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Abstract. In nuclear industry, 316L weldments are widely used in components fabricating, 

which usually suffer from very-high-cycle fatigue. Therefore, the very high cycle fatigue 

(VHCF) behaviour of 316L weldment fabricated by laser butt-welding joint were studied using 

an ultrasonic fatigue testing system. The microscopic examination indicated that an evident 

pore is observed in the weld seam and the fine columnar-dendrite structure is formed in the 

central part of the weld seam. Near the weld interface in the weld seam, the weld 

microstructure shows larger columnar-dendrite. The hardness distribution of the weldment is to 

coincide with the characteristic of the microstructure. In the central part of the weld seam, the 

hardness is the highest, and is the lowest in the base metal. Fatigue failure still occurred in the 

VHCF regime. The fatigue crack initiated from the internal pores caused by laser butt-welding. 

Although the fatigue strength of weld seam might be decreased due to the pore, the fatigue 

strength of the weldment was the same as the base metal in this research. That is, the defect 

with a certain size in the weld seam does not affect the strength of the weldment.  

1.  Introduction 

316L is widely used as the structural material of nuclear components owing to its excellent corrosive 

resistance and mechanical properties [1,2]. These components usually suffer from VHCF loading 

during its service life [3]. Since some researchers [4] found that fatigue failure occurred in the very 

high cycle regime, more and more researchers started to investigate the very high-cycle fatigue 

behaviour of steels and alloys [5-7]. It was found that the fatigue crack usually initiated from the 

internal defect in the VHCF regime and a so-called fish-eye can be observed on the fracture surface, 

which is different from that of in the low and high-cycle regime. However, the VHCF data of the 

austenitic stainless steel used as the structural materials of nuclear components is still insufficient [8]. 

For austenitic stainless steel, the fish-eye is difficult to be observed on the fracture surface [9]. Most of 

the 316NG specimens failed due to the surface crack initiation, only a specimen failed due to internal 

crack initial caused by the internal inclusion [8]. The previously research results of the author [3,10] 

also showed that the fatigue crack initiated from the 316L specimen surface in the VHCF regime. 

Weld fatigue is a very important design consideration for the application of laser welded component in 

nuclear industry. However, the fatigue behaviour of 316L weldments in very-high-cycle region has 

rarely been investigated. The VHCF behaviour of some steel and alloy welds [11,12] indicated that the 

fatigue crack initiated from subsurface or internal detects caused by welding, and fatigue failure still 
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occurred in the VHCF regime. The fatigue strength reduced owing to the existence of welding defects 

and soft zone along the welds. As reported by Hong et al. [7,13,14], fatigue crack usually initiates 

from internal or subsurface inclusions or defects in the VHCF regime, and the characteristic of the S-N 

curves differs from those of the low- and high-cycle fatigue. 

Therefore, in this research, the VHCF behavior of 316L weldments fabricated by laser butt-welding 

were investigated by an ultrasonic fatigue testing machine. In addition, the microstructure and 

hardness distribution of the welding seam were investigated. To clarify fatigue crack initiation 

mechanism, the fatigue fracture surface was investigated through scanning electron microscopy (SEM).  

2.  Experimental Procedures 

2.1.  Materials and Specimen Fabrication 

Type 316L austenitic stainless steel (or ASTM A240) was used in this research. The yield strength, 

ultimate tensile strength, and Vickers hardness were 319 MPa, 614 MPa, and 183, respectively. As 

shown in Figure 1 (a), the 316L welded joint was fabricated by laser butt-welding. The fiber laser head 

(IPG, YLS-10000) was held by a Robotic arm (KUKA, KR60HA). The laser beam has a circular 

shape with the diameter of 0.5 mm. The welding parameter used in this study were presented in Table 

1. During the welding proceeding, ultra-high purity argon was used as a protecting gas at a flow rate of 

25 L/min. The specimens were machined following the geometry shown in Figure 1 (b). Before 

fatigue testing, each specimen surface was polished using a 1200 grit abrasive paper.  

 

 

Figure 1. Schematic diagram of specimen fabrication (dimensions: mm) (a) the geometry of the 

fiber laser welded joint, (b) the size and shape of the ultrasonic fatigue specimen. 

