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Abstract: 5 wt% Al;Zr/aluminum matrix composites were taken as the research object, and plasma welding was conducted with Ar

gas as ion gas and Al-Ti-B as wire materials. The corrosion polarization curve of weld area in 3.5% NaCl solution was measured by

electrochemical comprehensive tester. Scanning electron microscope (SEM) and X-ray diffraction analyzer (XRD) were used to

analyze and characterize the microstructure and phase composition of the composite and its weld. The corrosion behavior and

corrosion mechanism of AlsZr/aluminum matrix composites after plasma welding were studied in 3.5% NaCl solution. The SEM

analysis results show that through plasma arc welding, a better weld can be obtained. The weld microstructure is mainly composed

of Al3Ti phase and Al matrix, and the Al;Ti phase is striped and spherical. The electrochemical polarization curves indicate that the

corrosion resistance of the materials at the nugget is slightly lower than that of the base metal. The immersion corrosion mechanism

of weld is that the Al3Ti phase and the matrix phase behave as the anode and cathode of a primary cell.
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Aluminum matrix composites have become the hot
materials in the field of materials science in the world because
of their excellent physical properties and mechanical
properties, and the focus of the research and development of
new materials in China in the future. In particular, particle
reinforced aluminum matrix composites have the advantages
of low cost, isotope, good wear resistance, and high
performance and functional equability, so they have broad
application prospects in high-tech fields, such as aerospace
It has become the mainstream of the research and develo-
pment of aluminum matrix composites. At present, a lot of
research work has been done on the preparation process,
plastic forming process and heat treatment process of

. . . [4-6
aluminum matrix composnes[ |

However, the study of
welding process and weld ability of the material lags far
behind, so it has become a serious obstacle to the practi-
cability of this kind of material. In this study, Al;Zr/aluminum
matrix composite was chosen as base material”'". AI-Ti-B

was used as wire material, and plasma arc welding technology
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was used for welding. The weld ability of Al;Zr/aluminum
matrix composites was studied. The corrosion resistance and
corrosion mechanism of base metal and weld area were
investigated by electrochemical comprehensive experiments
and immersion experiments.

1 Experimental Materials and Methods

1.1 Materials

In-situ reaction method was adopted to fabricate 5 wt%
Al;Zr/aluminum matrix composites. The raw material was 6082
aluminum alloy and K,ZrFg powder, and the reaction tempe-
rature was 780 °C. The quality index of K,ZrFs and selected
aluminum alloy is shown in Table 1 and Table 2, respectively.
1.2 Experimental process and parameters

Mixed salt method in 15 Hz excitation stirring field was

Table 1 Quality index for KrZrFq (wt%)
KZZI‘F(, Fez()} Hzo
>99.80 <0.05 <0.15
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Table 2 Chemical composition of aluminum alloy (wt%)
Mg Si Mn Fe Cr Zn Cu Ti Al
0.6~12 0.7~1.3 04~1.0 05 02 02 0.1 0.1 Bal

used to fabricate Al;Zr/aluminum matrix composites. 5 wt%
Al;Zr/aluminum matrix composites were processed into 120
mmx50 mmx10 mm sheet by wire cutting. The surface oxide
was scrubbed with sandpaper and cleaned with anhydrous
alcohol. Then check the water system of the plasma arc
welding machine, switch on the power supply, open the Ar
cylinder and check the gas system, and adjust the electrode to
be coaxial with the nozzle. Adjust the distance between the
nozzle and the work-piece, set 2 mm in tungsten electrode and
7 mm in welding torch height; open the micro-arc, 15 s later
lead the main arc, and carry on the plasma welding. The
parameters of plasma arc welding are as follows: welding
speed is 200 mm/min, ion gas flow rate is 1.6 L/min, and
welding current is 130 A. During the welding process, the
welding pool was aligned with the XVC-1100 welding camera
and the whole welding process was recorded. After welding,
the power supply was cut off, the ion gas was turned off, the
protective gas was closed after 15 s, and the circulating water
tank was finally closed. The welded material was cut into 10
mmx10 mmx3 mm for electrochemical test and corrosion test.
Microhardness of welded joints was tested by KB30S Vickers
hardness tester, and the interval was 0.5 mm.

Corrosion electrochemical experiment was carried out on
the Corr-test CS2350 electrochemical workstation. The
experimental medium was distilled water and 3.5% NacCl
solution prepared with NaCl (analytical purity). The auxiliary
electrode for electrochemical measurement was Pt electrode,
the reference electrode was saturated calomel electrode, and the
working electrode area was 0.9 cm’. When testing the
polarization curve, it was started at 500 mV below the corrosion
potential, and the scan rate was 1 mV/s, and the current density
was 107 A-cm™. The scanning frequency was 10 mHz~10 kHz
and the sinusoidal signal amplitude was 10 mV.

