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Effect of Si content on laser welding performance of AlI-Mn—Mg alloy
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Abstract: The correlation between Si content (0.1%—0.5%, mass fraction) and pulse laser welding performance of AlI-Mn—Mg
aluminum alloy sheets was studied. The sheets were fabricated in the laboratory, with gauge of 0.45 mm, H16 temper by pulse laser
welding. It was found that no cracking existed in the welding pool as Si content was below 0.34%. However, when the Si content
increased to 0.47%, cracking formed in the welding pool. Microstructure observations indicated that residual eutectic phases
distributed at the grain boundaries were discontinuous and appeared to be small particles in lower Si content alloys; the residual
eutectic phases distributed at the grain boundaries were partially continuous and appeared to be films in higher Si content alloys.
These phenomena could explain why Si content adversely affected the laser welding performance.
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1 Introduction

Al-Mn—Mg aluminum alloy sheets are commonly
used as cases and covers of lithium ion batteries for 3C
devices (computer, communication, consumer electronic)
due to light weight, high formability and good heat
conductivity. Laser welding is often adopted to join the
cases and covers of batteries for narrow heat-affected
zone (HAZ) and fast welding speed [1,2]. Therefore, it is
very important for the Al-Mn—Mg aluminum alloy
sheets to have good laser welding performance to
guarantee the safety of lithium ion batteries.

The cases of batteries are generally formed by deep
drawing and ironing method. Abundant AlFeMnSi
intermetallic compounds in the alloy sheets are helpful
for cleaning the die during the forming process [3,4].
And an effective way to get more AIFeMnSi phases is to
increase Si content [5,6]. However, Si content might
have an effect on the laser welding performance of
Al-Mn—Mg alloy sheets.

Several works had been carried out to investigate
reasons for laser welding cracking. It was found that hot
cracking occurred mainly due to the segregation of
alloying elements at grain boundaries and the existence
of the low-melting point phases [7,8]. HUANG et al

[9-11] studied the liquation cracking in the partially
melted zone. The results suggested that the liquation
initiated at grain boundaries due to a lower melting point.
Cracking behaviors during laser welding process are
influenced by not only welding parameters, such as
peak power, pulse energy and welding speed, but also
alloying compositions [12,13]. CHANG et al [14]
discussed the effects of the welding parameters on the
welding properties of Al-Mn aluminum alloy. The
results showed that the welding defect rate of the pulse
wave type laser welding was higher than that of the
continuous wave type laser welding. And the cracking in
the welding bead reduced with decreasing welding
speed.

However, as far as we all know, few researches have
been done to explain the relationship between chemical
compositions of aluminum alloy and laser welding
performance. Thus, the objective of this study is to
investigate the influence of Si content on laser welding
cracking sensitivity in Al-Mn—Mg aluminum alloy
sheets. This research will help us to control the Si
content in order to get AI-Mn—Mg aluminum alloys with
good laser welding performance. The correlation
between morphology of the eutectic phase remaining at
the grain boundaries of welding pool and laser welding
cracking behaviors will be discussed.
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2 Experimental

2.1 Samples preparation

The chemical composition of the AlI-Mn—Mg alloy
used in this study is listed in Tablel. Ingots with size of
70 mm were made by direct chill casting (DC casting).
The ingots were homogenized at 610 °C for 7 h. After
homogenization, the ingots were scalped to 50 mm gauge,
and hot rolled to 5 mm gauge, furthermore cold-rolled to
0.9 mm gauge sheets. The cold-rolled sheets were
intermediately annealed and then followed by
cold-rolling to final 0.45 mm gauge sheets (H16 temper).

Table 1 Chemical composition of alloys used in the present
study (mass fraction, %)

AlloyNo. Mn Mg Cu Si Fe Ti Cr Al
A 1.32 050 0.26 0.16 0.42 0.03 0.07 Bal.
B 1.26 0.51 025 0.34 039 0.03 0.07 Bal.
C 1.30 0.52 0.26 0.47 0.42 0.03 0.07 Bal.

