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Abstract

Ti—6Al-4V alloy plates with a thickness of 4 mm were joined by electron beam welding (EBW) and laser beam welding
(LBW). The comparison of LBW and EBW was performed according to grain morphology, microstructure, aluminum distri-
bution, and microhardness of the joints. Results indicate that compared with LBW joint, more equiaxed grains are observed
around the central zone of the EBW joint. The microstructure in fusion zone (FZ) of EBW joint presents more uneven with
obviously coarser acicular martensite o’. Moreover, the aluminum element content of EBW joint is substantially lower,
which demonstrates a more significant burning loss behavior in EBW process. The lower aluminum content in the upper
center areas of the joints is attributed to the more significant element burning loss caused by higher temperature, whereas
more uniform aluminum distribution in the upper part of the joints is ascribed to stronger convection form within the upper
part of the joint. In addition, the characteristics of convection and thermal field within the molten pool are recognized as
vital factors influencing the aluminum distribution. The lower microhardness profile in FZ of the EBW joint is principally
attributed to coarser acicular martensite a’ and lower aluminum element in EBW joint.
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1 Introduction

Titanium has attracted extensive attention in national
defense, automobile manufacturing, and biomedical indus-
tries owing to the low density and great mechanical proper-
ties [1-3]. In the group of many titanium alloys, Ti—-6Al-4V,
a type of a+ f titanium alloy, represents one of the most
extensively employed titanium alloys [4].

Thus, great attention has been attracted to the manufac-
turing of titanium alloys. Nonetheless, the welding of tita-
nium alloys is difficult since titanium alloys can react easily
with active gases at high temperatures, which ultimately
reduces the mechanical properties of joints [5]. Therefore,
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numerous methods have been adopted: resistance welding
[6], gas tungsten arc welding (TIG) [7], friction stir weld-
ing [8], laser beam welding (LBW) [9] and electron beam
welding (EBW) [10].

Among these methods, LBW and EBW have been consid-
ered to possess considerable adaptability and excellent abil-
ity in creating deep and narrow joints with minimal defor-
mation for the manufacture of components in various fields
[11, 12], which can be ascribed to extremely high energy
concentration in LBW and EBW. Accordingly, EBW and
LBW of Titanium alloy have attracted many researchers to
conduct in-depth studies.

As for LBW, Akman et al. [13] studied the effect of pulsed
LBW parameters for joining 3 mm thick titanium alloy. Moreo-
ver, the weld geometry was regulated by accurately adjust-
ing the process parameters. Wang et al. [14] performed LBW
of titanium alloy plates. The welded joint showed excellent
mechanical properties when the test temperature reaches
450 °C. Gao et al. [15] compared TIG and LBW for the join-
ing of titanium alloy. The samples welded by LBW possess
higher aspect ratio, narrower weld bead, and smaller residual
distortions. Blackburn et al. [16] investigated the conventional

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12540-020-00683-z&domain=pdf

3450

Metals and Materials International (2021) 27:3449-3461

cyclical behaviors in the keyhole during the LBW of titanium
alloy. Yang et al. [17] predicted heat-affected zone (HAZ)
characteristics by a finite element method in the laser heating
of the Ti—-6A1-4V plate, and a narrower HAZ was found when
the laser scan speed increased.

EBW is considered as an appropriate way to weld titanium
alloys, due to the high energy density and the ultra-high vac-
uum conditions, which avoids the reaction between titanium
alloys and active gases at high temperatures. 17.5 mm thick
Ti—6Al-4V alloy plates were successfully joined with EBW,
and the joint has passed all the experimental testing, as inves-
tigated by Saresh et al. [18]. The influence of beam oscillations
on fatigue lifetime of titanium alloys joints by EBW has been
analyzed, as mentioned by Babu et al. [19]. Wang et al. [20]
studied the microstructure of titanium alloys joints by EBW
under different beam moving modes. Their results indicated
that the linear moving mode promotes the formation of fine
grains through the segregation of metal elements in the molten
pool. Damage-tolerant Ti—-6Al-4V alloy plates were joined
with EBW as reported by Lu et al. [21].

