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Abstract: A typical commercial Al alloy (1050) sheet was subjected to laser surface remelting (LSR) treatment at 
400 W and different scanning speeds (2 and 8 mm/s), with dedicated microstructural and textural characterization made 
for original and LSRed specimens by using multiple characterization techniques. Results show that the as-received 
material has a typically recrystallized structure consisting of near-equiaxed grains (average grain size (20.4±15.4) μm) 
and many submicron second phase particles (SPPs). After the LSR treatment, remelting layers of the 2 mm/s and 
8 mm/s specimens are mainly composed of columnar grains (with dense fine SPPs inside them), which are coarser than 
the near-equiaxed grains in the substrate. As the laser scanning speed increases from 2 to 8 mm/s, the depth of the 
remelted layer is evidently reduced, with the average width of the columnar grains decreasing from (38.0±4.3) to 
(33.9±2.0) μm. Meanwhile, the SPPs inside grains are significantly refined with largely increased number density. The 
LSR does not change the main textural characteristic ({100}〈001〉 cube component) of the as-received sheet but leads to 
the significantly increased textural intensity. 
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1 Introduction 
 

Thanks to their advantageous properties like 
high specific strength, high electrical and thermal 
conductivity, good formability, and low cost, Al 
alloys have found wide applications in aero-  
space, transportation, and military industries [1−4]. 
Nevertheless, the intrinsically high chemical 
activity of Al often leads to the matrix of Al alloys 
to be preferably corroded as an anode (pitting 
corrosion) when there present other metallic 
elements [5]. To date, researchers have performed 
surface modifications for Al alloys by a variety of 
surface treatment methods like electroplating, 
electroless plating, thermal spraying, anodic 

oxidation, and vapor deposition, with many 
valuable results already well documented. It has to 
be admitted that these conventional methods 
usually have some drawbacks, i.e. high risk of 
environmental pollution for electroplating and 
electroless plating, low bonding strength between 
coating and substrate for thermal spraying, and 
limited thickness of modification layers produced 
by anodic oxidation and vapor deposition, making 
them unable to meet application requirements under 
harsh service conditions. 

In recent years, along with sufficient under- 
standing of laser generation mode and the 
development of high-power laser, utilizing a laser to 
repair or harden surfaces of metallic materials has 
become a hot research topic in the field of surface  
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engineering. Compared to conventional surface 
modification techniques, laser surface treatment has 
many unique advantages including great operation 
(non-contact) feasibility, high processing efficiency, 
and good metallurgical bonding between modified 
layers and the substrate [6,7]. There have been 
some preliminary studies of effects of laser surface 
remelting (LSR) on corrosion resistance of Al 
alloys, with considerably improved pitting and 
stress corrosion resistance reported after appropriate 
LSR treatments [8−12]. For example, LI et al [11] 
found that coarse Al2CuMg compounds could be 
essentially eliminated in the LSRed 2024-T351 Al 
alloy, which allowed its severe intergranular 
corrosion to be largely alleviated. RAO et al [12] 
figured out that the corrosion rate of 7075-T651 Al 
alloy would be reduced by four times after LSR, 
which was attributed to the disappearance of 
detrimental compounds in the LSRed layer. These 
studies have verified the ability of LSR to enhance 
the surface performances (especially corrosion 
resistance) of Al alloys. However, it is worthwhile 
noting that most of such studies mainly focus on 
establishing relationships between laser processing 
parameters and surface properties, yet with very 
limited attention paid to detailed microstructural 
and textural features induced by the LSR. In fact, 
insufficient understanding of such features does not 
allow in-depth surface modification mechanisms to 
be fully clarified. 

In this work, therefore, a typical commercial 
1050 Al alloy (with wide industrial applications) 
was subjected to LSR by an Nd:YAG pulsed   
laser device at two different scanning speeds (2  
and 8 mm/s), with dedicated microstructural and 
textural characterizations performed for the 
specimens with and without the LSR. In addition, 
surface hardness variations of the LSRed specimens 
were probed and correlated with the revealed 
microstructural features. Results documented in  
this study should be able to facilitate better 
understanding of microstructure-based surface 
modification reasons of Al alloys after the LSR. 
 
