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Abstract: The microstructural evolution and mechanical properties of a vacuum electron beam welded aerospace SB70
aluminum alloy joint were studied. Quantitative analyses of the phase composition, microstructural evolution, grain size,
grain boundary density, and texture changes were performed by X-ray diffraction, scanning electron microscopy, and
electron backscatter diffraction. The fusion zone (FZ) comprises equiaxed cellular crystals, and a fine ~20 pm-thick
crystal layer forms in the transition zone (TZ) between the FZ and heat affected zone (HAZ). The HAZ closely resembles
the base material (BM), retaining the original rolling microstructure. Mechanical property testing shows that the fine-
grained layer in the TZ exhibits the highest nanohardness, with the FZ corresponding to the lowest microhardness. The
welded-joint sample has lower yield strength, ultimate tensile strength, and elongation after fracture than the BM. These
reductions of mechanical properties are primarily influenced by the grain size and distribution of the precipitated phases.
Keywords: 5B70 aluminum alloy; vacuum electron beam welding; crystal structure; nanohardness; tensile properties

1 Introduction

Aluminum alloys are widely employed in the
aerospace industry owing to their high specific
strength, excellent formability, low density, and good
weldability [1-3]. Research into their application in
various structures is a prominent and active area
[4—6]. In manufacturing aluminum alloy structural
components, the joining process is critical for
achieving optimal mechanical properties. Typically,
conventional arc-welding techniques, such as melt
inert-gas (MIG) welding and tungsten inert-gas (TIG)

welding, are employed for this purpose [7,8].
However, arc-welded aluminum alloy joints often
suffer from poor formability owing to their low
energy density, unstable arc plasma, and extensive
heat-affected zones (HAZs) as well as the formation
of some defects such as pores [9—11]. Several
advanced welding techniques, such as laser beam
welding, electron beam welding (EBW), laser—MIG
hybrid welding, and friction stir welding, have been
developed to achieve high-quality welds. These
methods, particularly solid-state friction stir welding,
help reduce welding defects and enhance the
mechanical properties of welded joints [12—17].
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EBW is a modern high energy welding
technique [18]. In EBW, the electron beam generated
by the involved electron gun enters the work
chamber, with electrons moving at a speed up to
200 km/s. This high-energy, concentrated electron
beam, which can reach up to 10-12 W/mm?
bombards and melts the involved sample in a
vacuum. Energy transfer occurs through heat
conduction on the workpiece surface. This method
generally does not require a filler material [19]. By
modifying the operating mode of the electron beam
and electron gun whether using an oscillating or a
stationary beam the amount of heat applied to the
connecting components can be finely tuned across a
broad range [20,21]. In EBW, the small spot size,
large depth-to-width ratio, and concentrated welding
heat input result in a small TZ and HAZ as well as
low residual stress in the joint. In addition, the
vacuum conditions used in EBW prevent the
formation of oxides in the weld [22,23].

EBW is a promising welding technology owing
to its benefits such as low heat input, high energy
density, and precise control over the welding
process [24]. These characteristics help alleviate
many problems associated with traditional fusion-
welding methods, such as hot cracking and alloy
element loss [25,26]. FUJII et al [27] described pore
formation during EBW of 2219 aluminum alloy and
reported that EBW produced few pores than TIG
welding. RAO et al [28] studied the EBW of 2219-
T87 alloy and compared it with the results
corresponding to TIG welding. The EBW joints had
42% higher strength than TIG-welded joints. This
enhancement is attributed to the uniform distribution
of Cu in the matrix, whereas TIG-welded joints show
Cu segregation at the grain boundaries. HAYAT [29]
used EBW on 7075-T6 alloy with currents of 20 and
25 mA. When the current of 25 mA was applied, the
TZ exhibited high hardness and tensile strength. This
is attributed to the formation of brittle intermetallic
compounds in the TZ of the welded part.

