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During laser spot welding of an Al-Fe alloy, there is a size difference in welding spots under the same sheet-surface condition
and the same welding parameters. The microstructures of the surface of the Al-Fe alloy sheet before and after laser welding are
analyzed by means of a light microscope (LM) and electron probe microanalysis. It is found that, compared with small welding
spots, at the micro-zone where the welding spots are larger, the content of intermetallic compounds (IMCs) is higher before the
welding and the contents of Fe and Mn, which constitute IMCs, are also higher after the welding. The results show that the
distribution of IMCs in the sheet surface affects the size of laser-welding spots. The difference in the distribution of IMCs at the
micro-zone of the sheet surface causes the difference in the size of the welding spots.
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Med laserskim to¢kovnim varjenjem (punktiranjem) plocevine iz Al-Fe zlitine, nastajajo razli¢no velike varilne tocke pri
naceloma enaki vizualni povrsini ploCevine in enakih parametrih varjenja. Zato so avtorji analizirali mikrostrukturo povrsine
plocevine iz Al-Fe zlitine z opti¢nim mikroskopom (LM) in elektronskim mikro-analizatorjem vzorcev (EMPA). Analize so
izvajali pred in po tockovnem laserskem varjenju. Ugotovili so, da v primerjavi z majhnimi varilnimi to¢kami vecje nastajajo na
mestih mikrocon, kjer je vsebnost intermetalnih spojin vecja pred varjenjem in je vsebnost Fe in Mn, ki sestavljata intermetalne
spojine, prav tako vecja po varjenju. Rezultati analiz so avtorjem pokazali, da porazdelitev intermetalnih spojin na povrSini
ploc¢evine vpliva na velikost toc¢k nastalih med laserskim varjenjem. Razlika v porazdelitvi intermetalnih spojin, v mikroconah
na povrsini plocevine, povzro¢a nastanek razli¢no velikih varilnih tock.
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Kljuéne besede: lasersko tockovno varjenje, zlitina na osnovi Al-Fe, varilna tocka, intermetalna spojina

1 INTRODUCTION

Due to excellent mechanical properties, corrosion
resistance and formability, Al-Fe alloys become more
popular in the application of many products, such as
packaging, air-conditioning and vehicles and so forth.'-
In recent years, Al-Fe alloys have been used for fabri-
cating structural parts of lithium-ion batteries because of
their good weldability and processability.

With the advantages of a high-speed, narrow weld
seam, low distortion, small heat-affected zone and high
degrees of precision and automation,*® laser welding has
been widely used in many fields, such as aerospace®’ and
automobile transportation.*®* Currently, aluminum-alloy
structural parts of square lithium-ion batteries are mainly
assembled by laser welding.

During the laser welding of aluminum alloys, various
defects such as porosity, hot cracks and spatter are prone
to occur. In addition, an abnormal weld pool of alumi-
num alloys may occur occasionally, which, however, has
been studied less.

*Corresponding author's e-mail:
yanfengpan@aliyun.com (Yanfeng Pan)
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Some studies'®'* reported that the instability of the
welding process caused abnormal weld pools, which was
related to the metal vapor, plasma or the instability of the
keyhole. It was also reported that the abnormality of a
weld pool could be caused by the roughness, impurities
or defects of the sheet surface.!>!¢ The above researches
mainly focused on a high laser power and deep pene-
tration welding.

During the Nd:YAG low-power pulsed-laser welding
of aluminum alloys, it was found that some aluminum-
alloy sheets are prone to abnormal weld pools, while
others are not, which is difficult to explain in the light of
the above studies. Laser welding of Al-0.85Fe and
Al-1.35Fe aluminum alloys was reported in our previous
work,? which showed that IMCs of alloys could affect
the laser-welding results. In this study, an attempt is
made to further reveal the relationship between the size
difference in weld pools and the distribution of IMCs
during the laser welding of an Al-0.85Fe alloy sheet.

2 MATERIALS AND METHODS

Table 1 shows the chemical composition of the
Al-0.85Fe alloy used in the present work. A direct-chill
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cast ingot was cold rolled to a 1.5-mm thickness after the
homogenization and hot rolling. Then the sheet used for
laser welding was fully annealed at a temperature of
360 °C for 1 h.

Table 1: Chemical composition of the alloy sheet (mass fractions)

Fe Si Mn Ti Al
0.85 0.10 0.25 0.012 Bal.

The microstructure of the sample sheet surface was
observed with GX51 LM after grinding and mechanical
polishing. Four groups of micro-zones with large
differences in the content (the area fraction, the ratio of
the area of IMCs to the zone area) of the IMCs were
marked, respectively. Each group included two micro-
zones, one had a high content of IMCs and the other had
a low content of IMCs. The content of IMCs was
measured for four groups.

