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Abstract: Pulsed laser welding was used in joining pure aluminum to stainless steel in a lap joint configuration. It is found that the 
mechanical properties of the laser joints were closely correlated with the bead geometry, i.e., penetration depth. In order to study the 
correlation, two typical laser welds with different penetration depths were analyzed. In high penetration depth (354 μm) joint, Al-rich 
Fe−Al IMCs with microcracks were formed at the Al/fusion zone (FZ) interface. The joint strength was found to be (27.2±1.7) N/mm 
and three failure modes were observed near the Al/FZ interface. In low penetration depth (108 μm) joint, Fe-rich Fe−Al IMCs 
without any defect were formed at the Al/FZ interface. The joint strength was found to be (46.2±1.9) N/mm and one failure mode was 
observed across the FZ. 
Key words: pulsed laser welding; steel; aluminum; microstructure; mechanical property 
                                                                                                             
 
 
1 Introduction 
 

In order to reduce fuel consumption and decrease 
air pollution, lightweight metals and alloys have been 
suggested in many industrial applications, such as 
spacecraft, airplane and automotive [1−5]. Among 
various lightweight metals and alloys, aluminum is one 
of the most popularly used materials due to its virtues of 
low density, good corrosion resistance, excellent 
workability and machinability. Therefore, many 
conventional all-steel components have been replaced by 
steel−aluminum hybrid structures, making the joining of 
steel to aluminum inevitable. 

Although Fe/Al hybrid joints have been widely  
used, direct joining of steel to aluminum is still a 
challenge due to their disparity in thermal expansion 
coefficient, as well as rapid formation of harmful Fe−Al 
intermetallic compounds (IMCs) [6]. Fe−Al IMCs are 
hard and brittle phases, which tend to embrittle the joint 
because of their low critical stress intensity factor and 
high crack propagation rate [7]. Therefore, many joining 
technologies were applied to joining steel to aluminum, 
such as friction stir brazing [8], friction stir welding [9], 

explosive welding [10], diffusion bonding [11], magnetic 
pulse welding [12] and welding-brazing [4]. 

By virtue of high energy density, high heating/ 
cooling rates and high speed, laser welding is regarded as 
a desirable method for joining Fe/Al dissimilar materials. 
SIERRA et al [13] reported a steel-on-aluminum overlap 
configuration, which inhibited the formation of IMCs by 
controlling steel penetration in aluminum. They also 
pointed out that the critical penetration depth is around 
500 μm. KOUADRI-DAVID and PSM [14] studied 
metallurgic and mechanical properties of laser welded 
galvanised steel to Al alloy, and they mentioned that the 
penetration depth should be less than 600 μm to achieve 
a robust laser Al/steel joint. TORKAMANY et al [15] 
also used the penetration depth as a criterion for 
obtaining a sound laser welded Al/steel joint, where the 
penetration depth should be limited between 1560 and 
1630 μm. Similarly, CHEN et al [16] revealed the 
relationship between bead parameters, i.e., weld width, 
penetration depth and joint strength in the investigation 
of laser keyhole welding of Al alloy to stainless steel. 
MATHIEU et al [17] used the ratio of bead length to 
wetting angle as the bead geometrical criterion and 
established their relationship with joint strength in laser 
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joining of aluminum to steel. In our previous study [18], 
aspect ratio was used to characterize the bead geometry 
in the optimization of laser Al/steel joint. From the 
literature above, bead geometry, such as penetration 
depth, width and aspect ratio, was normally used as a 
criterion for the quality of laser joints assessment during 
process parameters optimization. No matter what kind of 
geometric criterion is used, it is apparently a simple, 
accessible and time-saving approach, by which 
researchers are able to get a rough idea on the laser joint 
quality without conducting any standard mechanical 
testing and microstructure characterization. However, as 
mentioned above, the mechanical properties of laser 
Al/steel joint are also affected by the formation of hard 
and brittle Fe−Al IMCs. The correlation between the 
microstructure (thickness, type, morphology of the 
Fe−Al IMCs) and joint mechanical properties has been 
extensively studied [1,2,4,5,19−22], most of which 
ignored the influence of bead geometry on the joint 
mechanical properties. Thus, it is of importance and 
interest to investigate the relationship among the bead 
geometry, microstructure and mechanical properties of 
laser Al/steel joints. 