The properties of welded joints are primarily
influenced by the solidification structure resulting
from the complex heat transfer during the molten
pool’s solidification. Understanding the micro-
structural evolution mechanism is crucial to achieve
excellent mechanical properties for welded joints.
The 5B70 aluminum alloy, an advanced aerospace
material, requires welding for connecting large
structural components. However, research on the

microstructure and properties of vacuum electron
beam welded 5B70 aluminum alloy joints has not
been reported. To fill this gap, the micromorphology
and microstructure of 5B70 aluminum alloy joints
produced by vacuum EBW were examined herein
using various characterization techniques. The study
focused on the microstructure, phase composition,
grain size, and grain boundary characteristics of the
welded joint. In addition, the effects of these
microstructural  features on the mechanical
properties of the weld, such as microhardness,
nanoscale properties, and tensile strength, were
investigated. Overall, this research offers valuable
insights and guidance for the application of vacuum
EBW to produce 5SB70 aluminum alloy joints.

2 Experimental

2.1 Materials and welding procedure

Figure 1 presents the sheet specification and
welding process diagram for 5SB70 aluminum alloy,
along with the tensile sample and samples to be
characterized. The chemical composition of the
5B70 aluminum alloy was analyzed using an
inductively coupled plasma spectrometer, as listed in
Table 1.

400 mm
Tensile

Electron beam

50 mm

e
Welded joint
/

5B70 aluminum alloy

(b)

Vg

Fig. 1 Schematic of welding setup (a), and micro-
morphology of welded joint (b)

Table 1 Chemical composition of aluminum alloy (wt.%)
Mg Sc Zr Mn Fe Si Ti Zn Cu Al
5.85 0.21 0.10 0.32 0.10 0.04 0.03 0.01 0.005 Bal.

Welding was performed using EBW equipment
(Model GENOVA 98, France Megmeet). Before
welding, the surfaces were sanded with SiC
sandpaper and cleaned with acetone to remove
potential sources of weld metal porosity. To
minimize the risk of welding cracks, the aluminum
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alloy plates were preheated before welding. Butt
welding was performed under vacuum conditions of
66.5 Pa, with an acceleration voltage, a welding
current, and a focusing current of 60 kV, 210 mA,
and 1.955 A, respectively. The welding speed was
set as 300 mm/min, and the distance between the
electron beam gun and aluminum alloy surface was
360 mm. The beam axis of the EBW device was
vertically oriented, and welding was performed in a
flat position. Figure 1(b) shows a photograph of the
front side of the EBW joint. The surface of the
welded joint is rough, exhibiting a fish-scale
appearance, but is well formed with no visible
porosities or cracks.

2.2 Experimental procedure

For microstructure characterization, samples
were sequentially ground with SiC sandpaper,
polished using a 0.5 pm diamond suspension, and
then etched with Keller’s reagent, which comprises
5mL HNO;, 10mL HF, and 85 mL H;O. The
microstructure of the welded joint was examined
using a metallographic microscope. In addition,
scanning electron microscopy (SEM) equipped with
energy dispersive X-ray spectrometry (EDS) was
used to observe the microstructure of sample and
analyze the chemical composition at various
locations. An electron microscope equipped with an
electron backscatter diffraction (EBSD) probe was
employed to analyze the microstructural evolution of
the sample, with a scanning step size of 0.4 um. The
AztecCrystal software extracted the following data
from EBSD analysis: average grain size, high- and
low-angle grain boundaries (HAGB and LAGBs,
respectively), local-orientation difference map
(kernel average misorientation (KAM) map), grain
boundary distribution map, and microtexture in the
form of a pole figure (PF).

Microhardness was measured using a micro-
hardness tester, with Vickers hardness (HVo.1)
recorded under a 100 g load and 15 s loading time.
Testing was performed from the center of the weld
joint outward to the HAZ and BM, with
measurements taken every 200 pm. To ensure data
reliability, three longitudinal points were tested with
200 um intervals, and the results were averaged.
Nanoscale properties
nanoindentation  testing
temperature. A Berkovich

were assessed using a
machine  at
triangular

room
pyramid

diamond indenter was used for nanoindentation, with
a maximum load of 14 mN and loading time of 10 s.
The elastic modulus (£), nanohardness (H), and
plasticity factor (1) were derived from the load—
displacement curves of the welded joint, such as the
Fz,TZ, HAZ, and BM.