Some researchers conducted comparative studies on EBW
and LBW. Qi et al. [22] compared EBW and LBW of 0.5 mm
thick pure titanium. Their results show that higher quality pure
titanium joints can be obtained by EBW. Moreover, LBW and
EBW Ti-5A1-5V-5Mo-3Cr were conducted by Pasang et al.
[23], the columnar grains were observed in both joints.

Additionally, in the high energy beam welding process, the
low-melting-point alloy elements burning loss contributes to
the degradation of joint performance. Zhan et al. [24] studied
the distribution of Mg elements in EBW of aluminum alloy.
Their results indicate that the uneven distribution of magne-
sium element in the joints was caused by the burning loss
behavior of magnesium element. Zhang et al. [25] explored the
aluminum distribution of titanium alloy joints by LBW. The
experimental results show that the microhardness of the joints
with higher aluminum content presents much harder, which
indicates that the aluminum content offers a great influence
on the joint performance. Therefore, the investigation of alu-
minum distribution is helpful to provide a better understanding
of the degradation of mechanical properties and burning loss
behavior in high energy beam welding of titanium alloy.

In this study, LBW and EBW were utilized to join
Ti—6Al-4V alloy plates with a thickness of 4 mm, respec-
tively. Besides, the comparison of the two welding meth-
ods was conducted according to weld geometry, grain
morphology, microstructure, aluminum distribution, and
microhardness. Furthermore, the distribution character-
istics of the aluminum element in both joints are further

interpreted in the light of the characteristic of convection
and thermal field within the molten pool, whereas the
microhardness characteristics are accounted for according
to the microstructure and aluminum content of both joints.

2 Materials and Methods
2.1 Materials and Apparatus

The parent metal adopted in the experiment is the
Ti—6Al-4V plates with a thickness of 4 mm. The plates are
machined into 100 mm X 50 mm. The welding direction is
perpendicular to the transverse cross-section of the plates.
Table 1 displays the composition of the parent metal alloy.

The diagrammatic sketch of experimental apparatuses
for the two welding methods is illustrated in Fig. la and
b, LBW is performed using a PG YLS-6000 laser, while
the laser optical set up is attached on a KUKA KR30HA
commercial robot. The 99.99% pure argon at 11 L/min
flow rate is employed for the purpose of shielding. In
addition, the ZD150-30A EBW machine is adopted in the
EBW experiment. The apparatuses present excellent per-
formance under the selected process parameters. Diagram-
matic sketch of high energy beam welding is illustrated
in Fig. 2.

2.2 Experimental Procedure and Specimen
Preparation

Table 2 shows the selected welding parameters applied to
the LBW and EBW joints. Before the welding process, the
weldments are cleaned by mechanical grinding in order to
eliminate the inclusion of impurities. After the welding
experiment, the samples (15 mm X 10 mm X4 mm) are cut
along the welding direction with a linear cutting machine.
Then digital photographs were employed to obtain the
macro morphology of the joint cross-section. The metal-
lographic specimens were prepared by mounted, polished
and etched employing Kroll’s reagent. Micro-Vickers’
hardness profiles of the joints were attained with a micro-
hardness tester (HXS-1000A) under a test load of 500 N
for 10s.

Table 1 Composition of

. o Element Al (0]
Ti—6Al-4YV alloy (mass fraction,

Fe v C N H Ti

wt%) Ti—6Al-4V

5.5-6.8 0.2

<03 <3545 <0.1 < 0.05 < 0.01 Bal.
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Fig. 1 Diagrammatic sketch and
experimental apparatus of LBW
and EBW. a LBW, b EBW
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3 Results and Discussions
3.1 Morphology of the Joints

The macroscopic view of the joints by LBW and EBW is
displayed in Fig. 3. It is clearly noticed that the full penetra-
tion joints were attained by LBW and EBW processes under
the selected parameters. As displayed in Fig. 3, there are
three different zones: consists of parent metal (PM), fusion
zone (FZ) and HAZ. Both weld beads were fully penetrated.
Furthermore, the upper surfaces of the two weld beads are
recessed owing to the impact of the high energy beam and
the recoil pressure induced by metal vaporization.

