
1Scientific REPORts |  (2018) 8:12944  | DOI:10.1038/s41598-018-31350-4

www.nature.com/scientificreports

Effect of alloy element on weld 
pool dynamics in laser welding of 
aluminum alloys
Masanori Miyagi1, Hongze Wang  2, Ryohei Yoshida2, Yousuke Kawahito2, Hiroshi Kawakami3 
& Takahisa Shoubu4

In this manuscript, weld pool dynamics in laser welding of various series of aluminum alloys were 
investigated by the in situ X-ray phase contrast imaging system. The experimental results showed 
that metal irradiated by laser was evaporated immediately, which generated the keyhole. Then metal 
surrounding the keyhole was melted gradually with the heat from keyhole. The growth rate of keyhole 
depth had a positive linear correlation with the total content of low boiling temperature elements 
(TCE), so did the keyhole depth and diameter at the stable stage. Longitudinal view area of the molten 
pool had a negative linear correlation with the thermal conductivity of aluminum alloy. The measured 
laser absorption rate had the same variation trend with the ratio of keyhole depth to diameter, and 
the highest absorption rate of 58% appeared in laser welding of aluminum alloy with TCE equal to 
2.1%. Violent fluctuation in keyhole shape was avoided in aluminum alloy with TCE lower than 2.1%, 
where the surface tension and recoil pressure of metal vapor were balanced. To sum up, the effect of 
alloy element on weld pool dynamics in laser welding of aluminum alloys was firstly quantified in this 
manuscript.

Aluminum alloy is one of key materials in weight saving of mobile body including electric vehicle (EV). Laser 
manufacturing has been widely used as a highly efficient method to achieve high quality product in industry1,2, 
where laser is used in welding3–5, cutting6,7, additive manufacturing8, and so on. The interaction between laser 
and material determines the product quality9–13. However, keyhole and molten metal induced by high power 
density laser are surrounded by solid metal, and these inner phenomena are not observable with the conventional 
method. Though characteristics of keyhole and molten pool were presented by simulation14–17, these calculated 
results have rarely been validated by experiment directly.

Various methods have been adopted to explore the dynamic behavior inside weld pool in laser material pro-
cessing18–21. High speed camera was adopted to observe the movement of molten metal in the weld pool with a 
specially designed structure18,19,22. In this method, a glass sheet and a steel sheet were arranged side by side, and 
their interface was irradiated by laser. By placing a camera at the glass side, it is possible to directly capture the 
inside behavior of the weld pool, which contributed a better understanding of the keyhole dynamics and flow of 
the molten pool. However, this specially designed structure changed the heat conduction condition around the 
weld pool, and the measured keyhole size was clearly larger than the real one in laser processing. Microfocused 
X-ray transmission in situ observation system was successfully adopted to investigate the keyhole dynamics20,21, 
which contributed an in-depth understanding of the light absorption23, stability of the keyhole24 in laser welding. 
However, the interface between molten pool and solid metal couldn’t been identified with this method due to the 
marginal difference in absorption performance of X-ray between liquid phase and solid phase. Recently, the X-ray 
phase contrast imaging system was reported to have the ability to capture the weld pool behavior and porosity 
formation process clearly25,26, which firstly provided an effective method to quantify the real, inner characteristics 
in welding.

Researchers have focused on the weld quality in laser welding of various series of aluminum alloys by both 
experiments and simulations27–29. These previous researches showed that the aluminum alloy with different 
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compositions had different weldability, which was caused by the differences in weld pool behavior. The latest 
paper published by John H. martin et al. in Nature showed that the composition of aluminum alloy including the 
nanoparticles of nucleants would significantly affect the quality of final product in laser manufacturing30. Several 
researchers found that Mg element in aluminum alloy evaporated during the laser welding process, which would 
affect the characteristics of keyhole dynamics, and the final properties of the weld bead, e.g. hardness distribution, 
welding defect including undercut and porosity31–35. However, the relationship between aluminum alloy with 
different compositions and behavior of weld pool induced by laser is still not fully understood.

In this manuscript, X-ray phase contrast imaging system was adopted to capture the weld pool behavior and 
porosity formation process in laser welding of various series of aluminum alloys. Effect of alloy composition on 
keyhole growth rate, keyhole geometry and absorption rate was discussed. The relationship between longitudinal 
view area of the weld pool and thermal conductivity of the material was presented. This paper provided a quanti-
tative research about effect of alloy element on weldability of aluminum.

