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Abstract: The autogenous laser welding with a disk laser 

was used for producing butt joins of 2.0 mm thick sheets of 

AISI 316L stainless steel. The influence of basic laser 

welding parameters on the shape, microhardness 

distribution, microstructure and corrosion resistance of the 

joints was determined. The tests of corrosion resistance 

were conducted in a salt chamber under artificial NaCl 

environment conditions. The corrosion tests were 

conducted in accordance with the PN EN ISO 9227 

standard. The produced test joints of 2.0 mm thick stainless 

steel were characterized by high quality, homogeneous and 

low-grained microstructure, and very narrow heat affected 

zone. The results of microhardness measurements 

indicated that the fusion zone was slightly hardened 

comparing to the 2.0 mm thick stainless steel sheet AISI 

316L. The obtained results of corrosion test under artificial 

NaCl environment conditions showed that the tested butt 

joints are resistant for corrosion under the test conditions. 

Key words: laser welding, corrosion resistance, stainless 

steel, AISI 316L. 
 

1. INTRODUCTION 
  

Different grades of stainless steels are widely used in 

many fields of industry such as chemical, gas, 

petroleum, food processing, automotive, aerospace, 

nuclear, etc. The most widely used stainless steels are 

austenitic chrome-nickel stainless steels (ASS) 

having face-centred cubic structure (fcc). Typical 

representatives of this group are AISI 304 and 

AISI 316L. AISI 304 stainless steel contains approx. 

18% of chromium and 8% of nickel, while the AISI 

316L contains usually higher content of nickel, 

typically 10%. Both steel grades are characterised by 

good weldability, however the AISI 316L shows 

better corrosion resistance. However, properties of 

welded joints depend mainly on the chemical 

composition and welding conditions, especially heat 

input. Under conditions close to thermodynamic 

equilibrium, with slow cooling, the solidification 

mode of the fusion zone (FZ) is depending mainly on 

Creq/Nieq ration (Cr and Ni equivalent) [1,2].  

In turn, it is also well known that in the case of laser 

welding under non-equilibrium rapid solidification 

conditions, the high cooling and solidification rate 

result in incomplete δ-γ transformation, thus some 

amount of metastable δ-Fe is remaining in the weld, 

regardless of the chemical composition. Therefore, 

the thermal conditions, mainly heat input of the 

welding process, affect the ratio of ferrite to austenite 

in the fusion zone (weld metal), grains size, thus 

quality and properties of the joints, including 

corrosion resistance of the weld and heat affected 

zone [3,4]. 

According to the variation of chemical composition 

the AISI 316L stainless steel may contain also up to 

6% of metastable  ferrite. However, it is usually 

considered as a single-phase (-Fe) steel. In the case 

of welding the single-phase steel low heat input is 

advantageous. Otherwise, the tendency for forming 

coarse dendritic structure increases, which is 

disadvantageous due to deterioration of corrosion 

resistance and mechanical properties. Accordingly, 

laser welding is beneficial for welding of single-

phase stainless steel as it provides low heat inputs. 

The austenitic structure is also characterized by lower 

thermal conductivity, compared to mild steel, and 

higher thermal expansion coefficient leading to high 

thermal gradients, stresses and thus susceptibility for 

hot cracking [5,6]. Moreover, the quality of the joints 

also depends on the type of laser, in particular the 

wavelength, spot shape and size, energy distribution 

across the beam spot, etc. [7,8]. One of the main 

factors is the wavelength which affects the 

absorptivity of the laser beam energy on the material 

surface [9,10].  

As a result of the dynamic and continuous 

development of laser devices, various types of laser 

generators suitable for welding operations are now 

available, from gas CO2 lasers (10.6 µm wavelength), 

solid state Nd:YAG, disk, fiber lasers (1.03 to 
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1.08 µm), high power diode lasers (0.8 to 0.96 µm), 

and also blue light lasers (approx. 450 nm) with 

output power several hundred Watts [9-11]. 

In this paper the study the automated laser welding of 

butt joints of AISI 316L grade stainless steel with a 

disk laser was presented. The influence energy input 

of laser welding on shape, quality, microstructure, 

and microhardness distribution was analysed. The 

corrosion resistance of representative welds was 

determined and compared with the base metal of 

AIS 316L stainless steel.  
 

2. MATERIALS AND METHODOLOGY 
 

The coupons for laser welding study were 

mechanically cut from a 2.0 mm thick sheet of AISI 

316L stainless steel at delivery conditions (Cr 

16÷18%, Ni 12÷14%, Mo 2÷3%, C 0.08÷, and Fe 

balance), Fig. 1. 

