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Table 1 Mass fraction of elements in 6005A aluminum alloy and ER5356 welding wire unit: %
Element Si Fe Cu Mn Mg Cr Zn Ti Al
6005A 0. 50-0. 90 0.35 0. 30 0. 50 0.40-0. 70 0. 30 0. 20 0.10 Bal.
ER5356 0. 25 0. 40 0. 10 0. 05-0. 20 4.50-5.50 0.05-0. 20 0.25 0.15 Bal.
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Fig. 1 Principles of three laser welding processes. (a) Hybrid laser-CMT welding; (b) single laser beam welding with

filler wire; (c¢) dual laser beam welding with filler wire
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Table 2 Optimal welding parameters of different processes

Parameter Hybrid laser-CMT welding Wels(iiirrllgglevvlii;e;iﬁzzrm\?vire Dual‘}vz?fﬁrf})lfjgnw::zlding
Laser spot diameter /pm 500.0 560.0 560.0
Laser power /kW 6.0 7.7 8.5
Welding speed /(m * min ') 4.2 4.2 4.2
Wire feeding speed /(m * min~ ') 6.0 6.0 6.0
Arc voltage /V 11.8 2.0 2.0
Arc current /A 105. 0 20.0 20.0
Heat input /(J » mm ") 113.7 110.6 122.0
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Fig. 2 Dimensions of the tensile specimen B3 A R ORI 12 T 203045 10 1 48 B3R m
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Fig. 3 Surfaces and cross-sectional morphologies of welds obtained by different welding processes. (a) Hybrid laser-CMT

welding; (b) single laser beam welding with filler wire; (c¢) dual laser beam welding with filler wire
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Fig. 5 Samples after tensile shear testing
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Fig. 6 SEM image of fracture after weld tensile failure.
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(a) Hybrid laser-CMT welding; (b) single laser beam welding

with filler wire; (c¢) dual laser beam welding with filler wire
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Fig. 8 Microhardness distribution of single laser beam welding with filler wire welded joints. (a) Weld section;

(b) position of the greatest hardness;

(¢) position of the least hardness
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Fig. 9 Element distribution of the weld zone. (a) SEM

image; (b) Al element; (¢) Si element; (d) C
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Fig. 11 Cross-sectional morphologies and pore distributions of different welded joints. (a) Cross-sectional morphology in X

direction; (b) pore distribution in X direction; (c) cross-sectional morphology in Y direction; (d) pore distribution in Y direction

1002105-6



F 485 £ 10 #1/2021 £ 5 A/HE O,

Ao RO T PR U A MR (R R S EG
I — JEIE R AL I R B PR 4 o A R B e g
A S AL C, U 500 2100 °C) S 3508 i 3l 14
HE— 2T, SIC UKL fiff 20K BE S If R . 7 4%
DXL R 4 B S 22 S {4 Sk B9 B 1R RE 22 SR R
HL AL 3R S e Sk i PR RE A E

3 AN IF AR TR B8 DX L

Table 3 Porosities in the weld zone of different welding

processes unit: %
Process X direction Y direction
Hybrid laser-CMT welding 1. 65 2.70
Single l'aser'beam 'weldmg 1. 40 118
with filler wire
Dual laser beam welding 2 01 6. 85

with filler wire
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Fig. 12 Microstructures of the joints of different welding processes. (a) Hybrid laser-CMT welding; (b) single laser

beam welding with filler wire; (c¢) dual laser beam welding with filler wire

Pl 13 Ca) g BERE R = Fofr A5 4 2 S R 4% ool X35
(9 SIC kE 43 A3 181 32 B 13 (b) B 75 30 24 23 1 A
DX 35k, I SiC UL 8 1 A T AR AT e 2 R a0 A
13w, W LR B, BE# e SiC R 43 11 140
HRSFR & EZ, MR L R s b, Sic i

KL BT U] A D SR B AR, HLOR A SiCBURL B
IR A RO . Herp O O I 22 48 4 1 Sk i AR
G, SiC BORL S BB I IR DR R % T 20T Y v A
B S RN R ZL . A T Y SR B R B
S B 1o PEREAR O &0 it — P W 55 T AR SE R L

1002105-7



48 % F 10 H1/2021 £5 /R E#EL

BM

hybrid laser-CMT -
welding :

single laser beam
welding with filler :
wire =

dual laser beam
welding with filler :
wire

4000
3500}
3000 f
2500
2000
1500}
1000 HZ
500 f

Cross-sectional area /um?

4000
3500
3000
2500
2000 ¢
1500
1000 g
500

Cross-sectional area /um?

4000 —
3500} ¢
3000
2500}
2000}
1500
1000}
500}

Cross-sectional area /um?

—
[\
. q
'S
(2}

4000
3500
3000
2500 1
2000
1500
1000 |
5001

Cross-sectional area /um?