In this study, the process parameters of laser 
welding were optimized using Taguchi method. 
Penetration depth was chosen as the bead geometrical 
criterion and two typical laser joints with different 
penetration depths were selected. They were then 
analyzed by stereoscope, optical microscope (OM), 
scanning electron microscope (SEM) and energy 
dispersive X-ray spectrometer (EDS) to investigate the 
weld appearance and microstructure. At last, the 
mechanical properties of the joints, i.e., joint strength 
and microhardness, were given. The aim of this work is 
to systematically investigate relationship among bead 
geometry, microstructure and joint mechanical properties 
of laser Al/steel joint. 
  
2 Experimental 
 
2.1 Setup 

The laser welder was a Nd:YAG laser (JHM-1GY− 
300F). The maximum mean output power of the laser 
was 300 W of pulsed laser emitting at 1064 nm. The 
waveform of the pulsed laser was square. The laser beam 
was generated from the Nd:YAG laser source and 
transported through collimation lenses, then came to a 
focusing lens with the focal length of 75 mm. Through 
the lens, the laser beam was vertically transmitted on the 

workpiece surface with spot diameter of (0.8±0.1) mm 
(Fig. 1(a)). The laser beam was defocused above the 
workpiece 0.6 mm because a better weld surface 
appearance can be achieved. A laser keyhole welding 
mode was used and the process parameters were selected 
as 265−295 W of laser mean power (Pm), 4.0−5.5 ms of 
pulse duration (D), and 4−10 mm/s of welding speed (S). 
Pulse frequency (f ) was held at constant as 15 s−1. 
 
2.2 Materials 

The chemical compositions of 316L stainless steel, 
1060 pure aluminum alloy are shown in Table 1.      
50 mm × 20 mm coupons were cut from 0.8 mm-thick 
sheets used as base metals. Prior to welding, the stainless 
steel coupons were ground using SiC abrasive paper with 
1200 grit and then degreased in acetone. While, the 
aluminum sheets were degreased using acetone and 
methanol, immersed in a 5% NaOH solution heated to  
70 °C for 2 min, rinsed in cold water, immersed in 
as-received HNO3 solution for 1 min, rinsed with hot 
water, dried, and then manually brushed stainless steel 
wire. After cleaning, the specimens were immediately 
clamped in a lap joint configuration on the welding 
fixture and then laser welded. The lap distance was set to 
be 10 mm. In order to prevent the oxidation in fusion 
zone (FZ), high purity argon shielding gas (99.99%) was 
employed with flow rate of 15 L/min in the front, back 
and side with respect to the welds (Fig. 1(a)). 
 
2.3 Metallurgical and mechanical characterization 

After welding, the specimens were produced by 
wire-cutting and followed by standard grounding and 
polishing process. The weld appearances and cross 
sections were first examined using stereoscope and OM. 
Then, the cross sections were analyzed using a JEOL 
JSM−6460 SEM with EDS analysis. 

Vickers microhardness values were measured at the 
force of 25 g and the duration of 15 s to evaluate 
microhardness of the joints. Tensile−shear testing 
specimens with the dimensions of 60 mm × 10 mm were 
cut in the welds. The lap distance of the specimens was 
10 mm. The specimens were estimated by tensile−shear 
testing with 1 mm/min crosshead speed using Instron 
5548 Micro tester, in the vertical direction to the welding 
line. The joint strength was presented in fracture load 
because the difference in the FZ morphologies produced 
under various process parameters (Fig. 1(b)). Finally, 
SEM and EDS were employed to analyze the fracture 
surfaces. 