2 Experimental 
 
2.1 Experimental materials 

The as-received experimental material was an 
annealed 1050 Al alloy sheet (3 mm in thickness) 
with its chemical composition shown in Table 1. 

Table 1 Chemical composition of 1050 Al alloy (wt.%) 

Fe Si Mn Cu Mg Zn Ti Al 

0.244 0.046 <0.05 <0.05 <0.05 <0.05 0.027 Bal. 

 
2.2 Laser surface remelting experiment 

Rectangular specimens with dimensions of 
15 mm × 10 mm × and 3 mm were cut from the 
as-received sheet along rolling, transverse and 
normal directions (RD, TD and ND), respectively. 
Their surfaces were polished with SiC abrasive 
papers and washed by anhydrous ethanol to remove 
oxides and contaminants. Then, under argon 
atmosphere, RD−TD surfaces of these specimens 
were LSRed with an Nd:YAG laser device 
(HWLW−600A−C−V5.2.01). The selected average 
laser power was 400 W and two scanning speeds (2 
and 8 mm/s) were used, corresponding to linear 
energy densities of 200 and 50 J/mm, respectively. 
Other laser processing parameters include a defocus 
amount of 2 mm, a frequency of 20 Hz, a pulse 
duration of 5 ms, and an overlap rate of 50%. 
Although cooling rates experienced by the 
laser-treated surfaces were not directly measured, 
they could be roughly estimated to be 103−104 K/s 
according to literature with similar laser processing 
parameters [13−15]. 
 
2.3 Characterization methods 

RD−TD surfaces of the as-received and the 
LSRed specimens were subjected to the X-ray 
diffraction (XRD, PANalytical Empyrean Series 2) 
examination with Cu Kα radiation at 40 kV and a 
scanning step size of 0.013° (2θ ranging from 30° 
to 80°). Jade 6.5 software was then used for 
post-processing and analyzing the XRD data. 
Detailed microstructural features of their cross 
sections (RD−ND surfaces) were characterized 
using a field emission scanning electron microscope 
(Zeiss sigma HD) equipped with an electron 
backscattered diffraction (EBSD) system and an 
energy dispersive spectrometer (EDS). The EBSD 
system included an Oxford instrument Nordlys- 
Max2 detector and AZtec 3.1 software for data 
acquisition, and HKL Channel 5 software for data 
post-processing. Electron channeling contrast 
imaging (ECCI) technique based on backscattered 
electrons was mainly used to conduct direct 
microstructural observations of the specimens  
with and without the LSR. In addition, a Vickers 
hardness tester (HVS−Z1000) was used to measure 
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hardness variations on their cross sections (RD−ND 
surfaces). Measurements along five parallel paths 
(the thickness direction) were made for each 
specimen, with an interval of 100 μm between 
neighboring points in each measuring path. During 
the hardness test, a load of 100 g and a dwelling 
time of 10 s were used. Before the above 
characterizations and examinations, the to-be- 
analyzed specimen surfaces were ground by SiC 
abrasive papers (up to 5000#) and then electro- 
polished in a mixed solution of 10 mL perchloric 
acid and 90 mL methanol at 20 V and −30 °C for 
60−70 s. 
 
3 Results and discussion 
 

Figure 1 presents the XRD patterns of the 
as-received and the LSRed specimens. One can see 
that the main phase in all the specimens is always 
the Al phase with the face centered cubic (FCC) 
structure, with very weak diffraction peaks 
corresponding to the α-(AlFeSi) phase. The Al 
diffraction peaks of the as-received specimen 
correspond to (111), (200), (220), and (311) planes 
in their sequence. After the LSR, intensities of 
major diffraction peaks are hardly changed (except 
slightly strengthening of the minor (111) peak), 
indicating that their phase constitutions and textural 
characteristics should have not changed markedly. 
 