The saline immersion test was carried out according to
GB10124-88, and the dipping medium was 3.5% NaCl
solution. During immersion, the solution temperature was
controlled at 24+1 °C and the soaking time was 14 d. At the
14th day, the surface soluble impurities were removed by
ultrasonic cleaning for 10 min, the surface soluble impurities
were cleaned by distilled water, and the microscopic
morphology of corrosion was observed by scanning electron
microscope (SEM); the saline immersion corrosion products
were analyzed by X-ray diffractometer (XRD), energy
disperse spectroscopy (EDS), etc.

2 Results and Discussion

2.1 Microstructure and phase analysis of AL;Zr/Al matrix
composites prepared in-situ
It can be seen from Fig.1 that the grain size of AL;Zr/Al

Signal A = SE2

Fig.1 SEM image of Al;Zr/aluminum matrix composites prepared

in-situ

matrix composites prepared in-situ is about 50 pm, and the
grain size of reinforcement phase AlZr is 5 pm, which is
block or short bar, and distributed evenly. It can be seen from
Fig.2 that the phase of Al;Zr/Al matrix composites prepared
in-situ is mainly composed of Al;Zr and a small amount of
Mg,Si and Al phase.
2.2 Microstructure and properties of ALZr/Al matrix
composites welded by plasma welding
2.2.1 Microstructure of Al;Zr/Al matrix composites and
joints after plasma welding

It can be seen from Fig.3 that the Al-Ti-B at the weld seam
forms a thin strip of compound phase after plasma arc welding
with uniform size and uniform distribution. Combined with
the XRD pattern of weld area in Fig.4, it can be seen that the
whole composition of the phase contains the base metal and
Al;Ti, indicating that the AI;Ti phase is formed during
welding, and the AI;Ti appears as a thin strip. In the welding
process, through the heat input of 130 A, there is an imbalance
of thermodynamic dynamics in the melting, cooling and
solidifying process of the welding wire. This particular thermo-
dynamic dynamic state leads to the formation of the Al;Ti
phase. In order to reduce the resistance of phase transition, Al;Ti
phase can easily grow into a fine strip""'*. This imbalance
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Fig.2 XRD pattern of Al3Zr/aluminum matrix composites

prepared in-situ
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Fig.3 SEM image of weld area of Al;Zr/aluminum matrix

composites
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Fig.4 XRD pattern of weld area of Al;Zr/aluminum matrix

composites

will become less and less with the heat transfer between weld
and base metal, which will promote the formation of Al;Ti near
the heat-affected zone!"™', and the Al, Ti element can fully
diffuse and the ALTi phase can grow into approximately
spherical shape. It can be seen from Fig.5 that the Al;Ti phase
from weld fusion line to HAZ shows a common distribution of
stripe and spheroid. Through EDS mapping in Fig.6, it can be
seen that the weld and base metal are well fused, and the Al;Ti
phase exhibits spherical distribution.

2.2.2  Microhardness testing and strengthening mechanism
Fig.7 shows the microhardness of base metal and weld area
of Al;Zr/aluminum matrix composites. It can be seen that the
hardness of weld area, heat affected zone (HAZ) and base
metal zone increases in turn. The hardness of base metal is the
highest, and the hardness of weld area is the lowest, about
51% of the hardness of base metal. It can also be seen that
when plasma welding Al;Zr/aluminum matrix composites, the
added Al-Ti-B can generate uniform distribution of A;Ti after
welding. It also has the function of refining the matrix grain,
resulting in the second phase strengthening!'>"®!
the welded joint excellent.
2.3 Electrochemical comprehensive test results
2.3.1 Electrochemical comprehensive tests and analysis of
Al;Zr/Al matrix composite and its weld

, which makes

The Tafel polarization curves of Al;Zr/aluminum matrix
composites and their welds are shown in Fig.8. Fig.8 shows
the polarization curves of the base metal of Al;Zr/aluminum
matrix composites and the weld nugget zone after plasma
welding in 3.5% NaCl solution. It can be seen that the base
metal shows the characteristics of anodic dissolution. Some
researches show that in the early stage of soaking, the
aluminum alloy is mainly anodized. The corrosion potentials
of base metal and nugget are —720.76 and —847.01 mV, and
corrosion current densities are 3.233x10° and 4.5002x10°
A/em’ relative to the base metal, respectively.
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Fig.5 SEM image of welding heat affected zone and fusion line

zone of AlsZr/aluminum matrix composites

Fig.6 SEM image (a) of welding heat affected zone and fusion line zone of Al;Zr/aluminum matrix composites;
EDS mapping of Ti (b) and Zr (c) element
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Fig.7 Microhardness of base metal and weld area of Al;Zr/

aluminum matrix composites

= Base metal
0.6+ Weld

*»

-4y
-9 -8 -7 -6 -5 4 -3 -2 -1
I/A-cm™

Fig.8 Polarization curves of base metal and weld area of

Al3Zr/aluminum matrix composites

The corrosion potential of the weld nugget zone decreases
by 126.25 mV and the corrosion current density increases
slightly. The results show that the corrosion resistance of the
nugget is slightly lower than that of the base metal. This is
because the high corrosion rate is due to a small amount of
defective microstructure produced during welding!' "™\

2.3.2 Immersion experiment

The base metal of Al;Zr/aluminum matrix composites
immersed in 3.5% NaCl solution for 14 d was analyzed by
EDS, as shown in Fig.9. It can be seen that the surface oxygen
content of the composite is high after soaking. The EDS
analysis results show that the content of O element is up to
43.11 wt%, which indicates that the Al;Zr/aluminum matrix
composites have been oxidized in brine.