Results and Discussion
Keyhole and molten pool were captured by X-ray phase contrast imaging system to reveal the quantitative rela-
tionship between the observed characteristics and composition of aluminum alloys. Figure 1 shows the captured 
longitudinal behavior of A1050 weld pool during pool formation process. At 1 ms, keyhole with large ratio of 
depth to diameter was generated, while molten pool surrounding the keyhole was not obvious, which indicated 
that keyhole growth rate was higher than the molten pool growth rate at this time. At the time of 5 ms, molten 
pool with large area surrounding the keyhole appeared. During this process, heat was transferred from metal at 
the wall of keyhole to metal surrounding the keyhole, and molten metal surrounding the keyhole was gradually 
formed. The captured behavior of weld pool proved that heat of laser was firstly absorbed in the keyhole, then 
transferred to metal surrounding the keyhole.

Composition of aluminum alloys can have a significant effect on thermal properties, e.g. boiling tempera-
ture, thermal conductivity. Thus, behavior of weld pool may vary with the composition of aluminum alloys. It is 
important to quantify the effect of composition. The content of element with boiling temperature lower than that 
of aluminum element can significantly affect the dynamic behavior of keyhole27. The total content of low boiling 
temperature elements (TCE), which was defined to be the total content of the elements with the boiling tempera-
ture lower than that of aluminum (Si, Mn, Mg, and Zn in present work), was calculated, and the result is shown in 
Fig. 2. As shown, TCE varies with the grade of aluminum. A1050 has the lowest TCE with the value of 0.0%, while 
A7075 has the highest TCE with the value of 8.5%.

During the keyhole and molten pool formation process, keyhole depth increased with time. The dynamic 
process of keyhole depth when laser irradiating to several representative aluminum alloys was captured by X-ray 
phase contrast imaging system, and the result is shown in Fig. 3(a). To highlight the relationship between TCE 
and keyhole depth, the corresponding TCE value of aluminum alloy for each keyhole depth variation curve was 
labeled in the figure. As shown, the keyhole depth increased rapidly in the first 5 ms, then the increasing rate 
decreased slowly to 0, thus, the keyhole depth reached a stable value with small fluctuation. The keyhole depth at 
the stable stage for different aluminum alloys increased with TCE.

The average growth rate of keyhole depth at the first 5 ms for each aluminum alloy was calculated, and the 
relationship between the average growth rate of keyhole depth and TCE is shown in Fig. 3(b). As shown, the 
average growth rate increased with TCE. Linear fitting was conducted to quantify the relationship between the 
average growth rate and TCE, and the fitting results are shown together with the experimental results. Assuming 
that y represents the average growth rate of keyhole depth, and x represents TCE, the fitted relationship between y 
and x is y = 9.45x + 77.60, σ = 2.89 and R2 value is 1.00. The fitted R2 value indicates that a perfect positive linear 
correlation exists between the average growth rate and TCE. The element with the boiling temperature lower than 

Figure 1. Dynamic longitudinal view of weld pool during pool formation process captured by X-ray imaging 
system (A1050).
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that of Al will evaporate earlier before Al when heated by laser, which will accelerate the formation and increase 
the depth of keyhole. This can explain why the growth rate of keyhole depth will increase with TCE. Zhou et al. 
(2017) conducted spectroscopic analysis to quantify the composition of metal vapor in laser welding of A5052, 
and the results indicated that a large amount of Mg was evaporated during the welding process29. This research 
supports our finding that the element with boiling temperature lower than that of aluminum plays a significant 
role on keyhole formation. Thus, TCE can be utilized as a pointer for the speed to form the keyhole.

Figure 4 shows the representative longitudinal characteristics of keyhole and molten pool for representative 
aluminum alloys at the stable stage. There was almost no molten metal at the bottom of the keyhole, and the key-
hole depth was equal to the molten pool depth. The weld pool area in front of the keyhole was smaller than that 
behind the keyhole. In the weld pools of A1050, A6061 and A2024 (TCE is 0.0%, 1.6%, and 2.1%, respectively), 
keyhole diameter varied little from top to bottom, and keyhole was stable. In the molten pool of A5083 and A7075 
(TCE was 5.1% and 8.1%, respectively), keyhole shape varied violently. These experimental results indicated that 
violent fluctuation of the keyhole can be prevented when TCE was lower than 2.1%, where the surface tension and 
recoil pressure of metal vapor were balanced.

Figure 5 shows the supplementary longitudinal view of the molten pool in laser welding of A7075, which 
provides a detailed description about the violent fluctuation in keyhole shape. Three representative character-
istics during the welding process are presented. Though the keyhole depth and diameter at the inlet didn’t have 
an obvious variation, shape of the keyhole varied with time during the welding process. At a time, diameter of 
the keyhole varied with the depth. In Fig. 5(a), keyhole diameter at the bottom position is approximately three 
times of that at the inlet. In Fig. 5(b), a large bubble was formed in the molten metal. In Fig. 5(c), a large bubble 
appeared at the boundary between weld pool and solidified zone. The bubbles induced by the dynamic keyhole 
would lead to the formation of porosity in the weld seam.