 
Fig. 1 XRD patterns of as-received (AR) and LSRed 
specimens 
 

Figure 2 shows ECCI observations of the 
as-received specimen, from which its starting 
microstructure is found to be mainly composed of 
near-equiaxed grains with relatively uniform size 
(~20 μm on average). In addition, there exist a 

number of submicron second phase particles (SPPs) 
dispersed inside grains or at grain boundaries. After 
EDS mapping analyses (Fig. 3), they are found   
to be particularly enriched in Fe and Si. Again 
referring to Fig. 1, one can confirm that they 
correspond to the α-(AlFeSi) phase, which is 
consistent with previous reports on identifying 
typical SPPs in such an Al alloy [16]. 
 

 
Fig. 2 ECCI observations of as-received specimen at 
different magnifications 
 

Figure 4 shows EBSD characterization results 
of the as-received specimen and Fig. 4(a) (band 
contrast (BC) map) reveals near-equiaxed grains, 
consistent with the ECCI observation in Fig. 2. 
Figure 4(b) presents an inverse pole figure (IPF) 
map with high-angle grain boundaries (HAGBs, 
θ>15°) and low-angle grain boundaries (LAGBs, 
3°<θ<15°) delineated by black and gray lines, 
respectively. Clearly, most grains are found to be 
separated by HAGBs and the orientation (color) 
inside each grain is generally uniform with hardly 
any LAGBs. By using the linear intercept method, 



Cheng-quan ZHANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1677−1686 1680 

 

 
Fig. 3 EDS mapping results of typical SPPs in as-received specimen: (a) Morphological observation;            
(b−d) Distributions of Al, Fe, and Si elements, respectively 
 

 
Fig. 4 EBSD characterization results (step size 1.0 μm) of as-received specimen: (a) BC map; (b) IPF map with black 
and gray lines representing HAGBs and LAGBs, respectively; (c) Misorientation angle distribution histogram;       
(d) KAM map; (e) KAM distribution histogram 
 
their average grain size is determined to be 
(20.4±15.4) μm. Further, from misorientation angle 
distribution histogram (Fig. 4(c)), it is clearly 
revealed that the fraction of the HAGBs is much 
higher than that of the LAGBs, agreeing with the 
observation in Fig. 4(b). Figures 4(d) and (e) 
display kernel average misorientation (KAM) map 
and histogram, respectively. One can find that the 
KAM of the starting microstructure is generally 
small, with an average value of only 0.41°, 
suggesting hardly any stored energy [17]. From the 
above results, one can confirm that the as-received 

Al alloy has well recrystallized structure. 
Figure 5 shows ECCI observations of the 

LSRed specimen at different scanning speeds (2 
and 8 mm/s). Figures 5(a) and (d) reveal that both 
the LSRed specimens have a definite layer of 
remelting zone (RZ) featured by columnar grains, 
with their long axes deviated from the ND by some 
angles. The RZ depth in the 2 mm/s specimen is 
measured to be ~450 µm while it decreases to 
~320 µm in the 8 mm/s specimen, demonstrating 
the effectiveness in reducing the laser-modified 
depth by increasing the scanning speed. Meanwhile,  
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Fig. 5 Cross-sectional ECCI characterization results of LSRed specimens at different magnifications and different 
scanning speeds: (a−c) 2 mm/s; (d−f) 8 mm/s 
 
the higher scanning speed also leads to larger 
deviation angles between the ND and the long axis 
of columnar grains. Previous studies [18] have 
demonstrated that with increasing scanning speed, 
the interaction time between the laser beam and the 
molten pool would be shortened and the energy 
input per unit time was also reduced, allowing only 
a shallower surface layer to be remelted. During 
subsequent cooling, the preferred growth direction 
(long axis) of columnar grains in the RZ is usually 
aligned along the maximum temperature gradient 
(towards the center of the laser beam) [19]. After 
increasing the moving speed of the laser beam, the 
columnar grains tended to deviate more from their 
initial growth direction (along the ND), leading to 
larger deviation angles between their long axes and 
the ND (Figs. 5(a) and (d)). 

