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Changheui Jang 
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ABSTRACT 
In the I-NERI collaboration between US and ROK, the thermal aging behavior of austenitic 

stainless steel welds (ASSWs) is being studied for systematic understanding of microstructural 
phenomena and their impact on mechanical property changes. This research also aims to perform 
a comparative study on the thermal aging effects in stainless steel cast and weld alloys. The first 
step of the study was production of weld overlays on steel substrates: experimental weld plates 
were fabricated by gas tungsten arc welding (GTAW) method using ER316L and ER308L (low 
carbon grade) and ER347 (niobium stabilized grade) welding wires. The changes of mechanical 
properties and microstructures in ASSWs were investigated after thermally aging at 360 oC or 
400 oC up to 10000 h. The effects of long-term aging on various mechanical properties are 
measured using tensile, J-R and Charpy impact tests.  

This report is an intermediate report for the I-NERI collaboration, which includes the 
characterization results mainly for two ASSWs with about 10 % of ferrite, i.e., ER316L and 
ER347. Part of datasets from more systematic mechanical property testing are also presented for 
all three welds - ER316L, ER347L and ER308L. In particular, the ER316L and ER347 welds 
were thermally aged at 400 oC up to 10000 h to simulate the accelerated thermal aging condition 
and compared in detail in this report. The mechanical properties such as tensile and fracture 
resistance were measured at room temperature and 320 oC before and after thermal aging. The 
test results showed significant reduction in fracture resistance for ER316L while there was a 
negligible change for ER347 weld. The evolution of microstructure, such as spinodal 
decomposition and precipitation of secondary phases, was analyzed using electron microscopy.  

The test-temperature dependences of tensile parameters were plotted and compared for 
ER316L, ER347L and ER308L welds. Both the strength and the ductility of these welds decrease 
with test temperature up to ~200 oC and become nearly constant above the temperature. No 
significant change in the test temperature dependence of tensile strength and ductility parameters 
was caused by the differences in alloying elements and aging temperatures. Addition of Mo (in 
ER316L) and Nb (in ER347) caused some additional hardening but lower ductility. Overall, 
however, only insignificant differences were observed among the tensile properties of three 
welds.  
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1. INTRODUCTION 

Austenitic stainless steel welds (ASSWs) are extensively used in the nuclear industry to join 
the pressure boundary system pipes including pressurizer surge-line pipes of the pressure water 
reactors (PWRs). A small amount of ferrite phase in austenitic matrix has various advantages of 
improving strength, weldability, and resistance to corrosion [1]. Despite these advantages, the 
existence of the high temperature ferrite (δ) phase in ASSWs has received significant attention in 
recent years due to the potential susceptibility to thermal aging degradation during long-term 
exposure to service temperature of nuclear power plants (NPPs), which in particular, can cause 
the reduction of fracture resistance [2-6]. Thus, in order to assure the integrity of the pressure 
boundary components, the degradation of mechanical properties caused by thermal aging, 
including tensile properties and fracture toughness, needs to be properly evaluated.  

Although the detailed thermal history of melting and cooling in a welding process is usually 
different from that in production of a cast austenitic stainless steel (CASS), the austenite (γ)–
ferrite (δ) duplex structures of ASSWs and CASSs commonly result from passing through the 
high temperature ferrite formation region (approximately 1100–1400 °C) during cooling. The 
most common cast stainless alloy grades [7] include the CF3 and CF8 alloy families with 
nominally ~19% Cr and ~10% Ni and 3–35% δ-ferrite depending on the processing routes of 
components. The most used ASSWs, i.e., ER 347, 316L, 308, and 309, usually include small 
amounts of ferrite (<15%) and, along with more strict quality control, they are less venerable to 
thermal embrittlement. It is a common concern for these two groups of materials that the minor 
phase (i.e., the δ-ferrite phase) is inevitably formed during the casting and welding processes, 
and is in a non-equilibrium state subjected to detrimental changes during exposure to elevated 
temperature and/or radiation.  