Then spot welding was carried out for the four
groups of micro-zones with a PB600 Nd:YAG pulsed
laser with the maximum mean power of 600 W. A sam-
ple was wiped with alcohol immediately prior to weld-
ing. High-purity argon (99.995 %) was used as the
shielding gas. The laser-beam focus was on the sheet
surface (the defocus was zero). The welding parameters
are listed in Table 2. The laser-pulse shape was approx-
imately a rectangle and the average welding output
power was 246.5 W.

Table 2: Pulsed-laser welding parameters

Peak Pulse Pulse Pulse
power width energy frequency
5.8 kW 4.5 ms 24.657 10 Hz

After the laser welding, surface diameters of the
welding spots were measured with the LM. Two groups
of welding spots (four welding spots) were ground along
the sheet cross-section to the center of the weld pool.
After the polishing, the cross-sections of the welding
spots were observed with the LM.

The other two groups of welding spots (four welding
spots) were ground along the sheet plane, with a thick-
ness reduction of 40-50 um. Then the elements and their
amounts in the surfaces of the welding pools were
analyzed using the JEOL-JXA-8230 electron-probe
microanalysis (EPMA) after the polishing.

3 RESULTS

3.1 Microstructure of the sheet

Figure 1 shows the LM micrographs of the surface of
the Al-0.85Fe alloy sheet used in the present study. As
shown in Figures 1a and 1b, the distribution of IMCs in
the surface of the alloy sheet is not uniform as they are
concentrated in some micro-zones while being sparse in
other micro-zones.

Two micro-zones with obvious differences in the
IMC distribution were selected, as shown by dotted areas
A and B in Figure 1, with a size of 720 x 480 um (larger
than the diameter of the laser-beam spot with a size of
430 um, but smaller than the surface diameter of the
welding spot). High-magnification photos are shown in
Figures 1c¢ and 1d. The distribution of IMCs in micro-
zone A (Al1-A4) is significantly higher than that of
micro-zone B (B1-B4). The amounts of IMCs in micro-
zones Al and Bl are 2.7 % and 1.4%, respectively.

Figure 1: LM micrographs of the surface of the Al-0.85Fe alloy sheet: a) with a high content of IMCs, b) with a low content of IMCs, ¢) and
d) high magnifications of micro-zones Al and B1 from Figures 1a and 1b, respectively
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3.2 Results of laser spot welding

Laser spot welding was performed on the four groups
of selected micro-zones with the welding parameters
listed in Table 2 and the laser-beam spot was located at
the center point of each micro-zone. Figure 2 shows the
laser-welding spots. The widths of welding spots Al and
B1 were determined by measuring the surface diameters
of the welding spots, whose average values were 1057
um and 1008 um, respectively.

Figure 3 shows the central cross-sections of welding
spots Al and B1. The weld penetrations of welding spots
Al and Bl were measured from the incident surface
plane to the bottom of the weld pool, whose values were
638 um and 495 pm, respectively. Both welding spots
were free from major defects such as cracks or porosity.

Table 3: Statistical results for IMCs, weld width and penetration

Grou Content of 'Weld width en\lil(gion Aspect
P IMCs /% /jum [P Jum ratio
Noi Al 2.7 1057 638 0.6
| BI 1.4 1008 495 0.5
No2 | A2 2.9 1053 640 0.6
“| B2 1.6 1009 500 0.5
A3 2.8 1064 — —
No.3 g3 1.5 986 — —
Ad 3.1 1124 — _
No4 ™y 1.4 1004 — —

Figure 2: Welding spots: a) welding spot A1, corresponding to Figure
1a, b) welding spot B1, corresponding to Figure 1b

Materiali in tehnologije / Materials and technology 54 (2020) 3, 335-340

Figure 3: Cross-section of: a) welding spot Al, b) welding spot B1

Based on the results in Figures 1, 2 and 3, it can be
found that the weld penetration and width of a welding
spot are larger in the micro-zone where the content of
IMCs is higher, which is consistent with the result of
another tested group.

The statistical results for the IMCs, weld width and
penetration are included in Table 3. The results indicate
that the distribution of IMCs in the micro-zones may
cause a size difference in the welding spots.

3.3 Results of the EPMA

To measure an element content of welding spots
more accurately, 13 points were tested for each welding
spot, as shown in Figure 4, and the results of the EPMA
are shown in Figure 5.

Figure 5a shows the EPMA result for the third group
of welding spots. Symbols B and @, respectively,
represent the contents of Fe and Mn of each tested point
at the surface of welding spot A3. Symbols OO and O,
respectively, represent the contents of Fe and Mn of each
tested point at the surface of welding spot B3. The
straight line and dotted straight line, respectively,
represent the average value.