Further magnified observations (Figs. 5(b), (c), 
(e), and (f)) reveal that a large number of nanoscale 
precipitates exist inside the columnar grains and 
near their boundaries in the RZ of both the LSRed 
specimens, which should correspond to α-(AlFeSi) 
phase revealed in Fig. 1. With increasing the laser 
scanning speed, sizes of these precipitates seem   
to decrease markedly while their number density 
increases significantly. After quantitative analyses, 
the average size of such precipitates in the 2 mm/s 
specimen is (0.19±0.05) µm with a number density 
of 0.26 µm−2. After raising the scanning speed to 
8 mm/s, the average precipitate size goes down to 
(0.12±0.03) µm, and the number density increases 
to 1.04 µm−2. These changes may be related to the 

decrease of energy input per unit volume during 
faster laser scanning that induces higher cooling 
rates in the molten pool. As a result, a greater under- 
cooling could be produced in the solidification 
process, giving birth to more nucleation sites for the 
α-(AlFeSi) phase. Meanwhile, faster cooling would 
further suppress diffusion behaviors of alloying 
elements, eventually making these precipitates finer 
with a higher number density [20]. In addition, 
more grain nuclei could be produced by a larger 
solidification undercooling that should also be able 
to account for slightly reduced grain sizes in the 
8 mm/s specimen (Fig. 5(d)). 

Figure 6 shows the cross-sectional EBSD 
characterization results of the LSRed specimens.  
It is seen that the widths of the columnar grains in 
the RZ of the 2 mm/s specimen ((38.0±4.3) μm on 
average) are generally larger than those in the 
8 mm/s specimen ((33.9±2.0) μm on average),  
both of which are larger than sizes of the near- 
equiaxed grains in the substrate (average size of 
(20.4±15.4) μm). A closer observation of Figs. 6(c) 
and (d) reveals that crystallographic orientations of 
many columnar grains in the RZ are exactly the 
same as near-equiaxed grains at the RZ/substrate 
interface (as indicated by arrows), suggesting these 
columnar grains to grow in an epitaxial way  
during the solidification. Recently, similar epitaxial 
grain growth has also been noted in an LSRed 
Inconel 718 alloy [21]. Figures 6(e) and (f) show 
the misorientation angle distribution histograms 
corresponding to the boxed regions in Figs. 6(a) and 
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(b), respectively. One can see that a certain amount 
of LABs appear in the RZs of two LSRed 
specimens, which may be related to the dislocation 
rearrangement induced by thermal stresses during 
laser processing [22]. 

Figures 7(a) and (b) present cross-sectional 
KAM maps of two LSRed specimens, from which 
the KAM is found to be relatively uniform in their 
RZs and there is no marked difference from the 
substrate. Figures 7(c) and (d) show that the average 

 

 
Fig. 6 Cross-sectional EBSD characterization (step size 2.0 μm) results of LSRed specimens: (a, c, e) BC map, IPF map, 
and misorientation angle distribution histogram of 2 mm/s specimen, respectively; (b, d, f) BC map, IPF map and 
misorientation angle distribution histogram of 8 mm/s specimen, respectively 
 

 
Fig. 7 (a, b) KAM maps corresponding to Figs. 6(a) and (b), respectively; (c, d) KAM distribution histograms 
corresponding to boxed regions (RZ) in (a) and (b), respectively 
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KAM value in the RZ of the 2 mm/s specimen is 
0.46°, while that of the 8 mm/s specimen is 0.43°, 
just slightly higher than that of the substrate (0.41°). 
This suggests that very limited residual strains have 
been introduced into the surface layer by the LSR, 
despite high heating/cooling rates. 