 
Fig. 1. Microstructure of base metal, 2.0 mm thick sheet of 

stainless steel AISI 316L 
 

Since the aim of the study was not to determine the 

quality of joints but the influence of energy input on 

corrosion resistance of the welded sheets of AISIS 

316L steel, the laser welding tests were performed as 

bead-on-plate welding. 

The coupons for welding test were 40 mm wide and 

150 mm long. In turn the samples for corrosion test 

were customized to the holder of the salt chamber and 

thus cut to the length of 50 mm. The AISI 316L steel 

is chrome-nickel type steel characterized by dominant 

austenite microstructure and satisfactory corrosion 

resistance. During the study, laser welding tests were 

done by fully automated stand equipped with a disk 

laser generator TruDisk 3302. The maximum output 

power of the applied laser was 3.3 kW. The laser 

head designed for welding operations was coupled 

with the generator by a fiberglass with a core 

diameter 200 µm and mounted on a vertical drive of 

the 3D Cartesian (x, y, z) positioning system 

controlled by a PC computer, Fig. 2. The samples to 

be welded were fixed by stiffening devise equipped 

with root protection gas nozzles and automated 

shielding gas delivery system. The course of the 

welding process was first programmed and next 

controlled by the computer. As the shielding gas high 

purity argon was used. The gas was delivered to the 

weld pool region by cylindrical nozzles 10 mm in 

diameter. The gas flow took place several seconds 

before the laser beam, and was kept constant at 

approx. 10 l/min.  

At the initial stage of the study the bead-on-plate 

welds were produced at different energy input, Fig. 3. 

The welding speed 1.5 m/min was determined 

previously and considered as optimal, while the laser 

output power/energy input was ranged: 1.0 kW (40 

J/mm), 1.25 kW (50 J/mm), 1.5 kW (60 J/mm), 

1.75 kW (70 J/mm). The circular laser beam was 

focused on the top surface of the samples. The 

samples produced in the initial stage were used for 

metallographic analysis, rough evaluation of the weld 

quality, and for verification of welding parameters.  

 
Fig. 2. A view of the automated stand with the TruDisk 

3302 laser and the process of simulated welding (bead-on-

plate) of butt joints of 2.0 mm thick sheet of stainless steel 

AISI 316L; 1 – laser head, 2 – welded samples, 3 – fixture 

device, 4 – control unit 

a) 

 
b) 

 
Fig. 3. A view of the bead-on-plate welds produced on the 

2.0 mm thick sheet of stainless steel AISI 316L: a) weld 

faces (from left: 1 – 1.0kW and 4 – 1.75kW), b) weld roots 

(fully penetrated) 
 

After analysis and verification of the quality and 

shape of the welds, the next samples for corrosion 

tests were made at the chosen parameters providing 

full penetration and proper shape of the weld, Fig. 4.  

The quality assessment of the welds was conducted 

by visual inspection, macrographs and micrographs 

observation by light microscopy and also the Vickers 

microhardness measurements on the across sections 

were done according to PN-EN ISO 6507-1 standard.  

The cross sections were prepared by grinding and 

subsequent polishing by diamond suspension of 
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6 µm, 3 µm, and 1 µm respectively. The 

microstructure was revealed by etching in the reagent 

composed of iron chloride FeCl3, hydrochloric acid 

HCl, and water H2O, in proportions 1:1:4. Regions of 

base metal (BM), heat affected zone (HAZ), and weld 

metal (WM) were observed and analysed. Corrosion 

tests were conducted in salt chamber (NaCl) 

according to the PN EN ISO 9227 standard and 

additionally by immersion in 15% sulfuric acid 

H2SO4 (VI). All samples for corrosion tests were 

cleaned and degreased with ethyl alcohol (ethanol 

96%) and then dried with compressed air. The edges 

of samples intended for testing in salt chamber were 

covered with a protective varnish in order to protect 

these surfaces against corrosion. Before testing, the 

samples were weighed and measured.  

 
Fig. 4. A view of the samples with simulated butt joints 

(bead-on-plate) produced on the 2.0 mm thick sheet of 

stainless steel AISI 316L intended for corrosion tests 
 

The test was carried out using the Ascott CC 450 in 

salt chamber with dimensions of 

1010x640x1140 mm. The solution used for tests was 

3.5% saline solution. The time of the corrosion test 

was set at 168 h. A visual inspection was carried out 

after every 24 h of testing. Results of the study are 

presented in Fig. 6 to 10, and results of corrosion 

tests are summarized in Table 1 and Table 2. 
 