Static tensile tests were performed using an
MTS809 servo-hydraulic testing machine at room
temperature, with a constant displacement rate of
1 mm/min. The tensile test samples were prepared
according to the dimensions presented in Fig. 2.
Three sets of samples were tested to ensure data
reliability. The average values of yield strength (Y'S),
ultimate tensile strength (UTS), and elongation
after fracture were determined, and the fracture
morphology was examined using SEM.

Fig. 2 Dimensions of tensile specimen (unit: mm)
3 Results and discussion

3.1 Metallographic morphology

Figure 3 shows the metallographic morphology
of the 5B70 aluminum alloy joint welded using
vacuum EBW, viewed in the cross-sectional
direction (4—B plane in Fig. 3). There are no defects,
such as pores or cracks. The welded joint comprises
four zones: the weld FZ, TZ, HAZ, and BM. There
is a strong metallurgical bond between the FZ and
BM. The phase composition and microstructural
evolution in each region of the weld joint were
further analyzed by XRD, SEM, and EBSD.

Fig. 3 Metallographic morphology of welded joint
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3.2 Phase composition microscopic defects in the FZ, TZ, and HAZ
Figure 4 shows the phase composition of  (Figs. 5(a—c)).

different regions in the 5B70 aluminum alloy joint

welded using vacuum EBW. XRD patterns show that = a(Al)

the FZ, HAZ, and BM regions predominantly :ﬁiigls:i%drl)])

comprise the a(Al), Als(Fe,Mn), and Als(Sc,Zr)

phases. Notably, the diffraction peak at 81.68° is FZ

absent in the FZ diffraction pattern, which may be

attributed to a reduction owing to phase dissolution

during vacuum EBW [30].
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3.3 SEM morphology I
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To further examine the microstructure of the NN
5B70 aluminum alloy joint welded using vacuum 20 70 80 90
EBW, SEM characterization was performed in the 207 )
cross-sectional direction (Fig. 5). There are no Fig. 4 XRD patterns of welded joint

Al -
-

Fig. 5 SEM images and EDS mapping of welded joint: (a) FZ; (b) TZ; (c) HAZ; (d) BM
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The weld zone displays a typical cold structure.
During EBW, the aluminum alloy experiences rapid
heating, melting, and solidification in accordance
with solidification theory and crystallographic
principles [31]. Grain size and morphology are
influenced by the ratio of the temperature gradient
(G) to the solidification rate (R) during solidification.
With increasing G/R ratio, the supercooling degree
of the weld center also increases, promoting
nucleation. This leads to simultaneous grain
nucleation. In addition, in the FZ, heat dissipation
becomes less directional, allowing nucleation to
grow without preferred directionality, resulting in
nearly uniform growth rates in all directions.
Consequently, the microstructure of the FZ is
characterized by equiaxed cellular crystals (Fig. 5(a))
with no distinct orientation trend. This observation
aligns with the findings of HOSSEINI et al [32].
Figure 5(b) shows the TZ microstructure. The fusion
between the FZ and BM is effective, resulting in a
smooth and continuous interface that indicates a
strong metallurgical bond. The HAZ and BM retain
their original rolling structure characteristics. EDS
mapping shows that the FZ has low content and
small size of precipitated phases, primarily
comprising Al3(Sc,Zr). In contrast, the precipitated
phases in the HAZ and BM predominantly include
Alg(Fe,Mn) and Als(Sc,Zr).

3.4 Crystal structure evolution

EBSD  microstructure  analysis
considerable variations in heat input across different
regions of vacuum electron beam welded joints,
leading to difference and inhomogeneity in the
microstructure of each area.