For the purpose of exploring the influence of two
welding methods on the morphology of the joints, sev-
eral variables were introduced to describe the geometric
characteristics of welds: bottom bead width (BBW), top

bead width (TBW) and concavity depth (CD). The results
are exhibited in Fig. 4c. Meanwhile, it is clearly observed
from Fig. 4a and b that the HAZ and FZ of the two joints
are quantitatively measured at intervals of 0.5 mm along
the vertical direction.

It is clearly found that the FZ width and HAZ width for
EBW joint present obviously narrower compared to those
in LBW joint, while the width range of HAZ and FZ in the
EBW joint is also narrower. The analysis considers that the
difference in energy density and heat transfer mechanism
might be responsible for this. The higher energy density for
EBW leads to a denser isotherm distribution in the EBW
process, which ultimately contributes to a narrower HAZ
and FZ. It is clearly found in Fig. 4a that the narrowest
widths of weld bead are observed in the middle portion of
the two joints. LBW and EBW joints share similar macro-
morphology characteristics with the results in Refs. [21, 26].
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Fig.2 Schematic diagram of
high energy beam welding: a
3D view; b side view; ¢ top
view
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Table 2 Parameters of the welding experiment 3.2 Microstructure of the Joints
Welding method Parameters Value . . .
Figure 5 delineates the grain morphology of LBW and EBW
LBW Laser power 4000 W joints. As displayed in Fig. 5¢, h, i, columnar grains epitaxi-
Defocus — 0.8 mm ally grow towards the central zone from the weld fusion line
Welding speed 5.8 m/min in both two joints. Moreover, in the center of the two joints,
Flow rate 13 L/min equiaxed grains are observed in Fig. 5c, f, h. These results
EBW Acceleration voltage 38kV are similar to the observation results in Refs. [21, 27].
Electron beam current 18 mA In addition, it is easily noticed that the grain morphology
Welding speed 1.6 m/min at the center of LBW and EBW joints is highly different. As
Vacuum degree 6.5x10™* mbar  displayed in Fig. 5d and g, the columnar grains in the upper

Fig. 3 Macro morphology of the joint cross-section. a LBW, b EBW
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Fig.4 Measured geometrical characteristics of the welds. a Width of the weld beads, b width of HAZ, ¢ bottom bead width, top bead width and

concavity depth; d measurement methods of the weld bead

part of the LBW joint present coarser compared to that of
the EBW joint. Furthermore, it is observed in Fig. 5e and
h that the main grain morphology in the lower central part
of the LBW joint is equiaxed grain, whereas the principal
grain morphology in the lower central part of the EBW join
is columnar grain, as presented in Fig. 5f and i.

Hence, the epitaxial growth around the fusion line for
columnar grain and the heterogeneous nucleation in the
molten pool center for equiaxed grain are two major solidi-
fication ways. The grain morphological formation process
is dominated by the competition between heterogeneous
nucleation and epitaxial growth [28].

The grain morphology is substantially dominated by the
constitutional supercooling within the molten pool. The
boundary condition of constitutional supercooling is shown
as follows [29].

