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Abstract 

The effects of long-term aging at intermediate temperature on the mechanical properties of type 308 
stainless steel weld metals have been studied. Three multipass shielded metal-arc welds with ferrite 
levels of 4, 8, or 12% were aged up to 50,000 h at 343 "C. Tensile and Charpy V-notch specimens 
were used to determine the effects of aging on the mechanical properties of the weld metal. Aging 
had little effect on the yield strength of the weld metal, but did result in a slight increase 
(approximately 5 %) in the ultimate tensile strength. The ferrite content had little effect on the yield 
strength of the materials, but the ultimate tensile strength increased slightly with higher ferrite 
content. In contrast to the small effect on the tensile properties, the impact properties were 
significantly degraded by aging. The extent of the degradation increased with increasing ferrite 
content and continued to increase with increasing aging time. Spinodal decomposition and the 
precipitation of G-phase particles in the ferrite phase are believed to be responsible for the 
degradation of the mechanical properties. 
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Introduction 

Stainless steel is used extensively in the piping of light water reactors (LWRs). Frequently the piping 
systems contain welds made with type 308 stainless steel filler metals which typically contain 5 to 
15% ferrite. This ferrite strengthens the welds, improves the weldability, and increases the resistance 
to stress corrosion cracking. However, the ferrite phase may become embrittled after exposure to 
elevated temperatures. Therefore, the possible degradation of the mechanical properties of these 
welds as a result of long-term aging at operating temperatures must be considered. The phenomenon 
of 475°C embrittlement has been studied extensively for duplex cast and wrought stainless steels (see, 
for example, Ref 1). However, there has been relatively little research directed toward weldments 
operating at the somewhat lower temperatures typical of the LWR environment. Therefore, several 
welds were fkbricated to study the effect of long-term aging at 343"C, the upper operating 
temperatme lirnrit for LWR piping, on the mechanical properties of such welds. The results of aging 



for up to 20,000 h have been previously rep~rted.”~ The present paper reports the mechanical 
properties after continued aging to 50,OOO h for the Same weld metal. 
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The experimental procedures have been reported previou~ly.~’~ Briefly, three welds were fabricated 
with type 308 filler metal with compositions adjusted to produce welds with nominally 4,8 or 12% 
femte (see Table 1). The base metal for all of the welds was 25-mm-thick 304L stainless steel plate. 
A V-groove geometry was used which resulted in the top of the weld being approximately 25 mm 
wide whereas the bottom was approximately 13 mm wide. A shielded metal-arc weld was deposited 
in the groove, with a 304L backing plate. In the previous work, material had been aged for 3,000, 
10,000, or 20,000 h. To obtain longer aging times, the remaining portions of the welds were returned 
to the &mace and the agings were continued. Material that had been aged for 3,000 h was given 
17,000 h more aging to achieve 20,000 h. Material fiom the original 10,000 and 20,000 h agings was 
given an additional 40,000 or 30,000 h aging, respectively, to achieve a total of 50,000 h aging. All 
agings were conducted in air at 343 “C. 

Table 1. Chemical composition 
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Standard Charpy V-notch specimens were machined from both the top and bottom of each piece of 
weldment. These specimens were notched so that the crack would propagate in the welding 
duection. The Charpy specimens were tested over an appropriate range of temperatures to study the 
ductile-to-brittle transition for each of the various ferrite content-aging time combinations. Testing 
was conducted on a semiautomated 407-J (300-ft-lb) impact testing system6 that used a transfer 
device to carry the specimen fiom a coolingheating chamber and position it on the anvils for testing. 
Heating was provided by a hot-air gun, and gas fiom liquid nitrogen was used for cooling. After 
testing, the measured energy values were fitted with a hyperbolic tangent hnction to allow the 
transition temperature and the upper-shelf energy to be determined. A value of 6.8 J (5 ft-lb) was 
assumed for the lower-shelf energy for the computer curve fits, since no testing was conducted at 
very low temperatures. This allowed the computer program to fit the limited data in a reasonable 
rn-. As a result ofthis choice, the transition temperatures and shifts should not be regarded as 



absolute values, but merely estimates. Nonetheless, the shifts in the data and the trends of the impact 
energy with aging are clear. 

