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Abstract: The Al,Zr/A356 aluminum matrix composites (AMCs) with 3wt% reinforcing phase were prepared by in-situ reaction

method. Through X-ray diffractometer, scanning electron microscope, energy dispersive spectrometer, and microhardness tests, the

microstructures and corrosion resistance of the welded joints after tungsten inert gas (TIG) welding with different welding parameters

were investigated. Results show that when the welding current is 140 A, the formation of weld seam is optimal, and no welding

defects, such as pores or cracks, appear. The fine AL Ti reinforcing particles are generated during the welding process, presenting the

spherical and short rod shapes, and they are dispersed in the matrix. The hardness of the welded joint is higher than that of the base

metal, and the strengthening effect of the reinforcing particles becomes obvious. With prolonging the immersion duration in 3.5wt%

NaCl solution, the pitting degree of weld seam is aggravated, and the pitting mainly occurs around the grain boundaries and

strengthening phases. The micro-area electrochemical experiment results show that when the welding current is 140 A, the corrosion

potential fluctuation is small, the corrosion tendency is low, and the corrosion resistance is optimal.
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As-cast A356 aluminum alloy is often used to replace
traditional steel materials in the automotive and aerospace
industries due to its lightweight, high specific strength, and
good corrosion resistance! !
matrix composites (AMCs) often have the defects of
agglomeration and high porosity. The preparation of AMCs by

. Particle-reinforced aluminum

the salt coating method has been widely investigated” . It is
found that the AlZr particles generated by salt deposition
have high bonding degree and low porosity. Compared with
other reinforced particles, Al,Zr particles have good corrosion
resistance and wear resistance. Thus, the combination of ALZr
with A356 AMCs is a worthy investigation topic. However,
the weldability of particle-reinforced AMCs is inferior, and

8121 Friction stir
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the welding of AMCs is rarely researched'
welding is a common method for as-cast AMCs"* ™. Tao et
al'” prepared the AA6063 AMC plates with ALO, dispersion
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strengthening effect by friction stir welding and post-weld
heat treatment to improve the mechanical properties of the
joints. In addition, the studies on as-cast A356 alloy welded
by laser welding®™ and gas tungsten arc (GTA) welding™" >
are rarely reported. Ratnakumar™' and Arrabal™ et al studied
the corrosion behavior, partial melting zone, and heat-affected
zone of A356 alloy welded by continuous and pulsed current
GTA method at different temperatures. The partial melting
zone of the weld is seriously corroded, and the pulsed current
GTA method can reduce the corrosion degree of the partial
melting zone. Tungsten inert gas (TIG) welding is suitable for
most metal materials, and the appropriate parameters of TIG
welding can greatly improve the welding quality.

Aluminum alloy can be easily corroded in salt water, salt
spray, and acid environment, which thereby affects the service
life of alloy. The reinforced phase particles with good
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corrosion resistance can improve the corrosion resistance of
the matrix to a certain extent, but they can also degrade the
surface integrity of composites and accelerate the corrosion
process. Therefore, it is necessary to study the corrosion
resistance of AMCs after TIG welding. In this research, AMCs
were prepared by mixed salt method”. The relationship
between microstructure and corrosion resistance of welded
metal under different welding currents was studied, providing
theoretical basis for TIG welding of Al Zr/A356 particle-

reinforced AMCs.
1 Experiment

AlLZr/A356 AMCs were prepared by the in-situ synthesis
method. The matrix was A356 Al alloy (Si: 0.65wt%—0.7wt%;
Mg: 0.2wt% — 0.4wt% ; Cu: 0.10wt% ; Fe: <0.2wt% ; Cu:
<0.2wt%; Zn: <0.1wt%; Ti: <0.2wt% ; Al: balance). K,ZrF,
powder was put into the drying oven, heated to 200 °C for
about 2 h to remove the crystal water, and ground into powder
of less than 200 pm in size. In the resistance furnace, the as-
cast A356 alloy was heated to 750 °C for complete melt.
Then, K,ZrF powder, as the crystal water remover, was added
into the molten alloy at 750 ° C. After the A356 aluminum
matrix fully reacted with K,ZrF, powder, AlF, and KF were
generated and floated on the molten liquid surface during the
smelting preparation due to their lightweight. After the
solution was cooled, AMCs with ALZr reinforcement were
obtained. The chemical reaction during the preparation
process”® " is as follows:

3K, Z1F +13AI=3 AL Zr+4AIF,+6KF (1)

The prepared AMCs with Al,Zr reinforcement were cut into
the specimens with size of 100 mmx50 mmx4 mm, and the
oxidized layer was removed. The plate and Al-Ti-B welding
rod were cleaned in K,ZrF, aqueous solution, and the wetting
angle was increased to improve the welding adhesion after
complete drying. The used welding parameters are shown in
Table 1.

X-ray diffractometer (XRD, Bruker D8 advance XRD) was
used to analyze the phase composition of the specimens. The
specimen microstructures were observed by scanning electron
microscope (SEM, Carl Zeiss Merlin Compact, Germany),
and the distribution, size, and morphology of the reinforced
phase were observed. The microhardness at the center line of
the cross section of welded joint was measured by KB
Pruftechnik microhardness tester. The ballast force of the
automatic microhardness tester was 0.2 kg. The micro-
hardness of the base metal (BM) zone, heat affected zone
(HAZ), and weld seam was tested 5 times.

The micro-area electrochemical tests were conducted by

Table 1 TIG welding process parameters

. Welding Welding speed, Shielding gas
Specimen . .
current, I/A V/mm-min flow, Q/L-min
1 130 200 10
2 140 200 10
3 150 200 10

scanning Kelvin probe (SKP, PG302N, Princeton company,
USA). The weld seam obtained after welding with different
parameters was soaked in 3.5wt% NaCl solution for 7 and 28
d for comparative analysis. After soaking, the microstructure
of the weld seam was analyzed. The corrosion morphology
was observed by laser confocal microscope (LEXTOLS4000
Olympus Co., Ltd).

2 Results and Discussion

2.1 XRD analysis of weld microstructure

As shown in Fig. la, the diffraction peaks mainly
correspond to Al, Si, ALTi, and ALZr phases. No other
obvious diffraction peaks appear, indicating that no other
substances exist in the prepared AMCs. Fig. 1b is standard
PDF cards of specific phases. This is because the amount of
these substances is relatively small, i.e., the diffraction peaks
of these substances are very weak, or the diffraction peaks
overlap with those of other substances. The phase composition
of Specimen 1 and Specimen 2 is mainly Al, Si, and ALTi
phases, indicating that there is a fusion part in the material.
The diffraction peak of Si phase appears in Al matrix,
indicating that a small amount of AlSi eutectic phase is
distributed in the matrix. In addition, the Al,Zr and ALTi
reinforced phases also exist in the specimens. Because no
fusion occurs on Specimen 3, the diffraction peaks may
correspond to the covered electrode and matrix in the weld
area. Thus, the main composition of Specimen 3 is Al, Si,
AlZr, and a small amount of AL, Ti reinforced phase.
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Fig.1 XRD patterns of different welding specimens (a) and standard
PDF cards of specific phases (b)
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2.2 Microstructure of weld seam

Fig.2 shows SEM microstructures of fusion zone (FZ) and
weld seam of welded joint of Specimen 3. It can be seen that
the welding defects appear on the specimen surface, such as
pores and cracks, due to the low heat input and the
reinforcement phase. The fluidity of specimen is inferior, and
the gas cannot overflow in time, resulting in the pores and
cracks. AlL,Ti phase of long strip shape with size of 25-30 pm
is densely distributed in FZ. Due to the large thermal
expansion coefficient of the specimens during welding, large
internal stress is generated under the local intense temperature
change, and the long-reinforced phase can easily cause the
stress concentration. The TiB, reinforcement particles can be
observed in Fig.2b due to the reaction of Ti and B elements
with Al under the thermal effect of welding arc. Thus, the
AlLTi and TiB, reinforced particles are formed in FZ.
However, the diffraction peaks of TiB, particles cannot be
observed by XRD, which may be due to the low TiB, content.

