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The effect of thermal aging and test temperatures on fracture toughness (Jy,) of SS 316(N) weld material
has been studied based on J-R curve evaluations. The aging of the welds was carried out at temperatures
370, 475 and 550 °C and for durations varying from 1000 to 20,000 h. The fracture toughness (J-R curve)
tests were carried out at 380 and 550 °C for specimens after all aging conditions, including as-weld
condition. The initiation fracture toughness (Jy,) of the SS 316(N) weld material has shown degradation
after 20,000-h aging durations and is reflected in all the test temperatures and aging temperatures. The
fracture toughness after different aging conditions and test temperatures, including as-weld condition, was
higher than the minimum specified value for this class of welds.
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1. Introduction

Austenitic stainless steel of type SS 316L(N) is one of the
material commonly used for the high-temperature structural
applications owing to its acceptable mechanical properties,
corrosion resistance, formability and weldability. For fabricat-
ing the high-temperature components, welding is considered to
be the major manufacturing process in the industries. However,
it is well known that the microstructure and the mechanical
properties of the weld often differ substantially with the base
material and properties of the weld metal often become critical
to ensure components integrity at the operating conditions.
Especially, the major concern lies with the degradation of
fracture resistance of the welds while applying at higher
temperature for longer durations. To this end, evaluation of the
effects of aging on the fracture toughness of SS 316(N) welds is
of immense importance toward ensuring the integrity of the
components during their service period. Considering that many
of the components of Indian Fast Breeder Reactor, manufac-
tured with SS 316L(N), are designed with operating temper-
atures between 380 and 550 °C and negligible (out of core)
exposure to irradiation, this investigation is focused on material
properties under unirradiated conditions.

The weld microstructure of SS 316L(N) is specified to
contain delta ferrite in austenite matrix to prevent hot cracking
during solidification (Ref 1). It was reported (Ref 2-4) that at
room (RT) temperature (25 °C) ferrite in the weld fusion zone
is a metastable phase and transforms in to various brittle phases
on exposure to high temperatures. For similar welds, it was
reported (Ref 5) that brittle phases (precipitates) form as
decomposition products of the delta ferrite after aging in the
temperature range 550-800 °C. For duplex stainless steel (Ref
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6) and austenitic stainless steel welds (Ref 2) aging at
temperatures below 500 °C leads to formation of Cr-rich o
phase. Previous studies (Ref 6, 7) on the effect of thermal aging
on embrittlement of cast austenitic and duplex stainless steels
have been reported. Investigations (Ref 4, 5, 8, 9) on the effect
of low-temperature aging on mechanical properties of austenitic
stainless steel welds have been carried out.

The effect of various factors (temperatures, type of weld) on
the fracture toughness of SS 304 and SS 316 welds was
previously reviewed (Ref 4). The effect of aging (400-550 °C
and 50,000 h) on the microstructure and fracture behavior of
austenitic welds was reported (Ref 10). No significant reduction
in the fracture toughness of these welds (Ref 10) was observed
after aging. For SS 308 welds (Ref 2) after aging at 475 °C (up
to 20,000 h), the changes in microstructure after aging were
spinodal decomposition and G-phase formation. It was
observed (Ref 2) that aging-induced embrittlement resulted in
increase in the ductile-brittle transition temperature and
decrease in fracture toughness (J;..).

The authors have previously (Ref 11) observed decrease in
Charpy impact energy and fracture toughness (Jy ) of 316(N)
welds after aging (370-550 °C) up to 20,000 h (tested at RT).
In continuation of the campaign, evaluation of J-R curves of SS
316(N) welds after aging treatments and test temperatures was
carried out. The effect of test temperatures (380 and 550 °C)
and aging conditions (370, 475 and 550 °C, 1000-20,000 h) on
fracture (Jy,) properties is reported.