(

mC

D

1=k,
kO

G

R=

ey

where G refers to the thermal gradient in the molten pool,
R represents solidification velocity, C, is solute concentra-
tion, m means the liquid gradient of the equilibrium phase
diagram, D refers to the coefficient of solute diffusion in
the molten pool and k, represents solute distribution coef-
ficient. Additionally, Cy, G, and R are supposed to be the
critical factors dominating the growth of grain [30]. The
grain growth of LBW and EBW is illustrated schematically
in Fig. 6. Effects of C,, R and G on grain growth in the
welding process are displayed in Fig. 6e. At the fusion line
of the joint, the degree of the supercooling within the liquid
phase presents lower as a result of the lower R and higher G
at the boundary of the molten pool. As such, it is found in
Fig. 6e that the epitaxial growth is the principal grain growth
mechanism and the formation of columnar grains occurred
at the fusion line of the joint [28]. In the central zone of
the joint, higher R and lower G lead to higher supercool-
ing within the molten pool. Therefore, the principal grain
formation mechanism within the central zone of the joint
represents heterogeneous nucleation, eventually contributing
to the growth of equiaxed grains.
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Fig.5 Grain morphology of EBW and LBW joints: a macroscopic view of LBW joint, b macroscopic view of EBW joint, c—f metallography

marked in a, g-i metallography marked in b

Nevertheless, compared with the LBW joint, there are
much fewer equiaxed grains around the central area of EBW
joint. It is clearly found in Fig. 6a, b that the solute concen-
tration C around the central area of EBW joint shows lower,
owing to more significant evaporation of metal elements in
EBW joint, which will be interpreted in the following sec-
tion. Meanwhile, the energy density of the electron beam
is generally considered to be higher than that of laser beam
[31]. Consequently, it can be informed that the EBW iso-
therms present denser and the thermal gradient G shows
higher. As such, lower C,, and higher G in the molten pool
results in lower supercooling, which inhibits the equiaxed
grains from forming in the central zone of the EBW joint.
Overall, the significant dissimilarity in grain morphology
between EBW and LBW joints is ascribed to the different
degrees of element burning loss and different thermal gra-
dients within the molten pool.

The FZ and PM of the weld joint are observed with EDS
and SEM. The microstructures of LBW and EBW joints are
presented in Figs. 7 and 8 respectively. It is found in Fig. 7b
that primary a+ 3 phases are the main microstructure in
PM of the joint. Figure 7d displays the composition of the

@ Springer

parent metal measured by EDS. Meanwhile, It can be also
found from Figs. 7(c) and 8b—e that the microstructure in
FZ for both LBW and EBW joints is substantially made up
of acicular martensite o structure. The results are consistent
with previous researches by Kashaev et al. [27] and Wang
et al. [20].

Additionally, it is observed from Figs. 7c and 8e that
compared with LBW joint, the microstructure of EBW
joint shows more uneven, whereas the acicular martensite
of EBW joint is comparatively coarser. Moreover, it is eas-
ily noticed from Figs. 7d and 8f that the aluminum content
in FZ of EBW joints is moderately lower than that of PM,
which implies that the burning loss of aluminum occurs in
high energy beam welding process.

It is well known that the thermal cycle is highly vital
in the microstructure formation of welded joints. As high
power density beam welding methods, both EBW and
LBW processes offer features of steep peak temperature,
tremendously rapid heating and cooling velocity. In EBW
and LBW processes of titanium alloy, the peak tempera-
ture is supposed to be greater than the melting point of the
PM, while it is greater than p transus temperature as well.
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Thus, when parent metal is entirely melted, the primary o
phase can be utterly transformed into  phase. However,
as a result of the rapid cooling rates, the cooling time is
too short to transform  phase into stable a phase since the
transformation is primarily accomplished by atomic dif-
fusion. Accordingly, the acicular martensite is ultimately
produced within the molten pool when the shear transfor-
mation occurred on § phase [32]. The difference in micro-
structure between PM and FZ is mainly attributed to the
different cooling rates [33]. More concentrated heat input
in EBW process is recognized as a vital factor resulting in
coarser acicular martensite of the EBW joint. In addition,
the cooling rate of LBW process is generally considered
to be higher than that of EBW process [34], which makes
the martensite do not have enough time to coarsen in LBW
process of Ti-6Al-4V alloy, thereby leading to finer acicu-
lar martensite in FZ of LBW joint.

