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ABSTRACT

Solid phase joining technique friction stir welding (FSW) has been shown to mitigate helium-related 
issues in fusion welding of irradiated steels. Here, we present detailed characterization results of the 
first friction stir weld of an irradiated 304L stainless steel (SS) coupon contained 5.2 atomic parts per 
million (appm) helium. Scanning electron microscopy (SEM) was used to characterize a cross-section 
specimen extracted from the friction stir weld. No macro helium induced crack was observed at the 
analyzed cross-section, and only 1 – 1.5 µm size pores were found in the stir zone (SZ) and the 
thermal-mechanical affected zone (TMAZ). Moreover, some minor helium aggregations (Maximum ~20 
µm in length) appeared along grain boundaries inside the TMAZ. Thereafter, miniature tensile 
specimens were extracted from the SZ, TMAZ and heat affected zone (HAZ), and base metal (BM) and 
tested. All welded specimens showed high total elongations (> 60%) and strengths (> 75% BM 
strengths). Overall, the weld made by FSW showed much better results comparing with traditional 
fusion welding on irradiated SS. 
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INTRODUCTION

The harsh environment such as high temperature, radiation, elevated pressure, and potentially 
corrosive in nuclear reactors compromises material performance. Over time, Repair and/or replacement 
through welding is needed for damaged parts and components. Thus, repair welding is essential to 
ensure the long-term viability, competitiveness, and safe lifetime extensions of the existing US reactor 
fleet. 

Fusion welding techniques such as gas tungsten arc welding (GTAW) and gas metal arc welding 
(GMAW) are widely used in nuclear power plant (NPP) construction to assemble structural material 
components. However, fusion welding repair of NPP irradiated components meets one specific issue: 
helium-induced cracking [1 – 3]. Neutron fluxes stimulate transmutation reactions in the NPP core 
materials and lead to helium formation from boron impurity and nickel element. 

10B + n → 7Li + 4He (1)
58Ni + n → 59Ni + γ (2)
59Ni + n → 56Fe + 4He (3)

Helium transmutation and accumulation are especially severe in water-moderated reactors because of 
the “soft” neutron spectra with a high fraction of thermal neutrons. Helium distributes in metals as 
individual atoms due to its insoluble in steels. With the high heat input in fusion welding, helium 
migrates at grain boundaries (GBs) and forms bubbles, which drastically reduces the GB strength. At 
the same time, the local transient elevated temperatures during fusion welding result in high tensile 
stresses in the weld zone (WZ) and heat affected zone (HAZ). The combination of degraded GB 
strengths and the high tensile stress can easily initiate crack formation on the helium-compromised 
GBs and lead to the crack propagation, i.e., helium induced cracking.

Applying welding on steels containing 1–3 atomic parts per million (appm) of helium may induce helium 
cracking in welding, and steels with more than 10 appm of helium are often considered nonweldable 
with today’s fusion welding techniques [1 – 6]. In general, critical helium concentrations (above 1–3 
appm) may be reached even for peripheral parts within ~10 – 20 years, which time is much lower than 
the planned life span of typical NPPs (40 years), not to mention the extension (to ~60 – 80+ years) of 
NPPs. Therefore, helium-induced cracking is the major barrier of applying fusion welding to repair 
structural materials in NPP after years of service.

In 1986, the GTAW technique was used to repair the water leakage of a Savannah River National 
Laboratory reactor, and many cracks were presented at the HAZ after repair welding attempts. The 
cracks resulted in the reactor’s permanent shutdown. Investigation showed that these were helium-
induced cracks, and helium concentration in the repaired water tank wall was ~3 appm [1]. In a study 
applying GTAW on irradiated stainless steel containing 8.3 appm of helium, many several millimeters 
long cracks were observed in the HAZ [2]. Studies have shown that elevated temperatures and the 
appearance of tensile stress in cooling of a fusion welding are two key factors in helium-induced crack 
formation and propagation [7]. 

Friction Stir Welding (FSW) is an advanced manufacturing technology [8, 9] with peak temperatures 
much lower than the material bulk melting point (generally between 0.6–0.8 Tm). During FSW, the 
material is heated up by friction between the welding tool and welded material, as well as by plastic 
deformation of the material being welded. Heated material flows/deforms around the welding tool and 
forms a joint, as the result of mechanical mixing and recrystallization [10]; tool wear during high 
temperature materials, such as steel and stainless steel, FSW is often mentioned [11]. 