 
Table 1 Chemical composition of materials (mass fraction, %) 

Material Si Cu Mn Mg Cr Ni Mo P+S Ti Zn Fe Al
1060 aluminum alloy 0.25 0.05 0.03 0.03 − − − − 0.03 0.05 0.35 Bal.

316 L steel 0.75 − 0.8 − 17.28 3.0 2.3 0.075 − − Bal. − 
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Fig. 1 Schematic illustration of experimental setup of Nd:YAG pulsed laser keyhole welding (a) and tensile shear testing (b) 
 
 
3 Results and discussion 
 
3.1 Process parameters optimization and 

macrostructure 
To optimize the process parameters, laser welding 

experiments were performed using the Taguchi design 
method. As mentioned earlier, P, D and S were chosen as 
variables. The index considered for each test was the 
joint strength (T). L16 orthogonal array was used as 
shown in Table 2. The joint strength varies from 15.6 to      
46.2 N/mm. Figure 2 presents the penetration depth 
versus joint strength profile. Basically, the joint strength 
increased with the increase of penetration depth when the 
penetration depth was less than 108 μm approximately, 
then it decreased with the further increasing penetration 
depth. Obviously, low penetration depth (<108 μm) 
meant relatively small bonding area, which could result 
in a poor joint strength. To understand the decrease of 
joint strength with the further increasing penetration 
depth, samples 5, 9 and 13 were analyzed. Figure 3 
presents the weld appearance and cross section of the 
laser joints. It was obvious that many welding defects, 
such as spatter, longitudinal crack, cavity and loss of 
molten material, tended to become severe with the 
increase of penetration depth, which had negative effect 
on the mechanical properties of joint. Those defects 

Table 2 L16 orthogonal array and experimental results 

Factor  
Sample No.

Pm/W D/ms S/(mm·s−1)  
T/(N·mm−1)

1 295 5.5 10  37.8±1.6 
2 295 5.0 8  31.8±3.8 
3 295 4.5 6  25.0±3.1 
4 295 4.0 4  21.2±4.5 
5 285 5.0 4  46.2±1.9 
6 285 5.5 6  23.5±1.2 
7 285 4.0 8  21.6±1.1 
8 285 4.5 10  22.1±2.9 
9 275 4.5 8  27.2±1.7 

10 275 4.0 10  24.5±2.8 
11 275 5.5 4  22.2±0.6 
12 275 5.0 6  38.7±1.0 
13 265 4.0 6  15.6±4.0 
14 265 4.5 4  33.1±0.5 
15 265 5.0 10  30.8±0.7 
16 265 5.5 8  16.0±1.2 

 
were found closely related to the laser welding    
stability [12,23]. Thus, control of the penetration depth 
could improve the laser welding stability to suppress  
the welding defects, and therefore enhance the joint 
strength. 
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Fig. 2 Profile of joint strength versus penetration depth (Red 
circles represent sample number) 

Since very severe welding defects were formed in 
sample 13, only samples 5 and 9 were selected to 
perform the further analysis and discussion. It was noted 
that the joint strengths of samples 5 and 9 were  
(46.2±1.9) N and (27.2±1.7) N, respectively (Table 2). 
For convenience, samples 5 and 9 were denoted as low 
penetration depth and high penetration depth, 
respectively. 
 