SEM microstructures of the welded joint of Specimen 2 are
shown in Fig.3. Nearly no defects appear on the weld surface.
The ALTi reinforcement phase is spherical and elliptical, its
size is small of 20—25 um, and it is uniformly dispersed in the
weld seam. It can be clearly seen that the AL Ti is well bonded
to the Al matrix, which plays an important role in dispersion
strengthening and thereby effectively improves the strength of
welded joints.

SEM microstructures of the welded joint of Specimen 1 are
shown in Fig. 4. The incomplete fusion areas appear in the
welding joint of Specimen 1, because the specimen has a large
thermal expansion coefficient and the large internal stress is
generated under local intense temperature change. In addition,
the agglomeration of elongated reinforcement phases leads to
the stress concentration. When the stress is greater than the

Fig.2 SEM microstructures of FZ (a) and weld seam (b) of welded

joint of Specimen 3

100, pm

Fig.3 SEM microstructures of FZ (a) and weld seam (b) of welded

joint of Specimen 2

bonding strength between the reinforcement particles and the
matrix, the cracks appear at the sharp corner and expand under
the force, forming a large crack. When the welding current
reaches 150 A, the particle density in FZ and HAZ is much
larger than that under welding current of 140 A. In FZ, AL Ti
is mainly in the shape of long strip. Some ALTi is spherical,
and its agglomeration is severe.

2.3 Microhardness of weld joints

The microhardness of different welded joints is shown in
Fig. 5. It can be seen that the BM microhardness of all
specimens is similar to each other, and the microhardness is
firstly increased and then decreased from BM to weld seam.
The highest microhardness occurs in HAZ due to the effect of
arc heat input, which leads to the heat treatment strengthening.
However, the existence of pores and other defects in the weld
seam leads to the degradation of microhardness in the weld
seam. The average microhardness of different areas differs,
and the Specimen 1 has the highest microhardness because of
its high content of ALTi reinforcement phase in the welded
joint. The highest microhardness of BM, HAZ, and weld seam
is 507.05, 603.29, and 542.82 MPa, respectively.

2.4 Corrosion resistance of welded joints

SEM microstructures of different welded joints after
immersion in 3.5wt% NaCl solution for different durations are
shown in Fig.6. It can be seen that after immersion for 7 d, the
weld structure is obviously corroded, and the corrosion
products and pits are generated. As shown in Fig.6a—6¢, the
oxygen content of Specimen 1, Specimen 2, and Specimen 3
is 61.86at%, 55.72at%, and 59.62at%, respectively. Because
of the oxide film, the welded joint is protected from the
corrosive medium. Thus, the corrosion of the welded structure
is inhibited. As shown in Fig. 6a, 6¢, and 6e, the grain
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Fig.4 SEM microstructures of FZ (a—b), weld seam (c), and HAZ (d) of welded joint of Specimen 1
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Fig.5 Microhardness of BM, HAZ, and weld seam of different

welded joints

boundaries of AMCs are preferentially corroded, and multiple
cracks occur at the grain boundaries. Combined with XRD
results, it is found that there are a large number of AlSi
compounds, and the grain boundaries are mainly composed of
AlSi compounds and Si. The electrochemical inhomogeneity
of the matrix leads to the fast corrosion rate at the grain
boundary and the slow corrosion rate of the matrix, which
promotes the formation of intergranular corrosion. With
prolonging the corrosion duration to 28 d, the oxygen content
of Specimen 1, Specimen 2, and Specimen 3 is 64.38at%,
62.81at%, and 63.92at%, respectively, suggesting a decreased
corrosion rate. As shown in Fig. 6b, 6d, and 6f, after
immersion for 28 d, the corrosion pits on welded surface are
increased, and macro-cracks appear. The reinforcement phase
can hardly be corroded. Thus, the corrosion resistance of
AMCs with reinforcement phase is enhanced, as well as that
of the welded structure.