Small flat tensile specimens were machined fiom the top, middle, and bottom of each weldment. The 
use of small specimens (2.5 x 1.9 x 7.6 mm long gage section) was neceSSary to ensure that the gage 
section contained only weld metal and not the 304L base metal. All testing was conducted at room 
temperature on an electromechanical testing machine at a crosshead speed of 3.8~10" m m / s  
(0.009 in./min) for an initial strain rate of approximately 5 x 10 s' . - 4 1  

Results 

Typical microstructures from each of the three welds are shown in Fig. 1. As the ferrite content 
increases, the ferrite regions become larger and more connected. 

The results of the tensile testing are shown in Fig. 2. The present results for 20,000 and 50,000 h 
have been combined with the previous results for shorter times.*" The data represent average values 
for specimens taken from the top, middle, and bottom of the welds. The data indicate that aging has 
little effect on the strength of these welds. The yield strength of the higher ferrite content welds (8 
and 12%) increases slightly, but shows little change beyond 10,000 h of aging. The ultimate tensile 
strength for the higher ferrite welds shows a small continuing increase (about 5% maximum) with 
increasing aging time. These effects are relatively minor. 

The results in Fig. 2 also show that aging in two steps rather than a single step has no effect on the 
tensile properties. The data from the original 20,000 h aging are very similar to new data from 
material aged 3,000 plus 17,000 h. Similarly, the results fi-om material aged for 10,000 plus 40,000 h 
match well with results from material aged for 20,000 plus 30,000 h. 

The Charpy results show a more pronounced effect, and indicate that the aging has a much more 
significant effect on the dynamic fracture behavior than on the quasistatic tensile properties. The 
computer curve fits for the three different ferrite contents are shown in Fig. 3. The transition 
temperature for each of the groups has been evaluated midway between the upper and lower shelves 
0'0). Data from both the top and the bottom of the welds have been combined for the Charpy curve 
fits. The results show a significant increase in the transition temperature with aging (see Fig. 4). 
Additionally, the upper-shelfenergy level decreases with increasing aging time (Fig. 4). These effects 
are more pronounced as the ferrite content increases. Furthermore, the embrittlement continues to 
increase with increasing aging time, as indicated by higher transition temperatures and lower 
upper-shelf energy levels. 

Discussion 

The mechanical tests indicate that long-term aging, even at temperatures as low as 343 "Cy can have 
a significant effect on the dynamic fracture properties of type 308 stainless steel weld metal, despite 
little apparent effect on the quasistatic tensile properties. Although the ferrite is present in rather 
limited amounts (at most 120/8), St apparently plays a critical role in the fracture process at high strain 
€ate§. 



Extensive microstructural characterization%' of the 12% ferrite weld aged for 20,000 h has shown that 
aging produces two changes in the ferrite. Spinodal decomposition of the ferrite into very fine 
iron-rich and chromium-rich regions was observed. Precipitation of G-phase, a complex silicide 
phase, also occurred. Larger G-phase precipitates were found heterogeneously associated with 
dislocations, and very fine precipitates were homogeneously distributed through the ferrite. These 
microstructural changes alter the mechanical properties of the ferrite phase, and in turn, of the weld. 

The microhardness of the ferrite and austenite has been previously studied for the 12% ferrite weld' 
usiig a specially designed nanohardness indenteI capable of sampling the very small ferrite regions 
in the weld structure. The data indicate that the austenite phase is unaffected by the aging, but the 
hardness of the ferrite increases considerably, even after only 3,000 h. These increases in hardness 
in the aged ferrite have also been observed' for similar weldments aged at 475°C. Despite this 
increase, the yield and ultimate strengths are largely unaffected, indicating that yielding, plastic flow, 
and fracture can be accommodated in the austenite under the slow strain rates and low constraint 
conditions present in the tensile specimen geometry. 