3.2 Microstructure 

Figure 4 shows the SEM images of high penetration 
depth (354 μm) joint. As shown in Fig. 4(a), the ligulate 
FZ was protruded into Al. According to EDS area 
analysis, FZ had the average composition of 18.9% Al, 
15.6% Cr, 57.5% Fe and 8.0% Ni (mole fraction). The Al 
composition was found to increase along the depth of the  

 

 

Fig. 3 Optical and SEM images of samples 5, 9 and 13 obtained under different conditions indicating welding defects: (a,c,e) Weld 
surface appearance; (b,d,f) Cross section 
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Fig. 4 SEM images of high penetration depth joint: (a) Overall 
view; (b) Zone A; (c) Zone B 
 
FZ, which was consistent with the result in Ref. [24]. 
According to Fe−Al phase diagram, the solid solubility 
of Al in Fe was up to 44% at room temperature. Thus, 
the Al atoms in FZ were thought to exist as solid solution 
in Fe. Figure 4(b) shows enlarged view of zone A in  
Fig. 4(a). As shown, a crack-free bonding was found in 
this local region where some needle-like structures were 
observed near FZ. EDS point analysis (Table 3) shows 
that the possible phases of those structures are a mixture 
of FeAl3 and Fe2Al5, which can also be termed as Al-rich 
Fe−Al IMCs [25]. It was noted that Ni and Cr had large 
solid solubility in Fe−Al IMCs because they were able to 
substitute Fe atoms in the IMCs forming (Fe,Ni,Cr)−Al 
IMCs. As a result, all the Fe−Al IMCs in this study can 
be written as (Fe,Ni,Cr)−Al IMCs and those modified 
IMCs were less hard and brittle than Fe−Al IMCs [9]. 
The formation and growth of those IMCs were controlled 
by reaction diffusion process [2,4]. It was then confirmed 

by EDS line scan as discussed later. Figure 4(c) presents 
enlarged view of zone B in Fig. 4(a). Microcrack was 
evident at the FZ/Al interface and in FZ, and it seemed 
that the crack initiated from the FZ/Al interface and then 
propagated into the middle of FZ. According to EDS 
analysis, Fe2Al5 was detected near the microcrack. 
Fe2Al5, HV 1013, was the hardest and most brittle phase 
among the Fe−Al IMCs [26]. With this in mind, it was 
considered that the brittle nature of IMCs was combined 
with the mismatch in thermal expansion coefficient 
between IMCs and Al under the condition of rapid 
cooling, making a favorable crack initiation and 
propagation near Fe2Al5. Besides, the cross section of a 
solidified spot caused by welding spatter was clearly 
observed near the FZ, which suggests that the welding 
process may be not very stable under this condition. 
 
Table 3 EDS results at different points near Al/FZ interface 
(mole fraction, %) 

Point No. Al Fe Cr Ni Possible phase

1 10.9 61.8 16.8 10.5 α-Fe 

2 68.0 20.1 7.6 4.3 Fe2Al5 

3 63.9 25.6 6.9 3.6 Fe2Al5 

4 87.3 8.3 3.2 1.2 FeAl3 

5 27.6 51.5 13.9 7.0 α-Fe 

6 33.8 12.9 46.4 6.9 FeAl 

7 64.0 25.1 7.1 3.8 FeAl2 

8 17.4 58.4 16.1 8.1 α-Fe 

9 24.9 65.2 7.4 2.5 α-Fe 

10 52.5 33.3 9.8 4.4 FeAl 

 
In low penetration depth (108 μm) joint, not only 

the penetration depth but also the FZ morphology was 
changed, as illustrated in Fig. 5. The shallow tongue-like 
FZ without any defect was observed in Fig. 5(a). 
According to EDS, FZ had the average composition of 
6.8% Al, 19.0% Cr, 64.1% Fe and 9.1% Ni. Figure 5(b) 
presents the enlarged view of zone C. As shown, unlike 
the high penetration depth, a wavy interface was 
surrounded by peninsular- and needle-like structures. 
According to EDS analysis and Fe−Al phase diagram, 
those needle-like structures were expected to be 
composed of FeAl and FeAl2 as shown in Table 3. It was 
reported that FeAl and FeAl2 could be formed in laser 
Al/steel joints [19]. To reveal the formation and growth 
mechanism of the IMCs, EDS line scan was applied 
across one of the peninsular structures. As shown in  
Fig. 5(c), the content of Al gradually decreased from 
edge to middle, suggesting that Al atoms diffused from 
Al base metal into FZ. The Al atoms at the edge reacted 
with Fe, Cr and Ni atoms, forming hard and brittle IMCs, 
which was then confirmed by microhardness results in  
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Fig. 5 SEM images and EDS analysis in low penetration depth 
joint: (a) Overall view; (b) Zone C; (c) EDS line scan showing 
various layers 
 
