maintained using
AHSS instead of HSS [3-7].

Boron steel is an AHSS material commonly utilized in
the automotive industry. Heating to austenitic temperatures
(850950 °C) and rapid cooling through quenching process
transforms boron steel properties from HSS to AHSS. These
properties offer more than 1500 MPa of ultimate tensile
strength (UTS) value after heat treatment with reasonable ma-
terial and processing costs. Tensile strength is enhanced by the
existence of boron alloying element; consequently, the micro-
structure is changed, and hardenability is increased [8—12].
Boron will increase the steel hardenability by retarding the
heterogeneous nucleation of ferrite at the austenite grain sur-
faces during rapid cooling. The reduction in interfacial energy,
as the boron segregates to the grain boundaries and suppresses
the ferrite segregation, resulted in increasing the volume frac-
tion of bainite and martensite as the boron content increases.

Complete austenitization during heating process is a must.
An incomplete austenitization condition during heating leads
to the inhomogeneous carbon distribution and will cause the
lower strength result [13]. Then, the cooling condition is re-
ferring to continuous cooling transformation (CCT) diagram
prepared by Naderi in 2007 as shown in Fig.1 [14]. According
to the diagram, 25 °C/s is the optimum value of cooling rate
to transform the austenite to martensite. Otherwise, the
slower cooling rate will reduce the volume fraction of mar-
tensite and reduce its hardenability. On the other hand, the
high austenitizing temperature during heating process can in-
crease the boron segregation at austenite grain boundaries.
This segregation might trigger the formation of borocarbide,
M,3(C,B)g, which can act as a nucleation site for ferrite [15].
Thus, the excessive amount of boron at austenite grain bound-
aries not only lowers the hardenability, but it also could de-
crease its toughness, cause embrittlement and produce hot
shortness [9, 16]. It commonly happens in fusion welding
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Fig. 1 Continuous cooling transformation (CCT) diagram of 22MnBS5 [14]

process which the peak temperature applied to the welded
zone could increase the chances of borocarbide precipitation
at the heat-affected zone (HAZ).

The application of boron steel in vehicle chassis compo-
nents is related with welding during assembly stages. Welding
process plays a major role in maintains and improves quality,
performance, and productivity [13—15]. Additionally, the heat
experienced on boron steel during fusion welding increases
the challenge and attracts considerable research attention for
its behavior. Few research studies regarding the welding of the
martensitic phase of boron steel were performed by using
several types of welding. In 2009, Bonnen [17] used gas
metal arc welding (GMAW) on AHSS body sheet with a com-
bination of dissimilar materials. He focused on the fatigue
properties of welded joint. Suh [18] also used GMAW with

ER70S-G welding filler in simulating the chassis assembly for
quenched boron steel and FB590. He mentioned that in-
creased heat input at welding area reduces hardness, which
is known as a softening effect. This effect exists at HAZ lo-
cated near the fusion zone (FZ) and results in fatigue crack
propagation. Similarly, Jong [19] also simulated chassis as-
sembly. He used resistance spot welding on heat treated boron
steel and also found the softening effect at the welded area.
According to him, the temperature distribution over Acs (tem-
perature needed for complete transformation of ferrite
to austenite) during welding will reproduce the martensite
microstructure after rapid cooling at ambient air. However,
the area that experienced Ac; (austenite begins to form) tem-
perature shows a martensite microstructure transformed to
a tempered martensite. The softening behavior exists at the

Table 1  Chemical composition of boron steel and ER 70S-6 welding filler

Composition % C Si Mn P S Cr Ni B
Boron steel 0.25 0.32 1.23 0.014 0.003 0.17 0.038 0.003
ER70S-6 0.06-0.15 0.80-1.15 1.40-1.85 0.025 0.035 0.15 0.15 -
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Table 2  Experimental setup

Working parameters Description

Welding process DCEP-Pulse GMAW
Shielding gas 25 L/min-CO,

Arc length 10 mm

Workpiece material Boron steel (22MnB5)
Size of workpiece 100 mm x 75 mm
Filler metal ER70S-6 (1.2 mm diam.)
Current 747 A

Voltage 19.73 V

Weld speed 5 mm/s

Heat input 0.295 kJ/mm

tempered zone. Furthermore, Lin and Ying [20] applied gas
tungsten arc welding on a high-boron Fe-Ti-B alloy. They
obtained good-quality weld with deteriorating properties be-
cause of coarsening weld metal microstructure.