In the formation process of aluminum oxide film in the low

activity region, the oxide film can passivate the composite
material, as follows:

Al-3e=Al" ©)
AP"+30H—AI(OH), 3)
2A1(OH),—Al1,0,+3H,0 )

In the high activity region, a large amount of CI
accumulates in the oxide film. When the concentration
reaches a certain level, the anodic dissolution reaction™
occurs, as follows:

Al-3e=Al" 5)
AP+3H,0—Al(OH),+3H" (6)
AP +H4CI—AICI, 7)
AICI,+3H,0—AI(OH)+3H+4CI (8)

With the acceleration of ionization on the bare Al surface,
the concentration of AI'" in the etched hole is increased and
the CI” ions migrate to the hole, which leads to the increase in
CI" and H' concentrations in the etch holes. Therefore, the
solution inside the etch hole is acid, and the ClI” and H' ions
produced by hydrolysis result in the continuous dissolution of
aluminum in the etch hole, and the corrosion product AI(OH),
is generated. With the corrosion and accumulation proceeding,
the pitting corrosion expands rapidly™”.

When the welding current is 130 A (Specimen 1), the
corrosion of the welded joint is more serious, because the heat
input is relatively low, which results in more corrosion pits.
When the welding current is 140 A (Specimen 2), the irregular
cracks are generated around the reinforcement phase and the
crystal grains, and small part of the oxide film falls off. The
reinforcement phase is distributed uniformly in the weld seam,
resulting in the good corrosion resistance of welded joint.
When the welding current is 150 A, the heat input is the
highest, and more AlSi compound is generated, which forms
the galvanic couple with the matrix and thereby leads to the
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Fig.6. SEM microstructures and EDS analysis results of Specimen 1 (a—b), Specimen 2 (c—d), and Specimen 3 (d—f) after immersion in 3.5wt%

NaCl solution for 7 d (a, ¢, €) and 28 d (b, d, f)

intergranular corrosion. In this case, the reinforcement phase
agglomerates severely, and many corrosion pits appear at the
interface between the reinforcement phase and the matrix.
After immersion for 28 d, the interface between the matrix
and the reinforcement phase cracks, and the reinforcement
phase tends to fall off, leading to the severe corrosion.

Fig.7 shows XRD patterns of different welded joints after
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Fig.7 XRD patterns of different welded joints after immersion in
3.5wt% NaCl solution for 7 d (a) and 28 d (b)

immersion in 3.5wt% NaCl solution for 7 and 28 d. It can be
seen that after corrosive immersion for 7 d, a large number of
oxides (Al,O, and SiO,) are produced, the surface of welded
joint is oxidized, and the oxide film is formed, which can
inhibit the further corrosion. As shown in Fig. 7a, the
diffraction peak of Specimen 3 is slightly shifted to the right
side, compared with that in Fig. la. This is because with
increasing the heat input, the volume of the reinforcement
particles becomes larger, and the doping phenomenon of the
matrix becomes serious. According to Fig.7b, more oxides can
be observed, but the ALTi reinforcement phase cannot be
oxidized, indicating its good corrosion resistance.

Fig.8 shows the laser confocal morphologies of Specimen
1, Specimen 2, and Specimen 3 after immersion in 3.5wt%
NacCl solution for 28 d. Fig.9 shows the average corrosion pit
depths of different welded joints after immersion in 3.5wt%
NaCl solution for 28 d. When the welding current is 130, 140,
and 150 A, the corrosion pit depth is 24.360, 13.496, and
14.738 um, respectively. It is revealed that when the welding
current is 130 A, there are many corrosion pits and their corro-
sion pit depth is the largest, resulting in the easy connection
among the corrosion pits mainly around the reinforcement
phase. When the welding current is 140 and 150 A, the
corrosion pit depths are similar. When the welding current is
140 A, the minimum depth of corrosion pit is obtained as
13.496 um, and more corrosion pits appear, because the
ALTi reinforcement phase is dispersed in the matrix and
can easily form the galvanic couple. When the welding current
is 150 A, many defects occur and some corrosion pits are
deep, suggesting the inferior corrosion resistance of welded
joint.