the following section. In the middle of the peninsular 
structures, the content of Al basically kept at constant 
which existed as solid solution in Fe. More importantly, 
two diffusion layers (DL) were found between IMC and 
Al, suggesting that elements diffusion occurred at the 
FZ/Al interface. Hence, the presented experimental 
findings substantiated this; the reaction diffusion process 
dominated the formation and growth of IMCs. It also 
provided an explanation for the difference in IMCs at 
interface in the low and high penetration depth joints. It 
may be due to less Al atom diffusion towards FZ in the 
low penetration depth joint. It caused the enrichment of 
Fe atom at FZ/Al interface. As a result, the rich-Fe 
Fe−Al IMCs tended to form. 

3.3 Microhardness 
The microhardness testing was carried out on the 

cross sections with 25 g load force and 15 s dwell time. 
The measurements were performed in the latitudinal and 
longitudinal directions in FZ, as displayed in Figs. 6(a) 
and (b), respectively. 

 

 

Fig. 6 Schematic illustration of indentation distribution along 
longitudinal direction (a), indentation location along latitudinal 
direction (b), microhardness profiles of low and high 
penetration depth joints along longitudinal direction (c) and 
microhardness profiles of low and high penetration depth joints 
across FZ (d) 

 
The microhardness profiles of the low and high 

penetration depth joints along longitudinal direction are 
presented in Fig. 6(c). In both cases, it was evident that 
the microhardness gradually increases from top to 
bottom of the FZ on steel side. The microhardness results 
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show a sharper increase on Al side than that on steel side, 
as illustrated in Fig. 6(c). This was likely due to more 
pronounced solid solution hardening on Al side than that 
on steel side due to the fact that more Al atoms were 
available on Al side to transport into Fe lattice to induce 
the lattice deformation. The maximum hardness was up 
to around HV 700 in the high penetration depth joint. 
The typical hardness values of Fe−Al IMCs were as 
follows: Fe2Al5-HV 1013, FeAl3-HV 892, FeAl2- 
HV 1060, FeAl-HV 470, and Fe3Al-HV 350 [19]. It was 
evident that the currently reported hardness values of 
IMCs were much lower than the typical values which can 
be understood as follows: on one hand, as mentioned 
earlier, (Fe,Ni,Cr)−Al IMCs were less hard than Fe−Al 
IMCs; on the other hand, the pure Al substrate was quite 
soft with only HV 35 which also could decrease the 
measured microhardness. Comparing the microhardness 
of the high and low penetration depth joints, it was found 
that the microhardness of high penetration depth was 
higher. 

Figure 6(d) shows the microhardness profiles across 
the FZ in the low and high penetration depth joints. In 
both cases, the microhardness increased from around  
HV 200 to HV 400 and reached a plateau around HV 420. 
It was evident that the FZ presented a higher 
microhardness than steel which was expected because of 
the solid solution hardening. Comparing the 
microhardness of the high and low penetration depth 
joints, it appeared that a higher microhardness was 
attained in the high penetration depth joint, indicating a 
stronger solid solution hardening. 

From the microstructure, tensile shear and 
microhardness characterization, it was concluded that the 
formation of Al-rich Fe−Al IMCs in high penetration 
depth joint was harder than that of Fe-rich Fe−Al IMCs 
in low penetration depth joint, which was prone to 
initiate microcracks in the joint during cooling (Fig. 4(c)). 
Those microcracks could act as fracture propagation 
paths during tensile shearing testing, leading to a 
deduction in joint strength. 
 