The relationship between keyhole diameter at the stable stage and TCE is shown in Fig. 6(a). For the keyhole 
with diameter varying with depth dynamically in laser welding of A5083 and A7075, the average diameter of 
keyhole at the inlet was adopted. We measured five inlet diameters of the keyhole at five random time of the stable 
stage, and the average value was calculated. As shown, keyhole diameter increases with TCE. Linear fitting was 
conducted to quantify the relationship between the keyhole diameter and TCE, and the fitting results are shown 
together with the experimental results. Assuming that y represents the keyhole diameter, and x represents TCE, 

Figure 2. Total content of low boiling temperature elements (TCE) varying with the grade of aluminum alloys.

Figure 3. Dynamic keyhole depth during the molten pool formation process: (a) time-dependent variation in 
keyhole depth for representative aluminum alloys; (b) relationship between the average growth rate of keyhole 
depth at the first 5 ms and TCE.
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the fitted relationship between y and x is y = 0.008x + 0.027, σ = 0.0058 and R2 value is 0.97. The fitted R2 value 
indicates that good linear relationship exists between the keyhole diameter and TCE.

The relationship between keyhole depth at the stable stage and TCE is shown in Fig. 6(b). As shown, keyhole 
depth increases with TCE. Linear fitting was conducted to quantify the relationship between the keyhole depth 
and TCE, and the fitting results are shown together with the experimental results. Assuming that y represents the 
keyhole depth, and x represents TCE, the fitted relationship between y and x is y = 0.068x + 0.64, σ = 0.033 and R2 
value is 0.99. The fitted R2 value indicates that good linear relationship exists between the keyhole depth and TCE. 
With the increase of TCE in aluminum alloy, the amount of low boiling temperature element in the metal sur-
rounding the keyhole increased, and this part of element would evaporate during the welding process randomly, 
which increased both the diameter and the instability of the keyhole. This randomly produced metal vapor made 
of low boiling temperature element changed the shape of the keyhole, and keyhole diameter varied violently.

The absorption rate in laser welding of representative aluminum alloys was measured, and the result is shown 
in Fig. 7. The absorption rate increased with TCE at first when TCE was lower than 2.1%, then decreased with 
TCE. The highest absorption rate of 57.7% appeared when TCE was 2.1%. To quantify the key factor that affect-
ing the absorption rate, the ratio of keyhole depth to diameter for each aluminum alloy was calculated based 
on the experimental results shown in Fig. 6, and the result is shown together with the measured absorption 
rate. As shown, the absorption rate had the same variation trend with the ratio of keyhole depth to diameter. 
Previous research reported that the ratio of keyhole depth to diameter was an indicator for the times of multiple 
reflections in the keyhole21. With the increase of the ratio, the times of multiple reflections in the keyhole would 

Figure 4. Representative longitudinal view of molten aluminum alloys pool at the stable stage.

Figure 5. Representative longitudinal view of the A7075 molten pool.
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increase, which contributed to the increase in absorption rate. The absorption rate at large TCE value was abnor-
mal. Though the ratios of keyhole depth to diameter at the TCE of 5.1% and 8.5% were lower than that at the TCE 
of 0%, the absorption rates were higher. That was because the fluctuation in keyhole shape increased the times of 
multiple reflections, thus increased the absorption rate.

The relationship between longitudinal view area of the molten pool at the stable stage and thermal conduc-
tivity of the aluminum alloy is shown in Fig. 8. As shown, longitudinal view area of the molten pool decreased 
with thermal conductivity. Linear fitting was conducted to quantify the relationship between the section area 
and thermal conductivity, and the fitting result is shown together with the experimental results. Assuming that 
y represents the section area, and x represents thermal conductivity, the fitted relationship between y and x is 
y = −0.0053x + 1.51, σ = 0.042 and R2 value is 0.97. The fitted R2 value indicates that good linear relationship 
exists between the longitudinal view area and the thermal conductivity. Longitudinal view area of the molten pool 
is generally determined by both energy absorption and energy dissipation process, this interaction process is so 
complicated that there is no easy method to quantify this process at present. The experimental linear relationship 

Figure 6. Relationship between TCE and: (a) keyhole diameter; (b) keyhole depth.

Figure 7. Effect of TCE on absorption rate and ratio of keyhole depth to diameter.
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between the longitudinal view area and the thermal conductivity contributes to understanding of key factor that 
determining the size of the molten pool.

Figure 9 shows the characteristics of surface, cross section and longitudinal view in laser-welded aluminum 
alloys weld seam. Characteristics of the surface and cross section were measured by optical microscope. The 
results validated that width, depth and cross section area of the weld seam varied with the aluminum alloy, and 
this variation law was consistent with that captured by X-ray imaging system shown in Fig. 4. Longitudinal view 
of the weld seam was also captured by X-ray phase contrast imaging, as shown in Fig. 9. There was rarely any 
porosity in the weld seam of A6061 and A2024, while large porosities were observed in the weld seam of A1050, 
A5083 and A7075. These results about the porosities were also consistent with the in situ observed bubbles dis-
tribution in the weld pool. Bubbles in the molten metal can be affected by a lot of factors, e.g. composition of the 
alloy, laser parameters including power, speed and beam diameter, shielding gas, and so on13,25,36. The mechanism 
for bubble formation in the weld pool and the method to suppress the bubble will be investigated in the future.