FSW is arguably the most recent significant invention in welding technologies, and it has been widely 
studied and developed. In many applications, FSW demonstrated outstanding weldability to form high-
quality joints with excellent mechanical properties. Lower peak temperatures and shorter time at 
elevated temperature, compared to traditional fusion welding techniques, can significantly reduce the 
intensity of diffusion-based processes, including helium migration. The low peak temperatures may also 
reduce tensile thermal stresses. These considerations make the FSW a potential solution for irradiated 
structural materials containing helium repairing.

Although being promising, the FSW had not been used for joining irradiated materials containing 
significant amount of helium until Oak Ridge National Laboratory’s (ORNL’s) team successfully 
demonstrated FSW on irradiated 304L stainless steel (304L SS) for the first time at the end of 2017 [10, 
12, 13]. 

In this paper, advanced characterization techniques were used to characterize the helium-containing 
friction stir weld, with a particular focus on grain microstructure and mechanical properties.

EXPERIMENTAL PROCEDURE

Material and Condition

The material used in the study is an irradiated 304L stainless steel (SS) friction stir weld, which was 
joined at ORNL by the end of 2017 [10, 12, 13]. Prior to the FSW, boron was added in the material 
through arc melting followed by extrusion, and helium was formed in the boron dopped coupon through 
neutron irradiation. The helium was detected 5.2±1.1 appm in the irradiated 304L SS coupon using 
thermal desorption spectrometry. The friction stir weld specimen dimensions were 1.2 × 0.35 × 0.1 in.

Microstructure Characterization 

A TESCAN MIRA3 Scanning electron microscopy (SEM) was used to conduct general microstructure 
analysis and electron backscatter diffraction (EBSD) was used for grain structures. The SEM is 
equipped with an advanced Oxford Symmetry EBSD detector (resolution 1244×1024 pixels, indexing 
rate up to ~200 Hz in full-frame mode, and ~3.5 kHz in 8×8 binning mode). All EBSD scans were 
performed at 20 kV; step size varied from 0.125 to 1 micron, depending on the region and feature of 
interest. The friction stir weld specimen surface was surveyed using both SE (secondary electron 
image) and BSE (backscatter electron image) detectors. 

Mechanical property examination

After microstructure characterization, miniature tensile specimens, were machined from the irradiated 
304L SS friction stir weld cross-section specimen. There are three tensile specimen conditions which 
gauge areas contained stir zone (SZ) only, thermal mechanical affected zone (TMAZ) and HAZ, and 
base metal (BM) only, respectively. The tensile specimen IDs and locations are shown in Table 1. The 
miniature tensile specimen design and assembled on the tensile frame setup are shown in Figure 1. 

Table 1 Room temperature tensile test specimen ID, location, and condition

Specimen ID Locations Conditions
304C-6-14-2 Weld ¼ depth advancing side Gauge contains TMAZ and HAZ
304C-6-14-4 Weld ¼ depth retreating side Gauge contains TMAZ and HAZ
304C-6-14-6 Weld root Gauge contains TMAZ and HAZ
304C-6-14-8 Weld ¼ depth SZ middle Gauge contains SZ
304C-6-14-16 BM Gauge contains BM



(a) Miniature tensile specimen design. Unit: mm

(b) A DIC miniature tensile specimen with speckle pattern.

Figure 1. DIC miniature tensile specimen

The pulling rate of the tensile tests was 0.025 mm/s. The strain and elongation were measured from an 
initial 2.5 mm gauge length using digital image correlation (DIC) technique.

RESULTS

Microstructure Characterization

The cross-section specimen of the irradiated 304L friction stir weld is shown in Figure 2. Without 
etching, different metallurgical zones are not clearly seen. Therefore, dotted lines were added in Figure 
2 to demonstrate SZ, TMAZ and BM schematically. It is clear that this cross section doesn’t contain any 
macro level voids or helium induced crack which usually seen in WZ and HAZ of irradiated steel fusion 
welds [1 – 6].

Figure 2. Irradiated 304L SS friction stir weld cross section.