Figure 8 shows the crystallographic textural 
characteristics (pole figures) of the LSRed and 
as-received specimen surfaces. Figure 8(a) shows 
that the as-received specimen is mainly featured by 
the cube texture {100}〈001〉 [23] with a textural 
intensity of 5.2. After the LSR, although there 
appear some scattered orientations on the specimen 
surface, cube texture remains the main textural 
component and its intensity is even increased 
significantly. The textural intensity of the 2 mm/s 
specimen reaches 17.3, more than twice that of the 
as-received specimen. After increasing the laser 
scanning speed to 8 mm/s, the textural intensity 
decreases to 9.3, still higher than that of the 
as-received specimen. As mentioned above, 
epitaxial grain growth occurs in both the LSRed 
specimens, that is, some columnar grains in their 

RZs directly grow from the preexisting 
near-equiaxed grains in the substrate, making them 
have exactly the same orientation (Figs. 6(c) and 
(d)). In a recent study, similar findings have also 
been found in the RZ of an LSRed CoCrNi medium 
entropy alloy [24]. Since most of the equiaxed 
grains in the substrate have the cube orientation, 
such orientation will be naturally retained by the 
columnar grains developed through epitaxial 
growth in the RZ, allowing the original cube 
textural component to be maintained and even 
intensified. After the laser scanning speed increases 
from 2 to 8 mm/s, a larger undercooling can be 
induced by the higher cooling rate, which will 
produce more nucleation sites in the RZ during 
solidification. This means that more independent 
nuclei (not relying on the epitaxial growth) can be 
generated directly in the RZ region. On the one 
hand, this can lead to effective grain refinement in 
the RZ (Figs. 6(a) and (b)); on the other hand, more 
non-cube orientation grains will be generated, 
leading to the decreased textural intensity compared 
to the 2 mm/s specimen (Figs. 8(b) and (c)). In other 

 

 
Fig. 8 Pole figures (each corresponding to a scanning area of 0.12 mm2) of as-received (a), 2 mm/s (b) and 8 mm/s (c) 
specimens 
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words, regarding the specific effect of the laser 
scanning speed, one can consider that the LSR is 
capable of intensifying surface textures of the 1050 
Al alloy and such an effect is further intensified 
after reducing the scanning speed from 8 to 2 mm/s. 

Figure 9 shows hardness test results on the 
cross-sections of the LSRed specimens. Surface 
hardnesses of both the LSRed specimens are found 
to be slightly lower than that of the substrate 
(HV (24.1±0.2)). In fact, the surface hardness 
(HV (24.1±0.3)) of both the LSRed specimens is 
almost identical to that of the initial specimen, 
suggesting that it is hardly affected by the LSR. The 
average hardnesses of the RZs of the 2 mm/s and 
the 8 mm/s specimens are determined to be 
HV (21.8±0.4) and HV (23.1±0.5), respectively. 
The above mircrostructrual characterization reveals 
that the surface grains of the LSRed specimen are 
coarser than those of the substrate, which may be 
one main factor accounting for the hardness 
variation. The Hall−Petch relation can be expressed 
as [25]  

0.5 0.5
HP HV M RZ( ).HV k d d− −∆ = −  
 

where ΔHVHP is the hardness change due to grain 
size difference, kHV is the Hall−Petch slope in the 
unit of Vickers hardness (the kHV of Al is 
~13.7 HV·μm0.5 at room temperature [26]), and dM 
and dRZ are average grain sizes of the substrate and 
the RZ, respectively. The calculation results are 
listed in Table 2, which also displays the hardness 
difference measured experimentally between the 
RZ and the substrate. 