The inverse PF (IPF) for the FZ (Fig. 6(a))
aligns with the SEM microstructure (Fig. 5(a)), both
showing equiaxed cell crystals with an average grain
size of 8.66 um. In the BM, grains are deformed
along the RD direction with a preferred orientation

shows

in the (111) direction; this preferentiality is entirely
lost in the FZ owing to the effects of welding thermal
cycling. Figure 6(c) shows the microstructure of the
TZ. A fine crystal layer approximately 20 pym in
width forms in the TZ between the FZ and HAZ. This
formation is primarily attributed to the accumulation
of alloying elements such as Mg, Fe, Mn, Sc, and Zr
near the fusion line (Fig. 5(b)) driven by thermal

buoyancy and Marangoni convection. During

solidification, the concentration of solute elements in
the liquid metal increases owing to the enrichment of
alloying elements at the solid—liquid interface,
leading to greater subcooling. The rapid
solidification rate near the fusion line of the BM
creates dynamic conditions conducive to the
development of a zone of equiaxed, fine crystals. The
TZ is connected to the HAZ, where G is high. This
causes the TZ to rapidly solidify from the edges
toward the center, with the nucleation rate of the
grains exceeding the growth rate, leading to the
formation of fine grains. The lattice mismatch
between the Als(Sc,Zr) phase (lattice constant:
0.409 nm) and the Al matrix (lattice constant:
0.405 nm) is less than 5%, and the high thermal
stability of the Al3(Sc,Zr) phase satisfies the
structural and dimensional requirements for
heterogeneous nucleation cores [33—35]. The
average grain size in the equiaxed fine crystal zone
is 4.08 um. Figures 6(e) and (g) show the
morphology of the HAZ and BM, respectively.

There is no notable difference between the HAZ
and BM, with the HAZ retaining some of the rolling
structure. However, owing to the heat input during
welding, some grains in the HAZ grow. The average
grain sizes in the HAZ and BM are 7.21 and 4.53 pm,
respectively.

Figure 7 shows the distribution of KAM and
grain orientation spreading (GOS) across different
regions of the welded joint. As shown in Figs. 7(a, b),
(d, e), (g, h), and (j, k), the KAM value gradually
increases from the FZ to the HAZ and then to the BM,
with the BM exhibiting the highest KAM value of
0.74°. This variation in local orientation reflects
differences in grain deformation and dislocation
density distribution. Both the HAZ and BM exhibit
higher deformation degrees and greater dislocation
densities than the FZ. The microstructure of the FZ
primarily comprises equiaxed cell crystals with
minimal residual deformation, resulting in a low
KAM value. In contrast, the welding heat input
reduces the deformation of the BM; however, the
BM, unaffected by welding, retains its original 5B70
aluminum alloy rolling microstructure and shows the
highest deformation degree, leading to the highest
KAM value.

In the FZ, LAGBs (<10°) and HAGBs (>10°)
are present in proportions of 3.5% and 96.5%,
respectively, indicating a dominance of HAGBs. In
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Fig. 6 IPF morphology and grain size of welded joint: (a, b) FZ; (c, d) TZ; (e, f) HAZ; (g, h) BM

contrast, the grain orientation angles of the BM and
HAZ are similar, with both regions having
approximately equal proportions of HAGBs and
LAGBs. This similarity is attributed to the retention
of the rolled microstructure in both the BM and HAZ,
leading to partial grain recrystallization and sub-
grain formation, which typically results in a GOS

less than 2° for the sub-grains [36]. Thus, the
proportion of LAGBs is considerably higher in the
BM and HAZ than that in the FZ. Furthermore, FEI
et al [37] and WAN et al [38] reported that HAGBs
are effective in inhibiting crack growth and the
abundance of HAGBs in the FZ enhances its
mechanical properties.
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3.5 Texture evolution

The EBSD results provide insights into the
changes in texture structure across different regions.
Figure 8 shows the polar figures for various areas of
the welded joint. The maximum polar densities are
5.33 and 5.43 for the HAZ and BM, respectively,
indicating a strong preferred orientation. After EBW,
the maximum polar density in the FZ region
decreases to 2.20 and the distinct texture observed in
the BM is no longer present. This indicates that the
grain orientation in the FZ becomes random, with no
preferred texture.