2.2 Laser welding

After the sheets were cleaned with alcohol, laser
welding was carried out by welding on the plate with
PB600 pulse laser welding machine. The laser beam was
emitted onto a lens with a focus distance of 80 mm and
formed a 430 pm-diameter optical circle on the sheet.
Argon gas was used to shield the surface of the testing
sheet with a flowing rate of 15 L/min. Table 2 lists the
laser welding parameters.

Table 2 Laser welding parameters

Welding
Peak Pulse Pulse Pulse
. speed/
power/kW width/ms energy/] frequency/Hz .
(mm's )
5.5 0.55 2.75 40 6

2.3 Evaluation of microstructures

The grain structures of longitudinal sections of the
sheets used for welding test were observed on a
polarizing microscope after buff grinding and anodizing.
The intermetallic compounds were observed by optical
microscopy (OM) after buff grinding and etching with
0.5% HF solution, and were measured with an image
analyzer.

The surface of welding pool was observed by OM
to examine whether cracking existed. Grain structures of
the sections of welding pool were observed by the
polarizing microscope after buff grinding and anodizing
to investigate the fracture path. And the low-melting
point eutectic phases in the welding pools were observed
by the polarizing microscope after buff grinding and
etched with 0.5% HF solution. The morphology of

fracture was observed by a scanning electron microscope
(SEM), and the composition of the low-melting point
eutectic phases was analyzed with an energy-dispersive
X-ray spectroscope (EDS).

3 Results and discussion

3.1 Microstructures of testing sheets
Figure 1 shows the grain structures of alloys A

e —

Fig. 1 Grain structure of alloys with different Si contents:
(a) 0.16%; (b) 0.34%; (c) 0.47%
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(0.16% Si), B (0.34% Si) and C (0.47% Si) alloy sheets
before welding test. It can be seen that the grains in the
three alloy sheets are elongating along the rolling
direction. This indicates that the variation of Si content
has little effect on the grain size.

Figure 2 shows the distribution of intermetallic
compounds in A, B and C alloy sheets. AlFeMn and
AlFeMnSi phases exhibit different colors and
morphologies in the SEM images. The former is grey
and sharp, while the latter is black and round. Figure 3
shows the area fractions of AlFeMnSi phase in alloys
with different Si contents. It is clarified that the amount

(2)

Fig. 2 Distribution of intermetallic compounds in alloys with
different Si contents: (a) 0.16%; (b) 0.34%; (c) 0.47%
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Fig. 3 Area fractions of AlFeMnSi phase in alloys with
different Si contents

of AlFeMnSi phases increases with the increase of Si
content. During the homogenization of ingot, an
eutectoid reaction as follows will happen [4]:

3(Fe,Mn)Als+Si—a-Al;;(Fe,Mn);Si+6Al

This transformation would occur step by step, and
eventually get into a equilibrium state. More Si content
could promote this transformation. AIFeMnSi phase with
higher hardness could help cleaning the die during deep
stamping [3,4].

3.2 Microstructure of welding pools

Welding pools of the alloys with different Si
contents are shown in Fig. 4. It is found that no cracking
existing in the alloy A with 0.16% Si (Fig. 4(a)) and alloy
B with 0.34% Si (Fig. 4(b)). However, cracking is
observed in the alloy C with 0.47% Si (Fig. 4(c)). This
indicates that laser welding cracking becomes more
susceptible with the increase of Si content in the
Al-Mn—Mg alloy sheets.

In order to investigate the reason of cracking
occurring in alloy C, the vertical and transverse sections
of the alloy were observed. Figure 5 shows the grain
structures of the welding pool which has a welding
cracking in alloy C. The cracking exists between grains.
Figure 6 shows morphology of fracture surface which
displays a granular fractography. This means that the
cracking is intergranular brittle fracture that is generally
induced by fragility phases or slag inclusion at the grain
boundaries.

3.3 Correlation between laser welding cracking
behavior and morphology of residual eutectic
phases in welding pool
In order to investigate the initiation of welding

cracking, the welding pools were observed in details.