2. Experimental

The details of aging and test conditions are mentioned in
Table 1. Weld pads of approximate dimensions
500 x 400 x 30 mm were prepared by shielded metal arc
welding (SMAW) process. The parameters used for welding
are mentioned in Table 2. The chemical composition (weight
percentage, wt.%) of the weld metal included 0.05% carbon,
0.46% nickel, 1.4% manganese, 18.5% chromium, 11.1%
nickel, 0.21% copper, 0.08% nitrogen, 1.9% molybdenum,
0.07% vanadium, 0.06% cobalt and iron as the balance
element. Specimen blanks were subjected to thermal aging at
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370, 475 and 550 °C for 1000, 2000, 5000, 10,000 and
20,000 h.

Tensile tests were done on specimens machined from the
weld pads (as weld and after different aging conditions), as per
ASTM E8 (Ref 12) standards at test temperatures 380 and
550 °C. Nanohardness measurements were taken on electropol-
ished surface with a nanoindentor, and the hardness of austenite
and ferrite regions of the microstructure was determined from
the load—displacement curves, for SS 316(N) welds in different
aging conditions at 25 °C (RT). Compact tension (CT)
specimens of 20 mm thickness were fabricated from the weld
pads as per ASTM E 1820 (Ref 13) specifications. The CT
specimens were subjected to fatigue pre-cracking at RT (25 °C)
to obtain a sharp fatigue crack ahead of the notch. The crack
length at the end of pre-cracking (initial crack length a, for the
fracture test) was targeted between 25 and 28 mm. The pre-
cracking was carried out in K (stress intensity factor) decreasing
mode.

Then the test specimens were side-grooved to 20% net
depth, and J tests were carried out at 380 and 550 °C. The load
(P) and load-line displacement (LLD) were monitored and
recorded by the appropriate test controls, in a servo-hydraulic
machine. For determination of crack lengths, direct current
potential drop (DCPD) device was used. The tested samples
were then pulled to fracture, and initial and final crack lengths
(a, and ay) were optically determined. To address the limita-
tions of DCPD technique, the authors (Ref 14) have reported a
methodology for correcting the crack lengths (for determination
of J-R curves) and this crack length correction was applied in
the present investigation. The fracture surface was examined in
scanning electron microscope (SEM).

3. Results and Discussion

The microstructure in as-weld condition (Fig. 1) revealed
austenite (matrix, brighter phase) and delta ferrite (vermicular
morphology, indicated in Fig. 1). The ferrite content (as
measured by magnagauge) was 5-6 FN in the as-welded
condition. No significant changes in microstructure (morphol-
ogy of delta ferrite) were observed after aging at 550 °C,
20,000 h. The authors reported similar observations with
respect to optical microstructures (Ref 11) after aging at
475 °C, 20,000 h.

The tensile results of the aged specimens tested at 380 and
550 °C are shown in Fig. 2(a) and (b), respectively. No
significant changes in yield strength and ultimate tensile
strength values were observed after aging for both test
temperatures. The authors reported (Ref 11) similar trends in
tensile properties after aging (tested at 25 °C).

The results of nanohardness measurements are shown in
Fig. 3(a-b). After aging at 1000 h for all the aging tempera-
tures, increase in nanohardness of delta ferrite was observed
compared to as-weld condition, as shown in Fig. 3(a). After
1000-h durations and for aging temperatures of 370 and
475 °C, decrease in hardness occurred up to 20,000 h. The

Table 1 Details of aging and test conditions

nanohardness of austenite showed no significant changes after
aging, as shown in Fig. 3(b).

From the load (P), LLD and a, J-R curves were determined.
For the initial crack blunting line, ASTM E1820 (Ref 13)
specifies, M =J/Aa-o;=2. It was also (ASTM EI1820)
mentioned that any value (minimum M = 2) could be taken
based on test data, tensile properties and strain hardening
behavior of the material. The design rules for mechanical
(French code) components (Ref 15) suggest a value of M = 4.
For SS 304 and SS 316 class of stainless steels and their welds,
similar equations were recommended previously (Ref 4, 16). In
this study, the following equation was used:

J = 6dys(Aa) (Eq 1)

where oyg yield strength (YS), and ¢ flow stress =
(YS + UTS)/2.