Similar findings have been reported in other
studies on EBW of aluminum alloys. CHEN et al [39]
studied the texture initially comprising a mixture
of brass {110}(112) and cubic {001}{110), which

provides high strength in the BM. However, in the
FZ, there was no preferred orientation owing to free
grain growth. In addition, polar densities decreased
after welding, and similar results have been reported
for other welding materials. WU et al [40] studied
commercially pure titanium and observed that the
BM exhibited a strong rolling texture, which
decreased in the FZ. The presence of columnar
grains in the FZ likely introduced a solidification
texture, leading to a change in the overall texture.

3.6 Microhardness

Figure 9 presents the microhardness test results
for the vacuum electron beam welded joint of 5B70
aluminum alloy, showing a symmetrical distribution.
Microhardness progressively increases from the FZ
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Fig. 8 Pole figure of welded joint: (a) FZ; (b) HAZ; (c) BM
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Fig. 9 Distribution of microhardness in welded joint

to the HAZ and BM regions. The average micro-
hardnesses are  HV0193.72, HV,:102.33,
and HV,,108.23 for the FZ, HAZ, and BM,

respectively. The microhardness of the FZ is ~86.59%
that of the BM.

The mechanical properties of light alloys used
in aerospace are considerably influenced by the
quantity and distribution of precipitated phases.
ZHANG et al [41] investigated laser welding on
2060 aluminum alloy, and reported that the average
microhardness of the FZ was the lowest,
approximately 70% that of the BM. FARAIJI et al [42]
showed that in Nd laser—TIG hybrid welding, the
average microhardness of the FZ in 2198 aluminum
alloy was 62% that of the BM. The high heat input
from welding caused a considerable reduction in
microhardness. DING et al [43] studied the TIG
welding of 2219 aluminum alloy and found that the
microhardness of the FZ was only 44.6% that of the
BM. Notably, during Vickers microhardness test, the
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narrow width of the TZ made it difficult for the
relatively large indenter to accurately measure the
TZ microhardness. Therefore, nanoindentation tests
were performed in various areas of the welded joint
to obtain accurate measurements.

The analysis of microhardness results and their
influencing mechanisms reveals two primary factors
contributing to the observed results. First, the FZ
microstructure comprises equiaxed cell crystals with
an average grain size of 8.66 um, considerably larger
than that in the HAZ and BM. The smaller grains in
the HAZ and BM result in a more pronounced grain
boundary-strengthening effect. Second, the content
of precipitated phases affects the material’s plasticity
and toughness [44]. A statistical analysis of the
precipitated-phase content in different areas of the
welded joint provides further insights into these
effects. Figure 10 shows that the precipitated-phase
contents are 2%, 2.7%, and 3.6% in the FZ, HAZ,
and BM, respectively. The lowest content in the FZ
is attributed to the high peak temperature at the
center of the weld, which causes precipitated-phase
dissolution. In addition, rapid cooling reduces the
precipitation time of these phases in the material,
further decreasing their content [45]. Furthermore,
the FZ precipitated-phase distribution reveals
that the precipitated phase is unevenly distributed
with noticeable agglomeration. In contrast, the
precipitates in the HAZ and BM are more uniformly
distributed. However, in the HAZ, precipitates
grow owing to the welding heat input, resulting in
slightly lower microhardness compared with that
corresponding to the BM.

3.7 Nanoindentation test results

Nanoindentation, a technique for nanoscale
characterization, is a powerful tool for assessing the
local mechanical properties of welded joints [46].
This method is particularly well suited for
investigating how microstructural changes, such as
variations in grain size, precipitated phases, and
phase transformations, affect the overall mechanical
behavior of welded joints.

Nanoindentation tests were performed across
various regions of the vacuum electron beam-welded
5B70 aluminum alloy joint. The load—displacement
data were analyzed using the method developed by
OLIVER and PHARR [47]. The method accounts for
the elastic recovery of surface upon unloading.
Figure 11(a) shows the load—displacement curves for

wiEe fe # ho . : Aluminum matrix 98% *

. M Precipitated phase 2%

Aluminum matrix 97.3% ‘.
M Precipitated phase 2.7%

o
Aluminum matrix 96.4% **

M Precipitated phase 3.6% | «
.