For the 300 series stainless steel alloys with duplex structures, the thermal aging below the 
temperature of 500 oC has been known to cause precipitation of secondary phases in the ferrite 
such as nucleation of Cr-rich (ɑ') by spinodal decomposition, growth of Cr-rich phase (ɑ'), M23C6 
carbide and precipitation of a Ni- and Si- rich G-phase. Further, the M23C6 carbide precipitates 
along the ferrite/austenite phase boundaries. It was reported that thermal aging resulted in brittle 
fracture like cleavage of the ferrite phase or separation of the ferrite/austenite phase boundary 
[7,8]. The spinodal decomposition was known to be the leading cause of thermal embrittlement 
and the ferrite phase and ferrite/austenite phase boundary provide an easy path for crack 
propagation [7,9]. Significant fluctuation in Cr concentration by spinodal decomposition in 
ferrite phase have been observed through atom probe tomography (APT) and transmission 
electron microscopy (TEM), which reported the Cr concentrations much less than 15 wt. % in 
ferrite matrix [3,10]. In this I-NERI collaboration between US and ROK during December 1, 
2015 through November 30, 2018, the thermal aging behavior of ASSWs is systematically 
studied to understand the microstructural mechanisms and their impact on mechanical property 
changes. The results are also expected to be compared with those of CASS materials. 

 
2. EXPERIMENTAL 

2.1. Chemical compositions of weld materials 
Test blocks of ASSWs were fabricated using commercial grade welding wire such as 

ER316L, ER308L and ER347. The welding wires were selected to produce the weld deposits 
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with ferrite contents of approximately 10 vol.%. The test blocks were fabricated by using manual 
gas-tungsten arc welding (GTAW) with build-up welding process on the 316L stainless steel 
plate with ~1 inch thickness. For chemical composition analysis of the finished 316L and 347 
blocks, samples were extracted from locations of welding blocks, and the chemical compositions 
were analyzed by the inductively coupled plasma-mass spectrometry (ICP-MS) method. In 
addition, their ferrite contents were calculated using Schaeffler diagram with the results of 
chemical compositions analysis and phase fraction using optical microscopy. The results are 
summarized in Table 1. 
 

Table 1. Chemical compositions of three weld alloys in wt.% and δ-ferrite contents 

Welds** Fe Cr Ni C Si Mn Mo Nb Ferrite Contents 
ER316L Bal. 18.4 11.0 0.008 0.4 1.74 2.56 - 11 
ER347 Bal. 19.0 9.0 0.045 0.38 1.53 0.17 0.69 10 
ER308L* Bal. 20.0 11.0 0.03 1.0 2.0 - - ~10 

*Typical values 
**Helpful notes on stainless steel welds: 308L (including ER308LSi) is predominately used on austenitic stainless steels, such as types 301, 302, 

304, 305 and cast alloys CF-8 and CF-3. For high temperature applications such as in the electrical power industry, the high carbon 308H 
electrode provides better creep resistance than does 308L. 316L (including ER316LSi) filler metal should be used with 316L and 316 base 
metals. CF-8M and CF-3M are the cast equivalents of 316 and 316L, respectively. Use 309L (including ER309LSi) when joining mild steel or low 
alloy steel to stainless steels, for joining dissimilar stainless steels such as 409 to itself or to 304L stainless, as well as for joining 309 base 
metal. CG-12 is the cast equivalent of 309. Some 308L applications may be substituted with 309L filler metal, but 316L or 316 applications 
generally require molybdenum and 309L contains no molybdenum. Type 347 stainless steel filler metal is ideal for 347 and 321 base materials 
because it matches these stabilized grades. CF-8C is the cast equivalent of 347. Type 347 filler metal is also suitable most 308L filler metal 
applications. http://www.lincolnelectric.com/en-us/support/welding-how-to/Pages/filler-metal-detail.aspx 

 
2.2. Mechanical and microstructural characterization 

For ER316L and ER347 welds, the test materials were thermally aged at 400 oC up to 10000 h 
in air. The aging temperature represents accelerated condition compared to the typical operating 
condition (343 oC) of pressurized surge-line in PWRs. To investigate the change in 
microstructure caused by thermal aging treatment, scanning transmission electron microscopy 
(STEM) and energy dispersive spectroscopy (EDS) analyses were performed for specimens aged 
at 400 oC for 10000 h and as-welded specimens. To investigate the mechanical properties of 
ASSWs, tensile and fracture toughness tests were performed at room temperature and 320 oC. 
Tensile test specimens were electro-discharge machined such that the loading axis of round-bar 
type specimens (4 mm in diameter and 24 mm in gage length) was parallel to the longitudinal (L) 
direction of welding blocks. Tensile testing was conducted at least twice per condition at a strain 
rate of 5×10-4 s-1, in which the procedure in ASTM E8/E8M-13a was followed [11]. 