\

3.3 Comparative Analysis of Aluminum Element
Distribution

For the purpose of further exploring the influence of EBW
and LBW on the element distribution of the welded joint,
microzone composition detection is carried out along the
vertical and horizontal directions of the weld beads. Dur-
ing EBW and LBW of Ti—-6A1-4V, the operating tempera-
tures can easily reach over 3000 °C [35, 36], which is well
above the relatively low boiling point of aluminum (2467 °C
[37]). Therefore, it can be speculated that there is a certain
degree of aluminum burning loss in form of vapor during the
high energy beam welding of Ti—-6A1-4V alloy [25, 38]. In
addition, little titanium and vanadium vapors could escape
from the melted metal since the boiling points of titanium
and vanadium are 3535 °C and 3380 °C respectively. The
content of other elements in Ti-6Al-4V is much less than

@ Springer



3456

Metals and Materials International (2021) 27:3449-3461

Acicular martensite o

B

S

genesis\genmaps.spc 18-Jan-2019 17:16:16
LSecs: 23

(@)

SO Element Wt%

0.7

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00

Fig.7 Microstructure of LBW joint: a macroscopic view; b microstructure of PM in LBW joint; ¢ microstructure of FZ in LBW joint; d element

composition of PM marked in b

three principal elements (Ti, Al, and V). Hence, this paper
mainly focuses on the difference in the aluminum burning
loss behavior for LBW and EBW joints. Detection of micro-
zone composition alone the vertical direction is implemented
at intervals of 0.4 mm, while the distance between the high-
est detected microzone and the upper surface is 1 mm as
depicted in Fig. 9.

Figure 9 displays the distribution of aluminum along the
centerline of EBW and LBW joints. It is clearly noticed from
Fig. 9 that the aluminum content in the FZ is substantially
lower than that of the PM, which implies that burning loss
of aluminum occurs in both EBW and LBW processes of
Ti—6Al-4V alloy. For the EBW process, it is observed that
the aluminum content increases as away from the upper sur-
face of the joint. This implies that the burning loss of alu-
minum shows more significant around the upper portion of
the joint, which is consistent with the burning loss behavior
of magnesium of AA6061 EBW joint, as mentioned by Zhan
et al. [24]. However, the content of aluminum in the LBW
joint shows a significant fluctuation, where the content of
aluminum in the middle part of the joint is lower than that of
upper and lower ends. The fluctuation of aluminum content
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along the weld centerline of the LBW joint is ascribed to
the characteristic of thermal field and convection inside the
molten pool.

Furthermore, it is informed from Fig. 9 that the aluminum
content in the EBW joint represents basically lower than that
in LBW joint except near the lower weld surface, which sug-
gests that the degree of the aluminum burning loss in EBW
joint shows far more remarkable than that in LBW joint.
More conspicuous element burning loss behavior in EBW
joints can be ascribed to higher peak temperature and denser
isotherms caused by higher energy density electron beam.
Moreover, the acicular martensite in the LBW joint with
higher aluminum content present finer, which is in agree-
ment with the results in Ref. [25].

Figure 10 represents the mass fraction of aluminum per-
pendicular to the centerline of EBW and LBW joints. Com-
position detection is carried out at distances of 1 mm as well
as 1.8 mm from the upper surface of the joint, respectively.
Overall, it is clearly observed that compared with LBW
joint, the mass fraction of aluminum in EBW joint presents
substantially lower, which verifies the previous conclusion
that the burning loss of aluminum in the EBW joint is more
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conspicuous. Meanwhile, the aluminum content increases
as away from the vertical weld centerline, which can be
elucidated with the following statement: the low-melting-
point alloy element evaporates from the keyhole during high
energy beam welding process, thereby resulting in a lower
content of this element along the weld centerline. As exhib-
ited in Fig. 10, the aluminum content along the transverse
direction of the upper weld is more uniformly distributed
than that of the middle weld. Besides, the distribution of

aluminum in the upper part of the LBW joint is more uni-
form in comparison with that of EBW joint, which can be
interrupted by the characteristic convection.