A']OO um )

Fig. 10 Distribution of precipitated phases of welded joint:
(a) FZ; (b) HAZ; (¢) BM

different regions of the welded joint (FZ, TZ, HAZ,
and BM). As shown, at 14 mN of load, the
indentation depth in the TZ is the lowest at
599.32 nm, whereas the FZ exhibits the highest
indentation depth at 783.12 nm. The depths for
the HAZ and BM are 689.31 and 657.48 nm,
respectively. This indicates that under 14 mN of
load, the nanohardness of the TZ region is the highest.

Figure 11(b) shows the elastic modulus (£),
hardness (H), and plasticity factor () across
different regions of the welded joint under 14 mN of
load. The results indicate that the TZ exhibits the
highest nanohardness at 1.57 GPa, whereas the FZ
shows the lowest at 1.015 GPa. The hardnesses
for the HAZ and BM are 1.243 and 1.319 GPa,
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Fig. 11 Nanoindentation test results of welded joint:
(a) Load—displacement curve; (b) Elastic modulus (E),

nanohardness (H), and plasticity factor (1)

respectively. These findings from  the
nanoindentation tests align with the microhardness
test results. In particular, the hardnesses of the HAZ
and FZ are lower than that of the BM, with the
reduced hardness in the HAZ attributed to grain
growth caused by the welding heat input. The
decrease of hardness in the FZ is primarily attributed
to precipitated-phase dissolution. Variations in
indentation depth, nanohardness, and elastic
modulus across different regions of the welded joint
reflect differences in plastic deformation and
mechanical response. The plastic factor (), defined
as the ratio of the plastic deformation energy (U,) to
the total deformation energy (Ur), as shown in
Formulas (1) and (2), measures the material’s
resistance to plastic deformation. A smaller 7
indicates better resistance to plastic deformation.
The low # for BM and FZ further indicate their high
resistance to plastic deformation.

U

n=—=" (1)
UT

Ur=Up+Ug (2

where Uk is the elastic deformation energy.

3.8 Tensile test result

Figure 12 presents the results of static tensile
tests performed on the SB70 aluminum alloy BM and
electron beam welded joint samples. Each sample
group was tested thrice, with fractures consistently
occurring in the FZ and TZ of the welded joints. Both
the YS and UTS of the welded-joint samples are
considerably lower than those of the BM. In
particular, the YS of the welded-joint samples is
24.63% (242.33 MPa) lower than that of the BM
(321.5MPa). In addition, tensile elongation
considerably decreased, with the BM exhibiting
16.66% elongation compared with 10.01% for the
welded-joint sample. This represents a decrease of
39.92%, indicating that the weld has a considerable
influence on the elongation after fracture.

500 [(a)
Rate: | mm/min
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400 [ Media: Air )
o 5B70 aluminum alloy
a
= 300
S; Welded joint specimen
8200
7]
100
0 0.04 008 012 0.16
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[ Tensile strengt]
XN Elongation
400 116
& 3215 ©
= 300+ 114 g
= g=!
2 5
© 2001 112 §
2 10T01 =
100 110
N
0 AR\ 8
Weld joint specimen 5B70 aluminum alloy