Fracture resistance curves were obtained using 1/2T-CT specimen by normalization method 
which calculated the crack length using load-displacement curve following the evaluation 
procedure in ASTM E1820-13 [12]. In each 1/2T-CT specimen the machined notch is aligned 
with the longitudinal-short transverse (L-S) direction of welding blocks. Then, a pre-crack was 
introduced by cyclic loading until the ratio of initial crack length to specimen width (a0/W) reach 
approximately 0.57. After the pre-cracking, side grooves were machined with 45o and 10 % of 
thickness on each side. J-R tests were carried out twice per test condition at a cross-head speed of 
1 mm/min. Fracture surfaces of the tested specimens were observed using scanning electron 
microscopy (SEM) for fracture mode analysis. 

http://www.lincolnelectric.com/en-us/support/welding-how-to/Pages/filler-metal-detail.aspx
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For the aged ER308L, ER316L and ER347 welds, more systematic mechanical testing has 
been performed to investigate the test-temperature dependences of mechanical properties after 
thermal aging. The uniaxial tensile, static fracture resistance, and impact toughness testing were 
performed for the aged and non-aged weld alloys. The tensile specimens were SS-3 dog-bone 
shaped flat specimens with the gage section dimensions of 7.62 mm in length×0.76 mm in 
thickness×1.52 mm in width. The uniaxial tensile tests were carried out at room temperature 
(RT) to 400°C at a displacement rate of 0.5 mm/min, which corresponds to a nominal strain rate 
of 0.0011/sec. The engineering strength and ductility parameters were obtained from the raw 
tensile load-displacement and specimen dimension data and the results are presented in this 
report. (Note that only part of temperature dependence data are reported in this report.) 

 

3. MICROSTRUCTURES AND MECHANICAL PROPERTIES OF ER316L AND 

ER347 AFTER THERMAL AGING 

3.1. Effect of thermal aging on microstructure 
Figure 1 shows the results of STEM/EDS mapping for the aged ER316L and ER347 welds. 

For the two materials, Cr (a ferrite stabilizing element) is enriched in the ferrite phase, while Ni 
(an austenite stabilizing element) is enriched in the austenite matrix. However, the M23C6 type 
carbides were not observed in the ER316L and ER347 welds aged up to 10000 h at 400 oC. 
Meanwhile, the precipitation of M23C6 type carbide has been often observed at ferrite/austenite 
phase boundary in ASSWs after long-term thermal aging (343 oC/20000 h and 475 oC/5000 h, 
respectively) [3,8]. The reason for the different microstructure evolution could be the difference 
in the carbon contents of those materials. That is, the material used in literature [3,8] was 308 
weld with a carbon content above 0.05 wt.%, whereas the ER316L weld used in this study has 
much lower carbon content. According to the TTP (time-temperature-precipitation) diagram of 
316L stainless steel [14], the exposure time would be not enough for formation of M23C6 type 
carbide. In ER347 weld, carbon is mostly tied-up with Nb, a stabilizing element [15]. Therefore, 
no chromium carbide (M23C6) would precipitate along the ferrite/austenite phase boundaries at 
the temperature used in this study. Instead, the Nb-rich precipitates were observed either 
randomly in matrix or along the ferrite/austenite phase boundaries before and after thermal 
aging.  

STEM/EDS line scans in the ferrite phase of as-welded and aged ER316L are shown in 
Figure 2. In the as-welded ER316L, elements are rather evenly distributed with little fluctuation. 
In contrast, in the ER316L weld aged at 400 oC for 10000 h, a rather large fluctuation in 
nanometer-scale are detected in ferrite phase, which can be characterized with enrichment of Cr 
and depletion of Fe. It has been well known that such fluctuation is related to the spinodal 
decomposition.  
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(a)         

                               

 
(b) 

Figure 1. STEM/EDS maps for the welds aged at 400 oC for 10000 h: (a) ER316L weld and (b) 
ER347 weld 
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(a)     

                                    

 
(b) 

Figure 2. Results of STEM/EDS line scanning in the ferrite phase of ER316L weld: (a) as-welded 
and (b) aged at 400 oC for 10000 h  
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3.2. Effect of thermal aging on tensile properties 
The results of tensile tests are summarized in Figures 3 and 4. In case of the ER316L weld 

after aging up to 10000 h, tensile strength increased by more than 100 MPa while elongation was 
reduced by ~7 % compare to the as-welded condition. For ER347, tensile strength increased 
about 95 MPa, while elongation was reduced by 16 %, which is significantly larger than that 
measured for 316L weld. Similar behavior was observed at 320 oC for all test materials. Such 
changes in mechanical properties are caused by the hardening of ferrite phases by spinodal 
decomposition and other secondary precipitations during thermal aging [1-3]. It seems that the 
change of tensile strength saturates in both ASSWs (ER316L and ER347) after 10000 h of 
thermal aging at 400 oC. Such a saturation is not evident in ductility, which may require longer 
aging time.  