3. RESULTS AND DISCUSSION 
 

First the visual testing VT was conducted for rough 

estimation of the quality of the welds produced by 

laser bead-on-plate technique. Figure 3 presented at 

page 2 and Figure 4 at page 3 revealed a small width 

of the single beads not exceeding 2.0 mm for entire 

range of the tested parameters and energy inputs.  

 a) 

 b) 

 c) 

 d) 
Fig. 5. Macrostructure of the bead-on-plate welds produced 

on the 2.0 mm thick plate of stainless steel AISI 316L: a) 

weld faces (from left: 1 – 1.0kW and 4 – 1.75kW), b) weld 

roots (fully penetrated) 
 

At the same time, it was observed that the surface of 

weld face and root is humped, not smooth. Such 

phenomenon is related with high welding speed.  

 
Fig. 6. Influence of the energy input on the width of the 

welds 
 

Next the metallographic analysis was conducted on 

the cross-sections of the welds. As can be seen in 

Figure 5, the fusion shape of the welds exhibits 

hourglass configuration and the depth/width ratio 

over 1.5 indicate the keyhole welding mode. 

Observations of macrostructure in Figure 5a revealed 

a single pore in the lower region (root) of the bead 

No. 1, produced at the lowest heat input of 40 J/mm. 

The porosity of weld metal is often reported problem 

during laser welding at the keyhole mode of different 

grades and types of alloys [7]. The main reason of the 

tendency to form porosity in some range of laser 

welding parameters is related to the stability of the 

keyhole. Since the laser beam is a high power density 

heat source it causes partial evaporation of the heated 

metal. When the keyhole is unstable the vapours of 

the welded metal may be trapped inside the keyhole. 

The only way to eliminate this phenomenon is precise 

selection of laser welding parameters and 

technological conditions. The welds produced at 

higher energy input are free of porosity, as can be 

seen in Figure 5.  

The Figures 5 and 6 show that the welds produced in 

the investigated range of parameters are very narrow 
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and the width does not exceed 1.4 mm. The fusion 

line is clear and easy to identify on the 

macrostructure photos. However, it is not possible to 

estimate the width of the heat affected zone HAZ. 

Usually, in the case of austenitic stainless steels the 

HAZ is narrow, due to physical properties, mainly 

relatively low thermal conductivity. The 

microstructure of the as-received (delivery condition) 

2.0 mm thick sheet of stainless steel AISI 316L is 

shown in Fig. 1 presented on page 2. As can be seen 

there is no sign of strained band microstructure 

typical after rolling deformation. This indicates that 

the samples have been supersaturated. The 

microstructure of the base metal is composed mainly 

of austenite but some evident traces of  ferrite can 

be also identified, Fig. 1.  

The microstructure of representative welds, produced 

at minimum and maximum energy input, in the 

region near fusion line is presented in Figure 7. As 

can be seen the width of the HAZ is not determinable.  

However, partially grains along the fusion line can be 

clearly observed. In the fusion zone there are 

columnar grains, perpendicular to the fusion line. As 

can be seen in Figure 7, the size of columnar grains in 

fusion zone is approx. ten times greater than grains of 

base metal. No clear difference in grain size was 

observed for the weld produced at minimum energy 

input of 40 J/mm and at maximum heat input of 

70 J/mm. Similarly, in the case of the microstructure, 

it mainly consists of austenite with a small amount of 

 ferrite, regardless the energy input of laser welding, 

Fig. 7.  

Results of microhardness study are presented in 

Figure 8. Measurements were conducted on the cross-

section of the welds, and showed that the base metal 

is characterized by approx. 180HV0.2. The 

microhardness increases clearly in the fusion zone 

and reaches maximum value of 227HV0.2 in the 

middle of the weld produced at the lowest energy 

input of 40J/mm, Fig. 8a. The microhardness 

distribution across the weld produced at the highest 

energy input is more uniform and flatter. However, 

the maximum value of microhardness also is clearly 

higher than base metal and reaches 215HV0.2, 

Fig. 8b. The microhardness distribution for each weld 

was determined in two lines 0.5 mm from the top 

surface and from the bottom. As can be seen all the 

distributions are very consistent and, in every case, 

the single highest value is always in the middle of the 

weld. The explanation of this phenomenon can be 

found on the macrographs. The columnar grains 

contact at the axis of the weld and form a clear 

crystallization line. This region of the weld pool 

solidifies in the finale stage. Therefore, chemical 

segregation and higher content of impurities may 

occur there, influencing the hardness. 
a) 

 
b) 