Sample
Fig. 12 Tensile test results of 5B70 aluminum alloy and
welded joints: (a) Tensile stress—strain curve; (b) Tensile

property

One factor contributing to the reduction in
tensile strength is the dissolution of precipitated-
phase particles in the weld. These particles, which
are present in the BM alloy, are crucial in
strengthening the material. During welding, high
temperatures cause these particles to dissolve, thus
reducing the overall joint strength. This effect is
illustrated by the distribution of precipitated phases
in the FZ (Fig. 10(a)) [48]. The development of a
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coarse crystal structure in the FZ during welding
further reduces the welded joint strength. According
to Hall—Petch relation, as expressed in Formula (3),
YS of the alloy is inversely related to the average
grain size [49]. In addition, the loss of elements due
to evaporation during welding contributes to the
reduced tensile strength. The evaporation rate of
metals is described by the Hertz—Knudsen—
Langmuir equation. During EBW, the mass loss is
driven by the difference in pressure between the
vapor pressure of the metal and the ambient pressure
in the vacuum chamber [50,51]. ZHAN et al [52]
also reported similar findings; in the weld of 6061
aluminum alloy, severe burning loss of magnesium
and the formation of pores resulted in a tensile
strength considerably lower than that of the BM,
with elongation ~2%. Furthermore, rapid cooling
during welding creates a high thermal gradient,
leading to the development of residual stresses in the
joint. These residual stresses can act as internal
forces that weaken the material, further reducing its
strength [53,54].

Ry =R, Thd 3)

where Ry is the YS of alloy, Rpur is the Y'S of pure
metal, k is a constant, and d is the average grain size.
The elongation of the welded-joint sample is
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39.92% lower than that of the BM, possibly owing
to the weld zone, which leads to uneven strain
distribution during deformation and affects the
overall elongation of the joint. In addition, the
nonuniform grain morphology in the welded joint,
with a larger average grain size compared with that
of the BM, likely contributes to the reduced tensile
elongation. Notably, fractures occur in the welded
joint region rather than the BM region, which can be
attributed to the fine grain structure and dislocation
accumulation in the weld. Moreover, the high
precipitated-phase content in the BM helps bind
dislocations, impedes their movement, and
contributes to dislocation accumulation. When the
metal deforms, the dislocation requires more energy
to cut through the strengthening phase, thus
increasing the material strength [48].

The fracture morphology of the 5B70
aluminum alloy electron beam-welded joint was
examined and analyzed using SEM to understand
the fracture mode and characteristics. Figure 13(a)
shows the fracture morphology, which shows typical
ductile fracture behavior. The fracture surface
features several distinct characteristics, such as
dimples, secondary-phase particles, and tear ridges.
Figure 13(b) shows a magnified view of the red box
in Fig. 13(a), revealing that the dimples are round or
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oval and vary in size, indicating plastic deformation
and energy absorption during the fracture process,
with a predominant intergranular fracture mode. The
presence of defects or areas of stress concentration
can cause strain localization, leading to the
formation of small dimples. The presence of these
dimples indicates that the material can undergo
considerable plastic deformation before failure [55].
Second-phase particles at the base of the dimples act
as barriers to crack growth, contributing to the
material’s fracture resistance [56]. EDS analysis of
the arecas marked A and B in Fig. 13(b) reveals that
these second-phase particles are primarily Al3(Sc,Zr)
phases. In addition, tear ridges observed along the
fracture surface indicate material tearing and
separation. The presence of dimples, second-phase
particles, and tear ridges on the fracture surface of
the 5B70 aluminum alloy electron beam welded
joint collectively demonstrates its ductile fracture
behavior.

4 Conclusions

(1) The joint comprises four areas: FZ, TZ,
HAZ, and BM. The XRD phase analysis reveals that
each region of the welded joint contains the a(Al),
Alg(Fe, Mn), and Als(Sc, Zr) phases.

(2) The FZ has equiaxed cellular crystals, the
TZ contains a fine crystal layer of ~20 um in
thickness, and the HAZ retains the rolled
microstructure of the BM, although with larger grain
sizes.

(3) The microhardness indicates a decrease
from the BM to the HAZ and further to the FZ,
primarily due to variations in grain size and
precipitated-phase distribution. Nanoindentation
testing reveals that the TZ exhibits the highest
nanohardness, whereas # is larger for both the TZ
and HAZ, indicating lower resistance to plastic
deformation.

(4) Compared with the BM, the YS of the
welded-joint specimens are reduced by 24.63% and
the elongation after fracture decreases by 39.92%.
The tensile fracture morphology is characteristic of
ductile fracture.
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