 

 
 

Figure 3. Tensile properties as-welded and aged ASSWs at room temperature  
 

 

 
 

Figure 4. Tensile properties of as-welded and aged ASSWs at 320 oC 
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3.3. Effect of thermal aging on fracture resistance 
Figures 5 and 6 show the fracture toughness test results at room temperature and 320 oC for 

the as-welded and aged (up to 10000 h) specimens, respectively. In case of the ER316L weld, 
more significant change in fracture toughness is observed after thermal aging when compared to 
the as-welded condition: JIC decreased from 450 kJ/m2 to 230 kJ/m2 or by 49 % in room 
temperature tests. Similar degree of reduction in JIC was observed at 320 oC. For the ER347 
weld, the change in fracture toughness was negligible in the thermal aging treatment up to 10000 
h, despite the similar ferrite content and tensile property changes with the ER316L weld.  

 

 
Figure 5. Fracture resistance (J-R) curves for as-welded and aged ASSWs specimens tested at 

room temperature 
 

 
Figure 6. Fracture resistance (J-R) curves for as-welded and aged ASSWs specimens tested at 

320 oC  
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Figures 7 and 8 represent the SEM images of fracture surfaces after J-R tests for the as-
welded and aged specimens. It is clear that these fracture morphologies indicate predominantly 
ductile dimple fracture for both conditions. In the ER316L weld after thermal aging, however, 
some brittle fracture surfaces are observed at ferrite phase. It could be related to the spinodal 
decomposition as mentioned in the previous section. After thermal aging, formation of the Cr-
rich (ɑ') phase in ferrite introduces strengthening mechanism that increases strain hardening and 
local tensile stress [7,9,16]. This indicates that the aged ER316L weld can become susceptible to 
brittle crack propagation during J-R tests due to the hardened ferrite phase. Meanwhile, for the 
as-welded and aged ER347 samples, it is clear that their fracture morphology is predominantly 
ductile dimple before and after thermal aging (Figure 8). Also, particles are observed in the most 
of the dimples on fracture surface. Such particles are considered as Nb-rich precipitates along the 
ferrite/austenite phase boundary, which was analyzed by STEM/EDS (Figure 1(b)). Previously, it 
was reported that voids or micro-cracks were initiated by the Nb-rich precipitates at phase 
boundary in 347 ASSW [17]. Therefore, the main fracture mechanism of ER347 weld is thought 
to be formation of microvoids or microcracks at Nb-particles rather than the brittle fracture of 
ferrite phase with spinodal decomposition.  

 

 
Figure 7. SEM images of fracture surface after room temperature J-R tests for as-welded and 

aged (5000 h at 400 oC) ER316L welds 

 
Figure 8. SEM images of fracture surface after room temperature J-R tests for as-welded and 

aged (5000 h at 400 oC) ER347 welds 
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4. TEST TEMPERATURE DEPENDENCE OF MECHANICAL PROPERTIES IN 
WELDS AFTER 10000 H AGING  

4.1. Test temperature dependence of strength    
Figures 9 and 10 present the yield strength (YS) and ultimate tensile strength (UTS) data of 

three stainless welds (ER 308L, 316L, and 347) after thermal aging for 10000 hours. Although 
both strength parameters decrease with test temperature over the entire test temperature range, 
detailed temperature dependences are slightly different for tensile parameters. That is, the 
temperature dependence of YS, shown in Figure 9, is relatively milder than that of UTS. Up to 
200 °C the UTS decreases more rapidly than the YS, however, above 200 °C both parameters 
decrease at a slower rate and experience only little change over the aging temperature range of 
290–400 °C.   

Since the three weld metals include similarly small amounts of ferrite (~10%), the strength 
versus temperature plots show only small differences between alloys and aging temperatures. 
The three alloys aged at 360 °C display both YS and UTS data within a narrow band. Within the 
band, however, the strengths of the three weld alloys show a consistent order: i.e., the ER347 is 
the strongest and 308L is the softest. This might be because slightly different amounts of 
precipitates are formed in the alloys with high Mo (ER316L) and Nb addition (ER347) or 
without these additional elements (ER308L). Both of these elements are known as carbide 
formers and are used for the solid solution effect in steels.  

In the effect of aging temperature, on the other hand, the ER347 weld aged at 400 °C shows 
discernably higher YS and UTS over the entire test temperature range. As discussed in the earlier 
report (M2LW-17OR0402152), the CASS materials with relatively higher δ-ferrite contents (> 
15%) showed faster and more profound aging effects. As in the CASS materials with low δ-
ferrite contents, the thermal aging induced hardening in the weld alloys occurs more slowly than 
in those with higher ferrite contents and the softening effect due to over-aging appears to be 
delayed even at 400 °C aging.      