In the SZ, ~1 – 1.5 µm diameter pores were observed under SEM, and images are shown in 
Figure 3. Many pores were presented as individual ones in the SZ, but there were a few cases that 
multiple pores accumulated and formed pore chains. In addition, more pore chains were observed in 
the SZ close to the top surface (Figure 3(b)) than that in the middle area (Figure 3(a)). Finally, many of 
these pores were distributed inside grains but not just along GBs. Outside of SZ, pores were also 



observed in the TMAZ, as shown in Figure 4. - More pores are observed in the TMAZ than those in the 
SZ, especially at locations close to the SZ/TMAZ boundary (Figure 4(a), 0.15 mm away from the 
SZ/TMAZ boundary), indicating helium was formed more actively in the region with high temperature 
and plastic deformation without recrystallization. Other than individual pores, up to ~20 µm long 
microcracks, likely due to helium bubble accumulation, were observed in the TMAZ close to the 
SZ/TMAZ boundary (Figure 4(a)). On the other hand, only a couple of short pore chains, consisting of a 
few pores, were observed in the TMAZ 1.96 mm to the SZ/TMAZ boundary (Figure 4(b)). Considering 
recrystallization happened in SZ but not in TMAZ during the FSW, many pores in the SZ may also be 
located at the pre-FSW GBs.

      
(a) SZ middle (b) SZ top edge

Figure 3. Pores in the SZ of the irradiated 304L SS friction stir weld.

       
(a) 0.15 mm from the TMAZ/SZ boundary          (b) 1.96 mm from the TMAZ/SZ boundary

Figure 4. Pores in the TMAZ of the irradiated 304L SS friction stir weld.

Fine recrystallized grains were observed in the SZ of the 304L SS friction stir weld, similar with 
conventional material friction stir welds. Grain microstructures in the SZ center, SZ bottom and the BM, 
taken by SEM/EBSD, are shown in Figure 5. Comparing with grains at the SZ center, grain sizes at the 
SZ bottom are even tinier because of the low peak temperature during FSW.



       
(a) SZ center grains (b) SZ bottom grains

(b) BM grains

Figure 5. IPF images of the SZ center, SZ bottom, and BZ.

Mechanical Properties

Tensile curves of tested specimens are shown in Figure 6. Overall, all specimens were ductile and 
failed with a large elongation (> 60%). Tensile properties of different specimens containing different 
metallurgical zones at the gauge areas are shown in Table 2. The BM specimen has the highest yield 
and ultimate strengths, 386.5 MPa and 595 MPa, respectively. The two TMAZ specimens had relatively 
low yield strength among all friction stir weld specimens, which were 75% and 81% of the BM specimen 
yield strength. The TMAZ specimen on the retreating side and the weld root specimen which also 
contained TMAZ in gauge area had relatively low ultimate strength among all friction stir weld 
specimens, measured 86% of the BM ultimate strength. Elongations of all friction stir weld specimens 
are high and those of the SZ specimen and TMAZ specimen on the advancing side are even higher 
than that of the BM specimen. In conclusion, strengths and elongation of the friction stir weld processed 
on the irradiated 304L SS are close to the BM, probably contributed by the fine equiaxed grain 
structures in the SZ and the suppression of helium bubbles formation and accumulation. The weld 
specimen slightly lower yield strength than that of the BM specimen is probably due to the thermal 
aging during the FSW.



Figure 6. Tensile curves of specimens from different metallurgical zones in the irradiated 304L 
SS friction stir weld and BM. The gauge length was 2.5 mm.

Table 2. Mechanical properties of the friction stir weld and BM specimens.

Specimen ID Locations Yield strength, 
MPa

Ultimate strength, 
MPa

Elongation, % 
(2.5 mm gauge)

304C-6-14-2 ¼ depth advancing side 289.0 530.2 81.2
304C-6-14-4 ¼ depth retreating side 314.8 509.0 68.0
304C-6-14-6 Weld root 344.5 509.5 64.0
304C-6-14-8 ¼ depth SZ middle 338.7 578.1 85.6
304C-6-14-16 BM 386.5 595.0 73.1

CONCLUSIONS

1. The irradiated 304L SS friction stir weld cross-section specimen showed no macro helium 
induced cracking, which was always seen in irradiated steel fusion welds containing a similar 
amount of helium. FSW could be a potential technique for irradiated nuclear reactor structural 
materials repair welding.

2. 1 – 1.5 µm size pores, likely helium bubbles, were observed in the SZ and TMAZ of the friction 
stir weld cross-section specimen. Pores may be accumulated together to form pore chains and 
up to ~20 µm microcracks in the TMAZ, and the most severe microcracks were observed in the 
TMAZ close to the SZ/TMAZ boundary because of the high peak temperature and plastic 
deformation without recrystallization.

3. All miniature tensile specimens obtained from different metallurgical zones showed ductile 
behavior with high strengths in tensile tests. The minimum weld specimen yield strength, tensile 
strength, and elongation were 75%, 86%, and 88% of those of the BM specimen, respectively. 
Pores and microcracks in the SZ and TMAZ didn’t dramatically affect weld specimen’s room 
temperature? mechanical properties.
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