From Table 2, one can see that for both     
the LSRed specimens, there are some deviations 
 

 
Fig. 9 Cross-sectional hardness variations of LSRed 
specimens at different laser scanning speeds 

Table 2 Measured and calculated hardness differences 
between RZ and substrate 

Specimen ΔHVT
a ΔHV bHP 

2 mm/s 2.3 0.8 

8 mm/s 1.0 0.7 
a Measured total hardness difference compared to that of the 
substrate; b Relative hardness contribution from the Hall−Petch 
effect 
 
between the calculated and the experimentally 
measured results, suggesting that there must be 
some other influential factors in addition to grain 
size. After comparing Figs. 2 and 5, it is found that 
the RZs of both the LSRed specimens contain 
high-density fine precipitates, which should be 
more effective to hinder dislocation movement than 
the coarser SPPs in the substrate [27,28]. In 
addition, Fig. 8 shows that the textural intensity of 
the specimen surface after the LSR has changed 
significantly compared to that of the substrate. This 
may also affect the hardness [29], but it is difficult 
to give more quantitative analyses at present. Note 
that although the 1050 Al alloy is softened after the 
LSR in this work, the hardness drop is relatively 
small (Fig. 9), indicating that the changes of 
precipitates and texture have only a mild effect on 
its hardness. Previous studies demonstrated that the 
presence of dispersive fine precipitates is beneficial 
to suppressing pitting corrosion of Al alloys [30], 
and the strong cube texture is very helpful to 
improve its intergranular corrosion resistance [31]. 
Our results in the present work show that the   
LSR allows the Al alloy to obtain dispersive    
fine precipitates and stronger cube texture 
simultaneously, which may have accounted for the 
significantly improved corrosion resistance, as 
widely reported for LSRed Al alloys [32,33]. It is 
thus believed that our new findings about LSRed 
microstructural and textural features should be  
able to help other researchers reach a more 
comprehensive and in-depth understanding of 
surface modification mechanisms of LSRed Al 
alloys. 
 
4 Conclusions 
 

(1) The microstructure of the as-received 1050 
Al alloy consists of near-equiaxed grains (average 
grain size (20.4±15.4) μm) and many submicron 
α-(AlFeSi) particles. After the LSR treatment at 
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400 W, RZs of the specimens are mainly composed 
of columnar grains (with dense fine SPPs inside 
them), which are coarser than the near-equiaxed 
grains in the substrate. 

(2) When the laser scanning speed increases 
from 2 to 8 mm/s, the depth of RZ is evidently 
decreased, with the average width of the columnar 
grains decreasing from (38.0±4.3) to (33.9±2.0) μm. 
Meanwhile, the SPPs inside grains are significantly 
refined with largely increased number density. 

(3) The LSR does not change the main textural 
characteristics ({100}〈001〉 cube texture) of the 
substrate, but the epitaxial growth of columnar 
grains in the RZ leads to the significantly increased 
textural intensity (from 5.2 for the as-received 
specimen to 17.3 after the 2 mm/s laser scanning). 

(4) The surface hardnesses of the LSRed 
specimens decrease slightly, which can be attributed 
to the appearance of the relatively coarse columnar 
grains in the RZ. Such softening can be suppressed 
by increasing the laser scanning speed due to 
effective grain refinement. 
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摘  要：在 400 W 激光功率和不同扫描速度(2 和 8 mm/s)下对典型商用铝合金(1050)板材进行激光重熔试验，并

采用多种表征技术对激光重熔前后样品的显微组织及织构特征进行精细表征。结果表明，原材料铝合金具有典型

的再结晶组织，由尺寸较均匀的近等轴晶(平均晶粒尺寸为(20.4±15.4) μm)和一些亚微米尺度的第二相颗粒共同组

成。经 2 和 8 mm/s 的激光重熔加工后，样品表层均出现以柱状晶为主要组织特征(晶内存在亚微米级析出相)的重

熔层，且明显较基体组织粗大。对比发现，当扫描速度从 2 升至 8 mm/s 时，重熔层深度明显降低，其内部柱状

晶的平均宽度也由(38.0±4.3) μm 降至(33.9±2.0) μm。同时，晶内析出相也得到显著细化，而其数密度则大幅增加。

激光表面重熔未改变 1050 铝合金的主要织构特征，即仍以{100}〈001〉立方织构为主，但织构强度明显增加。 

关键词：铝合金；激光表面重熔；显微组织；织构；扫描速度；硬度 
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