It is interesting to note that the strengths of these welds are significantly higher (e.g., YS > 
300 MPa at room temperature) than those of CASS alloys, for which the vast majority of YS data 
fall below the 300 MPa mark at room temperature. It is believed that relatively fine 
microstructures have been introduced in these alloys as the weld overlay plates were relatively 
thin (25–30 mm thick). Such higher yield strengths should promote more linear glides and thus 
induce higher work hardening during plastic deformation. This effect is reflected in the UTS 
values of the three welds, which are quite high at room temperature and decrease more rapidly 
with test temperature than in YS data. It is therefore believed that the weld materials can be 
treated as low δ-ferrite cast materials in compiling mechanical data.  
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Figure 9. Test temperature dependence of yield stress (YS) in austenitic steel welds after aging 
for 10k hours 

 
 

 
 

Figure 10. Test temperature dependence of ultimate tensile strength (UTS) in austenitic steel 
welds after aging for 10k hours 
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4.2. Test temperature dependence of ductility  
The uniform elongation and total elongation (UE and TE) for the aged austenitic welds (ER 

308L, 316L and 347) after 10000 hours are presented in Figures 11 and 12. The elongation 
versus temperature curves in these figures show that the test temperature dependence of ductility 
is similar to that of strength data: the uniform and total elongations after aging decrease with test 
temperature before they become nearly temperature-independent in the aging temperature region 
of 290–400 °C. Meanwhile, the ductility rankings among the welds after aging at 360 °C are 
approximately opposite to their strength rankings. Among the three alloys the ductility of 
ER308L is always highest over the test temperature range, while that of ER347 is lowest at most 
temperatures.  

The ER347 alloy after 400 °C aging has consistently lower ductility up to 400 °C than the 
same alloy after 360 °C aging. This indicates again that at 400 °C the aging degradation, i.e., 
increase of strength and decrease of ductility, has continued up to 10000 hours, without showing 
noticeable recovery of ductility. Although relatively low UE and TE, ~7% and ~14%, 
respectively, were measured from this alloy after 400 °C aging, no evidence of embrittlement has 
been noticed during the testing campaign. It is also an interesting observation that the necking 
ductility (TE-UE) falls always within 5–7% range regardless of the differences in alloy 
composition and aging temperature.   

 

 
 

Figure 11. Test temperature dependence of uniform elongation (UE) in austenitic steel welds 
after aging for 10k hours 
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Figure 12. Test temperature dependence of total elongation (TE) in austenitic steel welds after 
aging for 10k hours 

 

5. PROGRESS AND CONCLUSION 
As an I-NERI collaboration between US and ROK, the effects of thermal aging on 

microstructural and mechanical characteristics were investigated for the ASSWs such as ER 
308L, 316L and 347 welds. The second year of the three year project term has been closed and 
corresponding amounts of tasks have been completed. Based on the results of microstructure 
analyses and mechanical tests that have been performed so far, the following conclusions were 
drawn.  

(1) After thermal aging at 400 oC for 10000 hours, a significant elemental fluctuation in 
nanometer-scale was observed in ferrite phase for ER316L weld, which can be characterized 
with enrichment of Cr and depletion of Fe and is evidence of spinodal decomposition.  

(2) After thermal aging significant degradations of tensile properties are observed for two 
ASSWs (i.e., ER316L and ER347). In both ASSWs, the change of tensile strength saturated 
at 10000 h in the thermal aging at 400 oC. Such a saturation was not clear in ductility, which 
may require a much longer aging time. 

(3) A large reduction in JIC was observed in ER316L weld after thermal aging up to 10000 h. In 
ER347 weld, however, fracture toughness change was negligible after the same thermal 
aging treatment, despite the similar ferrite contents and tensile property changes between the 
two welds. Such different behaviors could be explained by the different fracture 
mechanisms between the aged ER316 and ER347 welds, which are, respectively, spinodal 
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decomposition and formation of microvoids or microcracks at Nb-rich precipitates or 
carbides. 

(4) Both the strength and the ductility of welds decrease with test temperature up to ~200 oC and 
become nearly constant above the temperature. No significant change in the test temperature 
dependences of tensile strength and ductility parameters was caused by the differences in 
alloy element and aging temperature. 

(5) Addition of Mo (in ER316L) and Nb (in ER347) caused some additional hardening and 
lower ductility. Overall, however, insignificant differences were observed in tensile 
properties of the three welds.  
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