SKP images from the weld center to the BM side are shown
in Fig. 10, and the potential difference between the welded
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Fig.8 Laser confocal morphologies of Specimen 1 (a), Specimen 2 (b), and Specimen 3 (c) after immersion in 3.5wt% NaCl solution for 28 d

30k area and BM is analyzed”*>". As shown in Fig.10a and 10b,
when the welding current is 130 A, many defects appear on

£ 25¢ 24.360 the welded surface due to the low heat input, and the electric
?‘:Q potential distribution is uneven. The potential decreases firstly
20 and then increases. The potential of HAZ varies from — 1082
EE 15k 3496 L4.738 mV to —949 mV, while the central potential of weld seam
S l varies from —712 mV to —634 mV. The potential of HAZ is
2 10t obviously lower than that of weld seam, indicating the higher
S corrosion tendency of HAZ. The potential fluctuation of the
3 weld seam is large and its corrosion resistance is inferior.
When the welding current is 140 A, the potential fluctuation

Specimen 1 Specimen 2 Specimen 3 of the welded joint is increased with varying from BM to weld

seam. This is because the AL Ti reinforcement phase is gener-

Fig.9 Corrosion pit depths of different welded joints after ated, which results in large potential difference and better cor-
immersion in 3.5wt% NaCl solution for 28 d rosion resistance. When the welding current is 150 A, small
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Fig.10 SKP images (a, ¢, €) and contour maps (b, d, f) of Specimen 1 (a—b), Specimen 2 (c—d), and Specimen 3 (e—f)

part of the potential fluctuates greatly. This is because there leads to the inferior corrosion resistance of the welded joint.

are some unfused areas in the welded joints, which results in

. . . 3 Conclusions
many defects, serious agglomeration of reinforcement phases,

and high corrosion tendency. The large potential fluctuation 1) The Al,Zr/A356 aluminum matrix composites (AMCs)
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prepared by tungsten inert gas (TIG) welding at 750 °C with
welding current of 130 A have less fusion zone and more
welding defects due to the insufficient heat input. However,
when the current is 150 A, an oxide film is formed, which
causes the even worse fusion state and more cracks. The shape
of the AL Ti reinforcement phase is changed with increasing
the heat input. When the heat input is too large, the
reinforcement phase grows quickly and becomes thicker as a
long strip. When the welding current is 140 A, the formation
of weld seam is optimal, and the grains of fusion zone are
refined. The ALTi reinforcement particles formed and
dispersed in the weld seam are fine (size of about 15 pm) and
mainly show the spherical shape. Some reinforcement phases
show the strip shape, and they have high microhardness.

2) The ALTi reinforcement phase cannot be corroded,
indicating the good corrosion resistance. When the welding
current is 130 A, the heat input is small, and the defects such
as pores and cracks may easily occur. The potential
distribution of the welded joint is quite uneven, suggesting the
inferior corrosion resistance and the appearance of deep
corrosion holes. When the welding current is 150 A, the
reinforcement phase is coarse and it agglomerates severely,
which is prone to galvanic corrosion at the interface between
the reinforcement phase and the substrate, thereby leading to
serious corrosion damage and degraded corrosion resistance.
When the welding current is 140 A, the pitting corrosion
occurs around the reinforcement phase. The corrosion pit
depth is the minimum of 13.496 um. The dispersive distribu-
tion of ALTi reinforcement phase contributes to the excellent
corrosion resistance of welded joint.
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