As shown in Figure 5a, the average contents of Fe
and Mn of welding spot A3 are 0.824 % of mass frac-
tions and 0.235 % of mass fractions, respectively. The
average contents of Fe and Mn of welding spots B3 are
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Figure 4: Schematic of the EPMA

0.775 % of mass fractions and 0.229 % of mass frac-
tions, respectively. Both the Fe and Mn contents at the
surface of welding spot A3 are higher than those of
welding spot B3.

Figure Sb shows the EPMA result for the fourth
group of welding spots where a total of 6 points were
tested. The average contents of Fe and Mn of welding
spot A4 are 0.889 % of mass fractions and 0.248 % of
mass fractions, respectively. The average contents of Fe
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Figure 5: Results of the EPMA: a) No. 3, welding spots A3 and B3,
b) No. 4, welding spots A4 and B4
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and Mn of welding spot B4 are 0.741 % of mass frac-
tions and 0.211 % of mass fractions, respectively. These
results are consistent with the results from Figure 5a,
that is, the contents of Fe and Mn at the surface of
large-sized welding spots (A3 and A4) are higher than
those of small-sized welding spots (B3 and B4).

Due to an insufficient flow of the melt and a very
short solidification time of the weld pool during laser
spot welding, there is insufficient time for the alloying
elements in the welding spot to diffuse, resulting in a
non-uniform distribution of elemental contents in each
micro-zone.

4 DISCUSSION

4.1 Discussion of the EPMA results

The primary IMCs, such as AlFe, Al(FeMn) and
Al(FeMn)Si, almost completely redissolve in the melt
due to a very high temperature of the molten pool. The
duration of laser spot welding is extremely short, and the
metal melting and the solidification of the molten pool
are completed within a few milliseconds.!® Thus, the
main microstructure of a solid weld pool is a supersatu-
rated solid solution. In a specific micro-zone, if the
content of IMCs is high before the welding, the content
of the alloying elements of the supersaturated solid
solution in the weld pool is high as well.

According to the data from Table 3, it can be found
that the aspect ratio (weld penetration divided by weld
width) of the welding spots in this study is within the
range of 0.5-0.6, which is a typical heat-conduction
welding (an aspect ratio < 1.2).'7 In heat-conduction
spot welding, the formation of a molten pool mainly
depends on the heat conduction, and the flow of the melt
in the weld pool is limited. Therefore, it is reasonable to
obtain the IMCs content of the original sheet surface by
measuring the element content at the surface of the weld-
ing spot.

The EMPA results for the welding spots are con-
sistent enough with the statistical results of the pre-weld
IMCs in the sheet surface. That is to say, at the micro-
zones where the size of the welding spot is large, the
content of IMCs is high before the welding and the
contents of compositional elements Fe and Mn are also
high after the welding.

4.2 Analysis of the influencing factors

It was reported that deep-penetration welding and
heat-conduction welding may occur randomly during
laser welding, resulting in a fluctuation of the weld
penetration and width. D. Zhang et al.'®!! reported that
the thermal focusing of lens changed the focal position
during high-power CO, laser welding, which caused a
transition of the welding modes and an obvious fluc-
tuation of the weld width and penetration.
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J. C. Wang et al.'>!3 concluded that during the
Nd:YAG laser welding, when the laser power density
was close to the threshold of a keyhole formation, the
laser energy absorbed by the workpiece fluctuated due to
the fluctuation of the plasma itself and the laser absorp-
tion by the plasma. As a result, the keyhole could be
unstable, leading to the instability of the welding process
(two weld modes would appear randomly).

It was pointed out by A. Heider et al.'* that the melt
ejection of the weld pool caused a loss of heat and
collapse of the keyhole during the laser welding of
copper alloys, resulting in a fluctuation of the weld width
and penetration.

In the case of heat-conduction welding, there are no
plasma or keyhole,'”> and the melt ejection is very
limited. Furthermore, the thermal-focusing effect does
not occur due to the extremely short duration (which is
usually a few milliseconds) of the spot-welding process.
Therefore, the problem of the present study cannot be
reasonably explained by the above studies.

The CO, laser spot welding of aluminum alloy was
discussed by W. Tao et al.’> When the laser power was
close to the threshold, the size of welding spots fluc-
tuated greatly. This was due to the fact that the surface
roughness, impurities and defects were different across
the workpiece surface, resulting in a difference in the
laser absorption by various zones of the workpiece sur-
face.

Some scholars'® studied the Nd: YAG laser spot weld-
ing of the 1100 aluminum alloy and found an abnormal
phenomenon whereby the penetration depth of some
welding spots with black stains on the surface dropped
with an increased peak power. This could have been
caused by the stains and dust on the surface of the alumi-
num sheet, impurities in the shielding gas or aluminum
sheet.