The Charpy data indicate that there are two effects occurring with aging: the transition temperature 
increases, and the upper-shelfenergy decreases. Also, the magnitude of these effects increases as the 
ferrite content increases. The increase in transition temperature is the result of easier fracture in the 
ferritic regions of the material, as a result of the hardening of the ferrite. Previous work has shown 
that microcracks are associated with the ferrite near the fiacture surface."' This suggests that fiacture 
begins in the ferrite phase, probably by a cleavage process, and then continues through the austenite 
matrix, The fracture path appears to preferentially follow the ferrite phase. This observation also 
explains why the embrittlement increases with the ferrite content, since the ferrite becomes larger and 
more interconnected as the volume fraction increases (Fig. 1). The increase in the size of the ferrite 
regions makes cleavage initiation easier and increases the size of the microcracks, and the 
interconnection of the ferrite makes the crack propagation easier as well. 

The reason for a decrease in the upper-shelf energy is less apparent, as the fracture process at higher 
temperatures is ductile, and thus should be controlled by the austenite matrix. There is no change in 
the microhardness of the austenite with aging' and no changes in the microstructure within the 
austenite were observed.' Examination of the microstructure near the fracture surface on sections 
perpendicular to the fracture surface revealed the presence of martensite in the austenite matrix, 
although the amount of martensite appeared to be independent of the aging conditions. It may be 
possible that the increase in hardness of the ferrite results in the transfer of strain to the austenite 
matrix, which in turn promotes the formation of martensite, resulting in a decrease in the upper-shelf 
energy. Recent worl? with similar material aged at 475°C has suggested that the decrease in 
upper-shelfenergy with longer agings is largely due to the G-phase, but this conclusion may not apply 
to material aged at lower temperatures, where the G-phase distribution may be different. 

To try and determine which microstnrctural changes are responsible for the ernbrittlement, a reversion 
heat treatment" (1 h at 550"C, water quench) was used. The purpo& of this heat treatment is to 
reverse the spinodal decomposition without altering the G-phase distribution. The time is short 
enough so that carbides or other precipitates would not be expected to form. Specimens from the 
8 and 12% femte welds that had been aged l0,OOO h were given the heat treatment, as well as unaged 



specimens. The results are shown in Fig. 5. Impact tests were conducted at -50 and 140°C. In all 
cases, the reversion heat treatment caused a slight decrease in the impact energy of unaged specimens. 
Although it is difficult to be entirely certain on the basis of only four tests, this result suggests that 
some changes occur in the microstructure even during the reversion heat treatment that slightly 
reduce the impact properties. Reversion of the aged specimens results in a significant improvement 
in the impact properties. The specimens show higher levels of energy absorption, but usually do not 
filly recover to the energy levels of the unaged specimens, with the exception of the 8% ferrite 
material tested at 140°C. Again, although the number of tests is limited, these results suggest that 
the spinodal decomposition is the dominant factor in the embrittlement, but the G-phase does play 
a lesser but still important role. 

The carbides observed at the ferritdaustenite interfaces3 apparently have little influence on the 
fracture process. Carbides were observed in the as-welded condition and after aging for 20,000 h. 
There were few carbides at the interfaces in the uppermost portion of the weld, but many carbides 
were found in the middle of the weld, and yet there was no significant variation in the impact 
properties as a function of location in the weld. 

Conclusions 

Type 308 stainless steel welds with ferrite contents of nominally 4,8, or 12% have been aged up to 
50,000 h at 343 "C. Aging had little effect on the tensile properties but had a significant effect on the 
Charpy impact properties, despite the low volume fraction of ferrite. The transition temperatures 
were increased with aging, and the upper-shelf energy decreased. These effects increased as the 
ferrite content increased, and continued to increase with increasing aging time. The increase in the 
transition temperature is believed to be due to the increased ease of fracture of the aged ferrite. It 
is believed that hardening of the ferrite by spinodal decomposition and G-phase precipitation is the 
primary cause of the property degradation in these materials upon aging. 
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Fig. 3. Charpy impact transition curves for the aged weld materials. Top, 4% ferrite; middle, 
8% ferrite; bottom, 12% ferrite. 
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Fig. 5. The effects of a reversion heat treatment (550°C for 1 h, water quench) on the impact 
properties. Top: 8% ferrite material. Bottom: 12% ferrite material. 
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