Figure 7 shows the welding pool of alloy A. Micro-

cracks can be observed in the HAZ between base metal
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Fig. 4 Welding pools of alloys with different Si contents:
(a) 0.16%; (b) 0.34%; (c) 0.47%

Fig. 5 Grain structure of welding pool in alloy C

and welding pool, but they do not propagate to the
surface of the testing sheet. Thus, the cracking which
affects the welding performance will not happen. Figure
8 shows the welding pool of alloy C with cracking. The
cracking initiates at the grain boundary in the HAZ, and
propagates along grain boundary to the surface of the

Fig. 6 SEM image showing fracture surface of welding pool in
alloy C

Fig. 7 Welding pool in alloy A showing crack initiation at grain
boundary in HAZ

Fig. 8 Welding pool in alloy C showing cracking initiation and
propagation at grain boundary

testing sheet. The similar phenomenon in Al-Cu and
Al-Zn—Mg alloys has been observed by HUANG et al
[9,10]. During the welding process, grain boundary in
HAZ is supposed to be heated to the melting point, and
then liquation cracking will form at the grain boundary
during the following solidification and shrinking.

Figure 9 shows microstructures at the grain
boundary of welding pool in alloys A and C. The dark
particles in Fig. 9(a) and dark lines in Fig. 9(b) are
considered as residual eutectic phases, respectively. In
the lower Si content alloy A, residual eutectic phases are
distributed at the grain boundary discontinuously and
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Fig. 9 Residual eutectic phases at grain boundary of welding
pools: (a) Alloy A; (b) Alloy C

appeared to be small particles. In the higher Si content
alloy C, residual eutectic phases are distributed at the
grain boundary continuously and appear to be films.
According to the liquid film-strain theory of
welding fracture [15], hot cracking will form at the grain
boundary if there are proper amount of low-melting point
eutectic liquid phases as films at the grain boundary
during solidification after laser welding, which leads to
less ductility of the grain boundaries. On the other hand,
the hot cracking will not form if the eutectic liquid
phases are discontinuous
Therefore, cracking in alloy C could be attributed to the
fact that a large amount of residual eutectic phases
formed at the grain boundary as films, which weakened

at the grain boundary.

the grain boundary.

The residual eutectic phases were examined by
SEM-EDS analysis on the fracture surface of cracking
pool in alloy C, as shown in Fig. 10 and Table 3. The
residual eutectic phases in Fig. 9 are identified to be Si,
Mg, Mn and Fe bearing phases. For the alloys A, B and
C, the contents of Mg, Mn, Fe varied little, and the only
element whose amount changed largely in the three

alloys is Si. Consequently, it can be concluded that the
amount of residual eutectic phases is mainly influenced
by the Si content.

(]

Fig. 10 SEM image of eutectic phase in alloy C at grain
boundary

Table 3 EDS analysis results of eutectic phase in alloy C

Element wi% X/%
Mg 1.41 1.59
Al 94.23 95.84

Si 0.85 0.83
Mn 1.58 0.79
Fe 1.94 0.95

In summary, the correlation between laser welding
crack susceptibility and the Si content can be explained
by the different morphologies of the residual eutectic
phases at the grain boundary. In the low Si content alloy
A, the residual eutectic phases exist as particles at the
grain boundary, so micro-cracks initiated in HAZ are
difficult to propagate along the grain boundary.
Otherwise, in the higher Si content alloy C, there are a
large number of residual eutectic phases formed as films
at the grain boundary, so cracking initiated in HAZ will
be easy to propagate.

4 Conclusions

1) The amount of Al-Fe—-Mn—Si phases in
Al-Mn—Mg alloys increases with the increase of Si
content.

2) Laser welding cracking susceptibility changes
with Si content. No cracking exists in the welding pools
as Si content is below 0.34%. However, cracking occurs
as the Si content increases to 0.47%.

3) The effects of Si content on the cracking
susceptibility could be understood by the different
morphologies of eutectic phases at the grain boundary.
Higher Si content alloy has a lot of liquid eutectic phases
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existing in films at the grain boundary, which facilitates
the propagation of cracking.
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