Figure 8. Relationship between longitudinal view area of the molten metal and thermal conductivity.

Figure 9. Characteristics of surface, cross section and longitudinal view in laser-welded aluminum alloys weld 
seam.
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Conclusion

 1. Longitudinal view of the weld pool in laser welding was observed by the X-ray phase contrast imaging 
system. Keyhole was immediately generated when laser irradiated to aluminum alloy, then material sur-
rounding the keyhole was melted gradually with the heat from keyhole. The keyhole depth was equal to the 
molten pool depth.

 2. The growth rate of keyhole depth had a positive linear correlation with the total content of low boiling 
temperature elements (TCE), so did the keyhole depth and diameter at the stable stage. Violent fluctuation 
in keyhole shape was avoided in aluminum alloy with TCE lower than 2.1%.

 3. The measured laser absorption rate had the same variation trend with the ratio of keyhole depth to diame-
ter, and the highest absorption rate of 57.7% appeared when TCE was 2.1%.

 4. Longitudinal view area of the molten pool had a negative linear correlation with the thermal conductivity 
of aluminum alloy.

Methods
With X-ray phase contrast imaging system, an image with emphasized edge of weld pool is captured based on the 
observation of interference patterns between diffracted and undiffracted waves25,26. Because this imaging system 
puts forwards a high requirement for the X-ray beam to generate the clear interference patterns, the high quality 
BL22XU beam line at SPring-8 was utilized.

The in situ imaging system is shown in Fig. 10. The geometry of the samples was 70 × 30 × 3 (mm). X-ray 
generated in BL22XU beam line was irradiated to side surface of the aluminum alloy sheet, laser beam 
was applied to the upper surface (70 × 3 (mm) surface). The capturing frequency of the high speed camera 
was 1.0 kHz. Five representative aluminum alloys were used in the experiment, which were A1050, A2024, 
A5083, A6061, and A7075, respectively. Element composition of each alloy is listed in Table 137. The power 
of single-mode fiber laser26 in the experiment was 500 W, welding speed was 16.7 mm/s, and defocus distance 
was −1 mm. The 10° inclination angle of laser beam was adopted to reduce the reflection. Figure 11 shows 

Figure 10. Imaging system developed in our lab.

Al Si Cu Mn Mg Cr Zn

A1050 99.5 (min) — — — — — —

A2024 93.5 — 4.4 0.6 1.5 — —

A5083 94.7 — 0.05 0.7 4.4 0.15 —

A6061 97.9 0.6 0.28 — 1.0 0.20 —

A7075 89.0 — 1.6 — 2.5 0.23 5.6

Table 1. Element composition of aluminum alloys (mass %).
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the intensity profile of laser beam at the defocus of −1 mm. The diameter of the laser beam at this welding 
condition was 140 μm. This specific laser-beam condition was selected because the maximum observation 
area for the SPring-8 X-ray source was 1 × 1 mm. A fan was used to remove the metallic plume during the 
experiment25. Table 2 shows thermal conductivity of the aluminum alloys at room temperature38. Because there 
are significant composition differences between these aluminum alloys, thermal conductivity varies with the 
grade. Table 3 shows the boiling temperature of the main elements in aluminum alloy39. The boiling tempera-
tures for Si, Mn, Mg and Zn element were lower than that of aluminum. To quantify the relationship between 
keyhole shape and energy absorption, the laser-light absorption rate of each aluminum alloy during the weld-
ing process was measured with the water calorimetric method21,28. The experimental system to measure the 
absorption rate is shown in Fig. 12. During the welding process, the aluminum heated by laser was cooled by 
the flowing water, and the heat transferred to the water was assumed to be approximately equal to the heat 
absorbed by aluminum. After the increase of heat in the water was calculated based on the measured tempera-
ture gap and mass, the absorption rate of laser could be obtained.

Figure 11. Intensity profile of laser beam (defocus distance: −1 mm).

A1050 A2024 A5083 A6061 A7075

Thermal conductivity (W/(mK)) 231 190 120 202 130

Table 2. Thermal conductivity of aluminum alloys at room temperature.

Al Si Cu Mn Mg Cr Zn Zr

Boiling temperature (K) 2743 2633 2868 2373 1383 2755 1180 3853

Table 3. Boiling temperature of elements in aluminum alloy.

Figure 12. Schematic of the equipment to measure the absorption rate.
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