13 BEdF S AR5 Sk A i SIC ORI M AT 1 00 . (a) SIC BURLAY 23 A 15 DL 5 (b) X373 51 97 X 5 (o) AN [ DX gl i J50RE 23 A1 17 B0

Fig. 13 Distributions of SiC particles at the base metal and welded joints. (a) Distributions of the SiC particles;

(b) division of the regions; (c) distributions of the particles in different regions
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Abstract

Objective Owing to the excellent strength-to-weight ratio, SiC particle reinforced aluminum composites have been
widely used in the aerospace industry. To maintain the structural performance, the welded joint strength must be
maintained. It has been a challenge for SiC particle reinforced aluminum composites to keep the weld strength as base
materials due to the SiC particle dissolution and chemical reaction between SiC particles and base aluminum alloys
during the welding process. In the past, the common approach to join SiC particle reinforced aluminum composites is
arc welding or single laser beam welding or the corresponding parameters’ optimization. There are limited studies on
various laser-welding approaches on weldability of SiC particle reinforced aluminum composites, and their
microstructure and mechanical properties. In this study, we selected three laser-welding processes to join SiC/Al
composite, which include 1) hybrid laser-CMT welding; 2) single laser beam welding with filler wire; 3) dual laser
beam welding with filler wire. We obtained that using the dual laser beam welding process can significantly improve
the weld surface quality. Single laser beam welding with filler wire can produce the highest tensile shear strength of
about 69.4 % of base SiC particle reinforced aluminum composite strength. The tensile shear strength is only 62.5%
and 53. 8% of the base material for hybrid laser-CMT welding and dual laser beam welding with filler wire,
respectively. The reason for the degradation of the weld strength is attributed to the formation of a large amount of
porosity in the weld fusion zone.

Methods Hybrid laser-CMT welding, single laser beam welding with filler wire, and dual laser beam welding with
filler wire are used to join 4 mm SiC/Al composite with an ultimate strength of 318 MPa and volume fraction of
7.66% in a butt joint configuration. Tensile shear and micro-hardness tests are employed to evaluate the weld
mechanical properties. The microstructures of the fractured weld are analyzed using scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM/EDS). Besides, a digital microscope (KEYENCE: VHX-6000) is
used to investigate the porosity distribution and ratio in various weld zones obtained using hybrid laser-CMT welding,
single laser beam welding with filler wire, and dual laser beam welding with filler wire. X-ray powder diffraction
(XRD) is used to identify the phase in the weld zone.

Results and Discussions Hybrid laser-CMT welding and single laser beam welding processes produced a rough
weld surface in 4 mm SiC particle reinforced aluminum alloy (SiC,/Al) composite. The weld surface quality is
significantly improved (Fig. 3) using a dual laser beam welding process. The tensile shear test showed that the
single laser beam welding process produced the highest weld strength, which reached 69.4% of the base material.
The hybrid laser-CMT welding and dual laser beam welding processes produced the weld strength of 62.5% and
53.8% of the base material, respectively (Fig. 4). All welds failed in the mode of combining porosity with dimples
(Fig. 6). The welds showed inhomogeneous hardness profiles with selected welding processes (Fig. 7) are due to
variation in SiC particle distribution and porosity formation in the weld (Fig. 8). Using the XRD technique, we
obtained that the SiC reinforcement particles chemically reacted with molten aluminum matrix, and the Al,C,
compound is produced in the fusion zone during the laser welding process (Fig. 10). The experimental results
showed that under the selected welding parameters, the porosity is mainly concentrated on the top and bottom part of
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the fusion zone for hybrid laser-CMT welding (Fig. 11(a)). However, the center part of the fusion zone is occupied
by a large amount of porosity for dual laser beam welding with filler wire (Fig.11(b)). Compared with hybrid laser-
CMT welding and dual laser beam laser welding with filler wire, porosity is significantly reduced, and it is obtained
through the entire weld depth (Fig.11(c)). To investigate the SiC particle sizes and their distribution after the laser
welding process, it is essential to consider the image analysis approach to analyze the weld fusion zone. We obtained
that the amount of SiC particle is reduced by dual laser beam welding with filler wire to the highest level among the
three laser-welding processes (Fig. 13). This phenomenon could be explained due to higher heat input from the dual
laser beam promoted the chemical reaction between SiC particle and molten aluminum matrix.

Conclusions In this study, hybrid laser-CMT welding, single laser beam welding with filler wire, and dual beam
laser welding with filler wire are selected to investigate the weldability of 4 mm SiC particle reinforced aluminum
composite. The experimental results showed that uneven surfaces are usually found in the welds, which are achieved
by hybrid laser-CMT welding and single laser beam welding with filler wire. The weld surface quality is significantly
improved using the dual laser beam welding process. Under the selected welding parameters, the highest tensile
shear strength of 208.2 MPa is obtained by single laser beam welding with filler wire, which is 69.4% of the base
material. Besides, a large amount of porosity is found in the fusion zone, and their distribution is different. SiC
reinforced particle is dissolved and segregated during laser welding process. The reduced SiC particle amount,
porosity formation, and brittle Al, C, formation in the fusion zone are the main reasons for the degradation of weld
strength.

Key words laser optics; SiC reinforced Al composite; hybrid laser-cold metal transfer welding; laser welding with
filler wire
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