 

Table 1. Laser welding parameter 

Laser power (kW) Welding speed (mm/s) Beam diameter (mm) Defocus distance (mm) 

6 30 0.5 0 

2.2.  Measurement of Microstructure and Hardness 

The central part of the fatigue specimen with a uniform cross section was cut along the longitudinal 

direction and mounted in epoxy to study the microstructure and hardness. The samples were ground 

and polished until a mirror finish was achieved, and were then etched by immersing in an aqueous 

solution of 15-mL HCl, 5-mL HNO3, and 100-mL H2O for approximately 40 min. The specimen 

microstructures were observed through an optical microscope (VHX-6000). The hardness of the as-

received specimens was measured using a Buehler VH1202 indenter under 0.98N before conducting 

the fatigue test. 
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2.3.  Ultrasonic Fatigue Test 

The ultrasonic fatigue tests were performed using an ultrasonic fatigue testing system at 20 kHz with a 

stress ration of −1 and manually stopped when the fatigue cycles reached up to 109. During the fatigue 

test, loading/arresting interval was applied in addition to the air-cooling of specimen surface to prevent 

specimen temperature increase. More details information for the ultrasonic fatigue test was reported in 

literature [15]. After the fatigue test, the fracture surfaces were examined to reveal the fatigue crack 

initiation and failure mechanism through SEM. 

3.  Results and Discussions 

3.1.  Microstructure and Hardness Distribution 

The microstructure of the as-received 316L steel is shown in Figure 2(a), where typical austenitic 

grains are observed. Figure 2 (b) shows the overview image of the weld seam. The weld interface can 

be observed obviously. An evident pore is observed in the weld seam, which might be caused by the 

metal evaporation induced by high energy density and protection gas captured by the melted metal. 

The microstructures of area #1 in the central part of the welding bead is presented in Figure 2(c). The 

result shows that the fine columnar-dendrite structure is formed in the central part of the weld beam. 

And the growth directions of such dendrite structure are different, which are distributed symmetrically 

along the center line. The growth direction is dependent on the heat dissipation path, which is shortest 

to the base metal. As shown in Figure 2(d), near the weld interface in the weld seam, the weld 

microstructure shows more columnar-dendrite. This may be due to the fastest heat dissipation in the 

direction perpendicular to the weld interface. In general, the material properties reduce owing to the 

grain coarsening in the heat-affected zone. However, in this study, the heat-affected zone was not 

pronounced, as shown in Figure 2(d), and thus the grains in the base-material area near the welding 

interface did not grow significantly, which is consistent with the reported results, i.e. the heat-affected 

zone of  316L weld is not evident [16]. 

 

 

Figure 2. Microstructure of 316L weldment (a) Base metal, (b) Overview of the weld seam, (c) 

Enlarge view of the area #1 in (b), (d) Enlarge view of the area #2 in (b). 
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Figure 3 shows the hardness distribution of the weldment. In the central part of the weld seam, the 

hardness is highest (Hv223 in average) and resulting from the fine columnar-dendrite structure. The 

hardness of the area near the weld interface in the weld seam is lower than the central part of weld 

seam but higher than the base metal, which is attributed to the larger columnar-dendrite structure 

compared to the centre part of the weld seam. 

 

 

Figure 3. Hardness distribution of the weldment. 

3.2.  S-N Curve of the Weldment 

The relationship between stress amplitude and number of cycles to failure for the 316L weldment is 

shown in Figure 4. Obviously, the fatigue failure occurred in the very high cycle regime, the plateau 

region between 106-107 in convention fatigue was not observed in this research. In the high cycle 

fatigue regime, most of the specimens failed due to the surface crack initiation, three specimens failed 

due to subsurface crack initiation. However, in the VHCF regime, most of the specimens failed due to 

the interior crack initiation except one specimen (surface crack initiation). In other words, the crack 

tends to initiation from interior of the specimen when the fatigue life beyond 3×106 cycles. The similar 

interior crack initiation behaviour have been observed in other steels and alloys [5,6,13,17]. However, 

it is different from the results of the investigation on 316L base metal, the fatigue crack initiated from 

specimen surface in the VHCF regime [3,10].  