3.4 Fractography 

Figure 7 shows the fracture morphologies of the 
high penetration depth joint on the steel side. As shown 
in Fig. 7(a), three typical fracture modes were observed 
in different welding spots including shear brittle failure, 
cleavage brittle failure and mixed failure. The fracture 
surface of shear brittle failure characterized quite smooth 
plane without any obvious fluctuation (Fig. 7(b)). 
However, the fracture surface of cleavage brittle failure 
exhibited a mass of river patterns and smooth planes with 
tearing ridges, as shown in Fig. 7(c). The variety in 
failure mode indicated the inhomogeneity in 
microstructure of each weld spot which likely resulted 

from an unsteady welding process. In addition, evident 
variation in weld spot sizes (indicated by yellow circles) 
was presented in Fig. 7(a), which also substantiates an 
unsteady laser welding process. The failure occurred near 
Al/FZ interface as shown in Fig. 7(d). 
 

 
Fig. 7 Fracture morphologies of high penetration depth joint 
and schematic illustration of fracture path: (a) Overall view 
indicating three different failure modes; (b) Zone D; (c) Zone E; 
(d) Schematic illustration of fracture path 
 

Figure 8 presents the fracture morphologies of the 
low penetration depth joint on the steel side. As shown in 
Figs. 8(a) and (b), only cleavage brittle failure was found 
on a relatively uniform fracture surface showing lots of 
tearing ridges and river patterns. It was indicative of a 
relatively steady welding process. The failure occurred 
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across FZ at the Al/steel interface (Fig. 8(c)). Many 
secondary cracks were observed on the fracture surfaces 
shown in Figs. 7 and 8. It was considered that the hard 
and brittle nature of Fe−Al IMCs was responsible for the 
generation of the secondary cracks during either cooling 
or tensile shear testing process. Besides, the fracture 
surface characterization could be used to identify the 
process stability in laser keyhole welding. 
 

 
Fig. 8 Fracture morphologies of low penetration depth joint and 
schematic illustration of fracture path: (a) Overview showing 
failure mode; (b) Enlarged view of zone F in (a); (c) Schematic 
illustration of fracture path 
 
4 Conclusions 
 

1) The penetration depth should be controlled 
around 108 μm, otherwise the welding defects will be 
significantly increased, which could result in the 
decrease of joint strength. 

2) In low and high penetration depth joints, Fe-rich 
and Al-rich Fe−Al IMCs are formed, respectively. 
Compared with Fe-rich Fe−Al IMCs in low penetration 
depth joint, Al-rich Fe−Al IMCs in high penetration 
depth joint is harder, which could initiate microcracks 
and deteriorate the mechanical properties of joint. 

3) According to fracture surface analysis, it is 

suggested that the low penetration depth joint is obtained 
during a more stable laser welding process than that of 
high penetration depth joint. An unstable welding 
process also has negative effect on the mechanical 
properties of joint. 
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脉冲激光焊铝/钢异种接头组织和性能 
 

杨 瑾，李玉龙，张 华 

 
南昌大学 机电工程学院 江西省机器人及焊接自动化重点实验室，南昌 330031 

 
摘  要：采用脉冲激光对纯铝和不锈钢进行搭接焊。研究结果表明，接头力学性能与焊缝深度有着密切的联系。

为此，对两个不同焊缝深度的接头进行了研究。当焊缝深度为 354 μm 时，铝和熔化区的界面产生了富铝的铁铝

金属间化合物和微裂纹，接头强度为(27.2±1.7) N/mm，在铝和熔化区界面处发现了 3 种不同的断裂模式。当焊缝

深度为 108 μm 时，铝和熔化区的界面仅产生了富铁的铁铝金属间化合物，未观察到任何缺陷。当接头强度为

(46.2±1.9) N/mm 时，在铝和熔化区界面处仅发现了一种断裂模式。 

关键词：脉冲激光焊；钢；铝；组织；力学性能 

 (Edited by Xiang-qun LI) 
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