The deterioration properties of welded boron steel after
heat treatment are broadly discussed. Nevertheless, limited
studies about GMAW application on boron steel join before
and after heat treatment, specifically on microstructure and
mechanical properties. Therefore, the present research inves-
tigated the effect of heat treatment on the microstructure and
mechanical properties of boron steel welded through GMAW.
Mechanical properties are determined by using tensile and
hardness tests. The relationship between microstructure and
mechanical properties is also discussed.

2 Experimental procedure

Boron steel (22MnB5) with 1.6 mm thickness was used. The
specimen with 75 mm % 100 mm (width X length) dimension
was prepared for butt joint configuration during welding [21].
A semi-automated GMAW machine (Dr. Well, DM-500EF)
and AWS ER70S-6 carbon steel filler were used in this exper-
iment. The ER70S-6 welding filler was chosen due to higher
percentage of manganese and silicon element which incorpo-
rates the proper deoxidizer and provide better wetting at the
weld toe. The chemical compositions of boron steel and
welding filler are shown in Table 1. The experimental setup

Fig. 2 ASTM E8-09 (subsize)

for welding is shown in Table 2. Three samples of tensile tests
were extracted from each welded specimen according to
ASTM ES8-09 (subsize) standard, as shown in Fig. 2. For
heat-treated sample, heating temperature was decided to be
at 860 °C which in the austenitization temperature region of
steel contains 0.2% of carbon according to iron-carbon phase
diagram. With 5 min of soaking temperature inside a
continuous-feed furnace, it will allow the steel for microstruc-
tural homogenization of austenite. Then, the sample was
quenched using water medium at room temperature. The wa-
ter medium will provide cooling rate higher than critical value
as stated by Naderi [14].

Tensile tests were conducted on samples with and without
heat treatment. Vertical tensile test was set at a crosshead rate
of 1 mm/min, and the UTS value was obtained. For micro-
structure and hardness observations, the cross sections of both
samples were mounted, ground, and etched by using 2% Nital
solution. Hardness test was performed by using HV 0.5 ac-
cording to ASTM E384 standards. Microstructure observation
was conducted using an optical microscope and a scanning
electron microscope (SEM). Electron-dispersive X-ray (EDX)
analysis was performed across the welded area for elemental
analysis.

3 Result and discussion
3.1 Microstructure analysis

The microstructures of specimens with and without heat treat-
ment, as observed using an optical microscope, are shown in
Figs. 3 and 4. SEM results in Figs. 5 and 6 show clear micro-
structure images of the welded boron steel. According to Fig.
3a, the base metal microstructure consisted of ferrite (F) and
pearlite (P). These phases transformed to austenite because of
high heat input during the welding process. After welding,
needle-shaped martensite (M) is observed at HAZ, as shown
in Fig. 3b. It is located near FZ because this area experienced
the peak temperature and high cooling rate during welding.
According to Suh [18], martensite formation easily occurs
because the martensite starting temperature of boron steel is

tensile test sample
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Fig. 3 Microstructure of
specimen without heat treatment
with x 50 magnification at a base
metal, b HAZ, and ¢ FZ consist of
ferrite (F), pearlite (P), martensite
(M), acicular ferrite (AF), and
Widmanstatten ferrite (WF)

low. The temperature and cooling rates during welding are
reduced as they moved away from FZ to the base metal.
This observation is in agreement with that of Li [22], who found
that such condition results in the formation of various phases,