The aluminum distribution can be interpreted by the
schematic representation in Fig. 11. The uneven spatial dis-
tribution of alloy elements in high energy beam welding is
supposed to be associated with the thermal field and con-
vection characteristic [39]. As illustrated in Fig. 11a and b,
the formation of the dense isotherms in Gauss Distribution
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occurred inside the molten pool with the high energy beam.
The temperature in the joint is defined as follows:
Pi
T.= ,
= 7R, @

where P, refers to the input power of the high energy beam,
R, is the radius of the heating area, and A is related to the
inherent properties of PM [24]. Thus, compared with the
LBW process, the isotherm of EBW shows much denser
with higher power density, resulting in a more conspicuous
burning loss behavior.
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During the LBW and EBW processes, intense convec-
tions, which contribute to the non-uniform spatial distribu-
tion of aluminum, are produced in the molten pool under
the high energy beam impact forces and the thermal effect.
Two principal convection behavior forms inside the molten
pool present the Marangoni effect and the heat buoyance
[40, 41]. The heat buoyance described below is formed by
the density difference in various positions of the molten
pool as a result of the thermal gradient.

Sy =—pgB(T-T,), 3)

where T, represents the melting point, # donates the thermal
expansion coefficient, p represents the liquid density and g
refers to the gravitational acceleration and [39, 42]. Besides,
the relationship between § and temperature is given below:

d
p=-122 @

poT’

Under the action of the high energy beam, the molten
metal around the keyhole has high temperature and low
density. Besides, the melted metal around the fusion line
possesses lower temperature and higher density owing to
the decreased thermal effect. Therefore, as presented in
Fig. 11c and d, the melted metal propelled by the heat
buoyancy flows to the boundary and the upper surface
from the keyhole of the molten pool.

Moreover, the Marangoni shear stress, which represents
thermocapillary convection, is most pronounced around
the joint surface. The Marangoni convection is represented
below:

Mass fraction of aluminum (%)

4.8

T T T T T T T T T T
-1.0 -0.8 -0.6 -04 -02 00 02 04 06 08 1.0

Distance from the weld center line (mm)

Fig. 10 Aluminum contents perpendicular to the centerline of the weld cross-section: a aluminum contents at distances of 1 mm from the upper
surface of the joint; b aluminum contenst at distances of 1.8 mm from the upper surface of the joint
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Fig. 11 Illustration of the (a)
isotherm and molten convec-
tion during EBW and LBW
processes. a Isotherm in LBW
joint; b isotherm in EBW joint;
¢ diagram of the convection
inside the LBW molten pool;

Laser beam

Heating zone

(b) *

Power density
curve

Electron beam
Power density

Heating zone
curve

d diagram of the convection :.
inside the EBW molten pool \

T
|
[l
[}
\
\

\
\
\

5 v \

(©)

Less evaporation of
metal atom

Marangoni
effect

Heat
buoyance

Marangoni effect

ou _ Oy oT

"oz = 9T ox )
ov _ oy ot ]
oz = o1 oy’ ©)

where u and v represent the flow velocities in two vertical
directions respectively, while y refers to the surface tension
[41, 43]. Compared with the central zone within the molten
pool, the upper, lower and boundary in the molten pool have
lower temperatures with higher surface tension. Thus, circu-
lation is formed in the lower and upper portions of the joint
with the action of surface tension and gravity. Marangoni
convection near the upper surface presents much stronger
compared to that near the lower surface owing to the higher-
thermal gradient. Therefore, as illustrated in Fig. 11c and d,
the convection characteristic within the molten pool embod-
ies in two parts: Marangoni convection near the surface and
the remainder convection driven by the heat buoyance [24].
Besides, the convection intensity presents stronger around
the surface of the joint caused by the higher thermal gradi-
ent, thereby leading to a wider molten pool width.