 
Fig. 8. Microhardness distribution across the welds 

produced on the 2.0 mm thick plate of stainless steel AISI 

316L: a) a) 1.0 kW, 40 J/mm, b) 1.75 kW, 70 J/mm 
 

Table 1. Results of corrosion tests conducted in salt 

chamber (NaCl) according to the PN EN ISO 9227 

Sample 
Weight loss 

m, mg 

Corrosion rate, 

Vc, g/m2day 

Linear 

corrosion rate, 

Vp, mm/year 

BM 3.9 0.13666 0.006314 

S1 3.8 0.14361 0.006635 

S2 4.0 0.13424 0.0062018 

Remarks: MB – base metal, S1 - sample welded at lowest energy 

input 40 J/mm, S2 - sample welded at highest energy input 

70 J/mm 
 

The results of corrosion resistance tests in a salt spray 

chamber are given in Table 1. In this case, the weight 

loss (m) of the samples, the corrosion rate (Vc) and 

the linear corrosion rate (Vp) according to the PN EN 

ISO 9227 standard were determined. The obtained 

results were compared with the groups of corrosion 

resistance according to the PN-55/H-04608 standard. 

The linear corrosion rate of the samples indicates that 

all tested samples can be classified in the II group, as 

very resistant to corrosion in the NaCl water solution 

environment.  

The results of weight loss and calculations of 

corrosion tests in sulphuric acid are given in Table 2. 

The samples, after taking them out of the containers 

with 15% sulphuric acid (VI), were coloured black 

  

a) b) 

Fig. 7. Microstructure of welds in region of fusion line, 

produced on the AISI 316L steel: a) 1.0 kW, 40 J/mm, b) 

1.75 kW, 70 J/mm 
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over the entire surface, and the weld area was not 

visible, as shown in Figure 9. The SEM image of the 

surface of a sample after corrosion tests in sulphuric 

acid is shown in Figure 10.  

 

 
 

Fig. 9. A view of the 

sample of base metal AISI 

316L after testing in 15% 

sulphuric acid (VI) 

Fig. 10. SEM image of the 

surface of base metal AISI 

316L after testing in 15% 

sulphuric acid (VI) 

 
Table 2. Results of corrosion tests after immersion in 15% 

sulfuric acid H2SO4 (VI) 

Sample 
Weight loss 

m, g 

Corrosion rate, 

Vc, g/m2day 

Linear 

corrosion rate, 

Vp, mm/year 

BM 2.3817 81.769 3.7779 

S1 2.1574 74.788 3.4554 

S2 28.2525 902.924 41.7174 
Remarks: MB – base metal, S1 - sample welded at lowest energy input 40 

J/mm, S2 - sample welded at highest energy input 70 J/mm 
 

As can be seen, the thick black layer of corrosion 

products on the surfaces indicates that the teste 

material is not resistant against the corrosion in 

sulfuric acid. However, the quantitative results of 

weight loss indicate many times greater weight loss 

than in the salt environment, Table 2. Moreover, the 

results indicate that the higher energy input, the 

greater mass loss. The mass loss and the corrosion 

rate of the sample welded at the highest energy input 

of 70 J/mm was over ten times higher (41.7 vs. 3.5), 

Table 2. Concluding the tested material is not 

corrosion resistant under the sulfuric acid 

environment.  
 

4. CONCLUSIONS 
 

Based on the autogenous laser welding of simulated 

butt joints (bead-on-plate) of the stainless steel AISI 

316L, several conclusions have been drawn.  

The results indicated that under the conditions of the 

experiment, full penetration of 2.0 mm thick sheets of 

AISI 316L steel requires the energy input of 40 J/mm 

at least. However, at the lowest energy input, a 

tendency to occur single pores in the root area of the 

weld was observed. Since the energy input of welding 

is relatively low, laser welding of AISI 316L steel 

within the tested range of welding parameters 

provides a very narrow HAZ of width below 0.2 mm. 

However, microhardness in the fusion zone increases 

clearly up to 2270HV, with the hardness of the base 

metal approx. 180HV. So, the increase of hardness in 

fusion zone is over 25%. 

Corrosion tests in a salt chamber showed that the 

process of laser welding does not significantly reduce 

the corrosion resistance of the joints, comparing to 

the corrosion resistance of the base metal of the 

2.0 mm thick sheets of AISI 316L steel. 

On the other hand, in the case of corrosion resistance 

tests in the environment of 15% sulfuric acid H2SO4 

(VI), a significant loss of samples mass was revealed, 

mainly in the region of fusion zone (welds), which 

makes the joints not resistant to corrosion in such 

acid environment. 
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