Fig. 4 Microstructure of heat-
treated specimen with x 50
magnification at a base metal, b
HAZ, and ¢ FZ consist of
martensite (M)
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including bainite and ferrite, at the area experiencing heat below
Ac, temperature. Various microstructure types in welded area
also depend on welding heat input and cooling rate gradient.
Acicular ferrite (AF) and Widmanstatten ferrite (WF) existed in
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Fig.5 Microstructure of specimen without heat treatment under SEM with x 1.0 k magnification shows ferrite (F) and pearlite (P) at BM, martensite (M)

at HAZ, and acicular ferrite (AF) at FZ
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Fig. 6 Microstructure of heat-treated specimen under SEM with x 1.0 k magnification shows martensite (M) at BM, HAZ, and FZ

FZ, as shown in Fig. 3c. In addition to rapid cooling with  of different microstructures in the welded area were explained

ambient air at room temperature after welding, the existence by the hardness test results.

of AF might also be due to the non-metallic inclusion added

on weld metal, which promotes ferrite nucleation. Moreover, 3.2 Hardness test

WF nucleation might occur directly from austenite or

allotriomorphic ferrite/austenite grain boundaries [23].
The base metal microstructure of heat-treated specimen  The highest hardness value of the specimen without heat treat-

was completely transformed into martensite, as shown in  ment is located at HAZ with 493 HV, followed by FZ and then

Figs. 4 and 6. Heat treatment changed the overall microstruc-  base metal sequentially as shown in Fig. 7a. The average hard-

ture from austenite to martensite. The mechanical properties  ness value at FZ was 284 HV, which was lower than that at
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The hardness behavior of both specimens is shown in Fig. 7.
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Fig. 7 Macrostructure image and Vickers hardness test for a specimen without heat treatment and b heat-treated specimen
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Fig. 8 EDX result for boron
distribution at a HAZ-FZ
boundaries by b area mapping
and c line scanning of heat-treated
specimen
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HAZ. The dilution of welding filler without boron content and
the parent metal in FZ produced lower hardness compared with
that in HAZ. Base metal hardness remained the lowest and
weakest at an average value of 187 HV, which might cause
fractures in this area. For heat-treated specimen, the highest
hardness value was also located at HAZ with 589 HV, followed
by base metal and then FZ sequentially, as shown in Fig. 7b.
The average hardness values of FZ and base metal were 513
and 391 HYV, respectively. The hardness values of both areas
were increased with the transformation of microstructure into
martensite after heat treatment. However, the hardness values
decreased to below 400 HV at the region between FZ and
HAZ, which might be identified as a softened region.

This finding is supported by Hwang [15], who stated that
heat during welding causes microstructure transformation.

Fig. 9 Tensile strength and top 500
D!

Boron Ka1_2

Theoretically, in heat treatment, solute boron segregates at
austenite grain boundaries and retards the nucleation of pro-
eutectoid ferrite. Nonetheless, the excessive boron atoms at
this area facilitate the formation of borocarbide, M,3(C,B)s,
which acts as a nucleation site for ferrite, thereby producing
the softened region. In addition, the difference in boron con-
tent at FZ and HAZ might promote the difference in hardness
values. Mapping and line scanning on EDX analyses are con-
ducted at HAZ and FZ boundaries, as shown in Fig. 8.
Line scan results show the decrease in boron content in FZ
(Fig. 8c). This result was clarified with the mapping analysis
shown in Fig. 8b. Boron distribution was lesser in FZ than in
HAZ. However, the existence of boron in FZ proved that
boron is transferred from base metal. This phenomenon oc-
curred with the dilution of parent metal and welding filler in
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Fig. 10 Fracture location of heat-
treated specimen at PMZ. a Top
view. b Side view

(@)

molten metal flow during welding and caused the increased
hardness in FZ after heat treatment.