The weld area of Al;Zr/aluminum matrix composites after
14 d immersion was analyzed by EDS, as shown in Fig.10.

It can be seen that the oxygen content of the weld surface is
higher, and the EDS analysis results show that the content of O
element is 48.73 wt%, which indicates that the weld area is
more seriously oxidized in brine. Combined with XRD analysis,
it can be seen from Fig.11 that the phases in the weld area are
mainly Al (OH); and ALO;"?". The partial dissolution of the
Al;Ti phase occurs during the soaking process, but the amount
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Fig.9 SEM image (a) and EDS results (b) of surface of Al;Zr/

aluminum matrix composites after immersion
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Fig.10 SEM image (a) and EDS results (b) of weld area

after immersion

of surface AL;Ti phase decreases due to the dissolution, so
AI;Ti phase is not obviously detected by XRD.
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Fig.11 XRD pattern of weld area after immersion

2.3.3 Corrosion mechanism in weld area of Al;Zr/Al matrix
composites

The oxidation rate and corrosion rate of plasma welded
joint samples are higher than those of base metal. The
corrosion mechanism of plasma welded joints is analyzed as
follows: according to the principle of electrochemical
corrosion, in the corrosive medium containing conductive ion
CT, the main corrosion reason is electrochemical reaction, that
is, electrochemical corrosion. Electrochemical corrosion
occurs mainly at the interface, where the distribution of
elements is more uneven than that of the matrix, and it is
easier to induce the corrosion process including anodic
reaction, cathode reaction or redox reaction. According to
Gibbs free energy criterion, corrosion tendency is judged by
electrode potential or standard electrode potential. The
standard electrode potential of Al is —1.662V/Ti, and the
standard electrode potential is —1.623 V/Al;Ti/matrix primary
battery. Corrosion is also the most likely to occur at the
interface between the two cells at the beginning™?*. The
corrosion trench between Al;Ti phase and matrix is also
observed in the weld area, especially in the area with large
AL;Ti reinforced particles; the corrosion degree is deeper,
resulting in the Al;Ti particles to fall off, forming corrosion
pits, and the number of Al3Ti phases on the surface decreases.
As shown in Fig.12a, due to the high corrosion potential of the
substrate, the Al;Ti phase acts as the cathode phase during the
corrosion process, which leads to the corrosion of the
surrounding matrix. In NaCl salt solution, the corrosion of
aluminum is mainly oxygen absorption corrosion. The anodic
reaction and the reduction of the cathode reaction to oxide are
as follows™**!;

Al-AP +3¢ )

O,t4e+2H,0—40H’ ?2)
where OH™ combines with A’* to form AI(OH);, and the
nodular corrosion product is formed with continuous deposi-
tion. In immersion corrosion tests, a dense Al,O; corrosion
product film is formed on the substrate, and the Al,O;
corrosion product film cracks along the grain boundary, as

U

Mag= 100KX WD=10.0mm

Fig.12 SEM images of corrosion pit (a) of AlsZr/aluminum matrix

composite weld area and loose oxide film (b)

shown in Fig.12b. The following processes occur >

Al+4CI—AICT +3¢” (3)
2AIC1+3H,0—AL,0;+8CI+6H 4)
2A1+3H,0—AlLO;+6H +6¢ 3)

3 Conclusions

1) Using 5 wt% Al;Zr/aluminum matrix composite as base
material and Al-Ti-B as welding wire material for plasma arc
welding, a better weld can be obtained, and the Al;Ti phase in
the weld is striped and spherical.

2) The electrochemical polarization curves show that the
corrosion potential of base metal and nugget are —720.76 and
—847.01 mV, respectively. The corrosion current densities are
3.233x10° and 4.5002x10° A/cm’® relative to base metal,
respectively. The corrosion potential of the weld nugget
decreases by 126.25 mV, and the corrosion current density
increases slightly, which indicates that the corrosion resistance
of the materials at the nugget is slightly lower than that of the
base metal.

3) After 14 d of soaking in 3.5% NaCl solution, the corro-
sion phase of weld is mainly composed of AI(OH); and Al,Os.
The corrosion mechanism is that the Al;Ti phase and the matrix
phase behave as the anode and cathode of a primary cell, and
the corrosion occurs at the interface between them, which
results in the shedding and dissolving of the Al;Ti phase.
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