In this study, the sample was ground and polished,
and then wiped with alcohol before the welding. There-
fore, the effect of surface inconsistency or stains on the
welding can be eliminated. In addition, there were no
black stains on the welding-spot surface, so the effect of
impurities in the shielding gas or aluminum sheet on the
welding can also be excluded.

In the case of heat-conduction welding, the laser
energy absorbed by the surface of a metal is converted
into heat energy, which causes a rise in the temperature
of the metal surface and metal melt. Then, the heat
energy transfers to the inside of the metal through heat
conduction to form a molten pool.

In '® it is noted that the actual laser absorptivity of a
metal surface consists of two parts. One is the intrinsic
absorptivity depending on the optical properties of the
metal, and the other is the extrinsic absorptivity depend-
ing on the optical properties of the metal surface. With a
fixed laser wavelength, the intrinsic absorptivity of metal
is mainly related to the electrical conductivity of metal.
The lower the conductivity of metal, the higher is the
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laser absorptivity of metal. The extrinsic absorptivity is
dependent on the roughness, defects, impurities, oxide
layers or coating of the metal surface.

In this study, the oxide layer and defects of the
sample surface were removed and the surface had a
uniform roughness after grinding and polishing. The
surface optical properties of both micro-zones A and B
were identical, resulting in the same extrinsic absorpti-
vity. Therefore, the actual absorptivity of the two kinds
of welding zones depends on their intrinsic absorptivity.

The electrical conductivity of the IMCs of the Al-Fe
alloy, including AlFe, Al(FeMn) and Al(FeMnSi), is
much lower than that of pure aluminum and pure iron."
Since the intrinsic absorptivity is inversely proportional
to the electrical conductivity of a material, it can be
inferred that the laser absorptivity of the IMCs, such as
AlFe, Al(FeMn) and Al(FeMn)Si, is probably much
higher than that of pure aluminum and its alloys, based
on laser-absorptivity equations given by the literature.'$-2

The composition of a metal can be simply divided
into the matrix and IMCs. For the same sheet, the solid
solubility in the matrix of each zone within a limited
range can be approximately regarded as the same. Thus,
the difference in the micro-zones can be distinguished by
the difference in the contents of the IMCs.

The laser absorption of a micro-zone is equal to the
sum of the laser absorption of the matrix and of the
IMCs. The laser absorptivity of IMCs is much higher
than that of the matrix, so the laser absorptivity increases
with an increase in the area fraction of IMCs.

Therefore, the intrinsic absorptivity of a micro-zone
with a high content of IMCs may be relatively higher,
resulting in high laser energy absorbed by the micro-
zone.? That is to say, even with the same surface charac-
teristics, the laser absorptivity of each micro-zone on the
same sheet can be different, and the micro-zone with a
high content of IMCs may have a higher laser absorpti-
vity.

The laser absorbance increases drastically once the
metal has melted. However, the difference in the laser
absorptivity within any set of metals is not obvious in the
liquid state.?! Therefore, the effect of laser absorptivity at
room temperature on laser welding is significant.

The reason why the laser absorbance by an aluminum
alloy is very low is that the density of free electrons,
which are easy to interact with the photons of a laser
beam to deflect the energy, is high on the surface of a
solid aluminum alloy.*® The free-electron density of
IMCs is lower than that of the matrix.?? Therefore, an
increase in the amount of IMCs in the surface of an
aluminum alloy (which means that the free-electron
concentration at the surface decreases simultaneously) is
conducive to the increase in the laser absorptivity.

Compared with the matrix, the thermal conductivity
of the IMCs is lower due to a lower electrical conduct-
ivity, so the heat transfer of the IMCs is slower. An in-
crease in the IMC content causes a lower heat transfer
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from the welding zone to the surrounding material,
thereby allowing more heat energy to be retained in the
welding zone, which is advantageous for the formation
of a larger weld pool.

Based on the above, it can be established that the
laser absorptivity of micro-zone A with a higher content
of IMCs is much higher than that of micro-zone B. As a
result, micro-zone A can obtain more laser energy and
more heat input than micro-zone B under the same
welding parameters, thus obtaining a larger weld pool.

5 CONCLUSIONS

During the laser spot welding of an Al-0.85Fe alloy
sheet, a size difference in welding spots occurs even
under the same surface condition and the same welding
parameters. Compared with other micro-zones with a
lower content of IMCs, the micro-zone at the sheet
surface with a high content of IMCs easily develops a
larger weld pool. The results show that the difference in
the size of welding spots is related to the non-uniform
distribution of IMCs in the micro-zones on the sheet
surface. The main reason is that the laser absorptivity of
IMCs is probably higher than that of the matrix, which
leads to a more significant influence on laser welding.
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