 

 

Figure 4. S-N curve of the 316L weldment tested at room temperature. Sur: crack initiation from 

surface, Int: crack initiation from interior, Sub: crack initiation from sub-surface. 
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Figure 5 shows the comparison between the fatigue strength of 316L weldment and SUS 316L base 

metal [3]. It should be noted that the fatigue strengths were normalized by its tensile strength in order 

to eliminate the effect of tensile strength on the fatigue strength. The normalized results showed that 

the fatigue strength of 316L weldment is almost the same as that of SUS 316L base metal, indicating 

that the fatigue strength of 316L is not affected by the laser butt-welding process applied in this 

research, although the pores existed in the weld seam. 

 

 

Figure 5. Relationship between normalized stress amplitude and number of cycles to failure 

3.3.  Fractography 

After fatigue tests, the fracture surface of each failed specimen under different stress amplitudes was 

analyzed through SEM. Most of the specimens were fractured at the weld part. In the low and high 

cycle fatigue regime, most of the specimens failed due to surface crack initiation. Figure 6 shows the 

fracture morphology of the specimen tested at 320 MPa and failed at 7.67 × 104 cycles. Obviously, the 

fatigue crack initiated from the specimen surface and multi-crack initiation sites were observed.  

 

 

Figure 6. Fracture surface of the specimen tested at 320MPa failed at 7.67×104 cycles. (a) 

Overview of the fracture surface, and (b) Enlargement of the marked rectangle in (a). 

 

Figure 7 shows the fracture surface of the specimen tested at 300MPa failed at 1.75×106 cycles. The 

fatigue crack initiated from the pore caused by the welding at the subsurface. The main crack initiated 
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at the edge of the large pore, where is adjacent to a smaller pore. In the VHCF regime, all of the 

specimens failed due to the crack initiation from the pores in the specimen. Figure 8 shows the fracture 

surface of the specimen tested at 230MPa failed at 7.93×107 cycles, i.e. in the VHCF regime. A-so 

called fish-eye was observed in the crack initiation and propagation area, as shown in the dash cycle in 

Figure 8 (a). A rough area was located in the fish-eye as shown in Figure 8(b), which was different 

from the reported results [18], i.e. the rough area was located in the central part of the fish-eye. No 

inclusion, but a pore was observed in the rough area, which was different from the situation of an 

inclusion as crack initiation site for steels and alloys [14,15,17]. It was also different from the 

previously results [3,10], no interior crack initiation was observed for 316L in the very high cycle 

regime. In general, the crack initiation site of the material, i.e. from surface or interior, is contributed 

to the competition between the surface defect and interior defect. When the size of the interior defect 

is large enough, the fatigue crack would initiate from interior. Otherwise, it initiates from surface [19]. 

Hence, in the case of 316L base metal, due to the good control of inclusion, the fatigue crack initiated 

from specimen surface. On the contrary, in the case of 316L weldment, due to the existing internal 

pores, the crack initiated from interior.  

 

 

Figure 7. Fracture surface of the specimen tested at 300MPa failed at 1.75×106 cycles. (a) 

Overview of the fracture surface, and (b) Enlargement of the marked rectangle in (a). 

 

 

Figure 8. Fracture surface of the specimen tested at 230MPa failed at 7.93×107 cycles. (a) 

Overview of the fracture surface, and (b) Enlargement of the marked rectangle in (a). 
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4.  Conclusions 

In this research, the VHCF behaviour of the 316L weldment fabricated by laser butt-welding were 

investigated by the ultrasonic fatigue testing system. The following conclusions have been drawn: 

1) An evident pore is observed in the weld seam, the fine columnar-dendrite structure is formed in 

the central part of the weld seam and larger columnar-dendrite is observed near the weld 

interface  

2) The hardness distribution is to coincide with the characteristic of the microstructure., the 

hardness is the highest in the weld seam central and the lowest in the base metal. 

3) Fatigue failure still occurred in the VHCF regime. The VHCF crack initiated from the internal 

pores caused by laser butt-welding. The typical fish-eye was observed at the fracture surface. 

4) The fatigue strength of the weldment with pores was the same as the base metal, i.e. the defect 

with a certain size in the weld seam does not affect the strength of the weldment. 
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