3.3 Tensile test

Tensile test results of specimens with and without heat treat-
ment and base metal specimens are shown in Fig. 9. The
average UTS value is obtained from three samples of each
specimen. The UTS value for the base metal sample is
504 MPa and that without heat treatment is approximately
500 MPa. Heat-treated specimen showed a high UTS value
ranging between 1300 and 1400 MPa. This value is almost
twofold higher than that of base metal. The fracture of the
specimen without heat treatment is located at base metal area,
thereby resulting in a strength value similar to that of base
metal specimen. This result also indicated that strength is
higher in welded area than in base metal. Fracture can be
categorized as ductile because elongation reached 15% of
the actual length and produced a width reduction at the frac-
ture region, as shown in Fig. 9b.

As shown in Fig. 10, the fracture of heat-treated specimen
is occurred at partially melted zone (PMZ) region. This frac-
ture exhibited no width reduction and less elongation com-
pared with that of the specimen without heat treatment.
Fracture propagation might be due to the softened region
discussed in hardness test results. Hence, the fracture in

Fig. 11 Fracture surface of heat-
treated specimen under SEM with
a x 3.0 k magnification and b

x 7.0 k magnification shows
dimple and microvoid
coalescence existence

(b)

L_2mm

L2mm

heat-treated specimen is observed to discuss the cause of frac-
ture behavior at the softened zone.

3.4 Fracture analysis

Fracture on the heat-treated specimen is analyzed. As shown
in Fig. 11, the fracture surface located at the PMZ region,
which presented the lowest hardness value, shows a small
irregular shallow dimple. The dimple indicated the intergran-
ular fracture of grain structure that started from the grain
boundary during fracture. The microvoids were identified as
precipitates along the grain boundaries. The observed dimple
also considerably reduced the bonding between the particles
and the matrix, thereby decreasing fracture energy. This ener-
gy reduction promoted rapid crack propagation along grain
boundaries. A few researchers also studied the precipitation
along austenite grain boundaries.

Devletian [24] and Kapadia [25] studied boron steel welding
and found that borocarbide precipitation at prior austenite grain
boundaries can significantly decrease hardenability and
notched toughness. They also observed that the soluble or
uncombined boron during welding is responsible for
borocarbide, M,5(C,B)¢, formation in HAZ. This formation
depends on welding cooling rate and peak temperature, in
which a high peak temperature during welding in HAZ near
the FZ results in high tendency to form borocarbide upon
cooling. This observation is supported by the latest study of

\
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Suski and Oliveira in 2013 [26]; they stated that a maximum
limit exists in boron segregation-induced formation of
borocarbides. Such limit also applies to borocarbide precipi-
tation along austenite grain boundaries, which tend to promote
ferrite nucleation events and thereby reduce hardness value.
Also, Li et al. [27] reported that boron segregation at prior
austenite grain boundaries during cooling was controlled by
a non-equilibrium mechanism.

The relation in the present study is the fracture location of heat-
treated specimen (PMZ or HAZ region near FZ). PMZ area ex-
perienced high heat input and cooling rate during welding. This
location near FZ tended to attract the solute boronrally in this area.
Non-control of peak temperature and cooling rate during welding
resulted in the tendency of solute boron to precipitate borocarbide
along the austenite grain boundary and promote ferrite nucleation.
This condition also caused low hardness in this area. Furthermore,
fracture topography showing dimples of microvoid likely proves
the existence of borocarbide or another precipitation element and
reduced the bonding between the grain and resulting intergranular
fracture.

4 Conclusion

This study aimed to determine the effect of heat treatment on the
microstructure and mechanical properties of boron steel welded
using GMAW. The following conclusions can be drawn:

i. The specimen without heat treatment consisted of ferrite
and pearlite at base metal, martensite at HAZ, and AF at
FZ. The entire microstructure of heat-treated specimen
was transformed into martensite.

ii. The boron from parent metal was transferred to the FZ via
dilution of weld metal during welding, and its properties
were enhanced after heat treatment.

iii. Intergranular fracture resulted at softened region of PMZ

likely caused by borocarbide precipitation in austenite
grain boundaries which promote ferrite nucleation.
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