Hence, the characteristics of isotherm and convection are
recognized as principal factors that dominate the non-uni-
form aluminum distribution in LBW and EBW joints. The
burning loss of aluminum element under high-temperature
results in uneven aluminum element distribution within the

<«——— Laser beam

/ Recoil pressure

(@)

More evaporation
of metal atom ~_ °| ¢

Marangoni
effect

Convection

Heat intensity

buoyance

Marangoni effect

joint. The burning loss of elements in the higher tempera-
ture region shows more obvious, resulting in less aluminum
content in this region. Therefore, the aluminum element con-
tent within the central and upper areas of the joint is lower
as a result of higher temperature in these areas. Moreover,
the more conspicuous aluminum burning loss behavior of
EBW joint is ascribed to the higher temperature and denser
isotherm in EBW process, as delineated in Fig. 11a and b.
On the contrary, convection promotes the element distribu-
tion more uniform in the joint [44]. In comparison with the
convection around the middle of the joint, Marangoni con-
vection within the upper part of the joint presents stronger,
contributing to a more uniform aluminum distribution in the
upper part the joint.

3.4 Microhardness

Microhardness profiles in both joints are shown in Fig. 12.
It indicates that the microhardness fluctuates appreciably as
away from the weld centerline. Moreover, it is suggested that
the microhardness in HAZ and FZ is harder than that in PM
for both EBW and LBW joints, whereas the highest micro-
hardness is in the HAZ. Deng et al. [32] and Kashaev et al.
[27] both proposed that the microhardness values in HAZ
and FZ in the high energy beam welded joints are higher
than that in PM. As exhibited in Fig. 7, the microstructures
in the FZ of the joints present martensite ', while primary
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Fig. 12 Comparison of microhardness of LBW and EBW joints

o and primary f present the main microstructures of the par-
ent metal. Furthermore, the transformed acicular martensite
a+a' phases are the principal microstructure in HAZ [32].

The microhardness of the existing phases in present tita-
nium alloy is generally considered to be in this sequence:
martensite o' > o phase > f§ phase [45]. Therefore, it can be
speculated that the microhardness in HAZ and FZ are harder
than that in PM. The microhardness in HAZ presents mar-
ginally harder than that in FZ, mainly attributing to the dense
martensite [18, 46]. It is evident that the microhardness val-
ues in HAZ and FZ of EBW joint present lower compared
to that of LBW joint, which can be ascribed to coarser mar-
tensite o’ phase in the EBW joint. Lu et al. [21] reported that
higher microhardness is attained by finer martensite in the
EBW joint. Zhan et al. [24] investigated that the microhard-
ness of EBW joint is also deeply influenced by the burning
loss behavior. Consequently, the lower microhardness values
in FZ and HAZ of EBW joint may also be ascribed to the
lower mass fraction of aluminum in EBW joint. Overall, the
microhardness profiles in FZ and HAZ of the EBW joint
are supposed to be lower than that of LBW joint, mainly
attributing to coarser acicular martensite o’ and lower mass
fraction of aluminum in EBW joint.

4 Conclusion

(1) The P columnar grains epitaxially grow towards the
weld centerline in both joints. The major grain mor-
phology of LBW along the weld center line is equiaxed
grain, while the principal grain morphology of EBW
along the weld centerline present columnar grain.

(2) The microstructure in the EBW joint presents more
uneven with the comparison of LBW joint. The acicu-
lar martensite in FZ of EBW joint presents obviously

@ Springer

(4) The aluminum of the upper weld is more uniformly
distributed than that of the middle weld, which can be
attributed to stronger Marangoni convection within the
upper part of the joint in comparison with the convec-
tion within the middle part of the joint driven by the
heat buoyancy.

(5) The microhardness of HAZ is marginally harder than
those of FZ for two joints. The microhardness profile in
FZ and HAZ of the EBW joint presents lower compared
to that of LBW joint, mainly attributing to coarser acic-
ular martensite o’ and lower aluminum content in EBW
joint.
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