The J-R curves were obtained for all aged conditions, and
fracture toughness (Jy,) was determined. The J,, values for
test temperatures 380 and 550 °C are shown in Fig. 4(a) and
(b), respectively. The Jy, values in as-weld condition at test
temperatures 380 and 550 °C were ~ 324 and 199 kI m 2,
respectively. The Jy, values after 20,000-h aging at 370, 475
and 550 °C (test temperature 380 °C) were ~ 145, 221 and
212 kJ m ™2, respectively. The J,» values after 20,000-h aging

Table 2 Welding parameters for SS 316(IN)

Process Shielded metal arc
Joint design Double-V groove
Number of passes 12-14

Inter-pass temperature 398, K

Flux Basic coated
Current 150, A

Voltage 25,V

Travel speed 3, mm/s

Heat input rate 0.875, kJ/mm
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Fig. 1 Microstructure of SS 316(N) weld (as-weld condition)

Aging temperature, °C 370

Aging durations, h 1000 2000
25 (RT) 380

Test temperatures, °C

475 550
5000 10,000 20,000
550
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at 370, 475 and 550 °C (test temperature 550 °C) were ~ 172,
165 and 191 kJ m 2, respectively.

The Jy, values for all the test temperatures were higher than
the minimum specified fracture toughness (~ 75 kJ m~?) in
this class of welds (Ref 15). For welds aged up to 20,000-h
durations, decrease in Jy, values was observed for all aging
(Fig. 4a, b) and test temperatures, compared to as-weld
condition. Similar trends in Jy, values were observed (tested
at 25 °C) by authors (Ref 11).

The J values (after aging and tested at 380 °C) at crack
extensions of 0.2, 1.0 and 3.0 mm were compared to the J
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values specified in the relevant (Ref 15) French code for this
class of welds, as shown in Fig. 5(a-c). It was observed that all
the J values after different aging conditions (including as-weld
condition) were higher than the specified values (RCC-MR)
(Ref 15). Similar trends in J values were observed after aging
and tested at 550 °C, as shown in Fig. 6(a-c).

The fractographs of tested (25 °C) specimens are shown in
Fig. 7(a-b). No significant changes in morphology of dimples
were observed after aging (Fig. 7b) at 550 °C (20,000 h),
compared to as-weld condition (Fig. 7a). The authors reported
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Fig. 2 Tensile properties of SS 316(N) welds after aging at 370-550 °C for 1000-20,000 h and tested at (a) 380 and (b) 550 °C

10 T T
94 + Aged 370 C Ferrite
8] — Aged 475 C Ferrite
% Aged 550 C Ferrite
g 71 -+ X As weld Ferrite
o °1
4 -
O 44 g
B 3
= V7] % + e ]
L2 *
14 X
0 T T T T T
0 5000 10000 15000 20000
(a) Aging durations, h

Fig. 3 Plots of nanohardness for SS 316(N) welds, tested at RT (a) delta ferrite (b) austenite
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Fig. 4 Plots of Jy, values for SS 316(N) welds (unaged and aged conditions) at (a) 380 and (b) 550 °C
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Fig. 5 Plots of J values for SS 316(N) welds aged (a) 370 (b) 475 and (c) 550 °C and tested at 380 °C compared to RCC-MR values
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Fig. 6 Plots of J values for SS 316(N) welds aged at (a) 370 (b) 475 and (c) 550 °C and tested at 550 °C compared to RCC-MR values

Fig. 7 Fractographs of SS 316(N) welds (a) as-weld and (b) aged 550 °C, 20,000 h

(Ref 11) similar observations in fractographs after aging at
475 °C up to 20,000 h.

The effect of aging on changes in microstructure, tensile
properties and fracture (Jy ,) properties of SS 316(N) welds can
be summarized as follows. The effect of aging on tensile
properties (Fig. 2) was not significant. The effect of aging on
changes in microstructure and nanohardness can be summa-
rized as follows. The effect of aging on Hardness of austenite
was not significant. The hardness of delta ferrite after aging at
1000 h was higher for all aging temperatures. The decrease in
hardness of delta ferrite up to 20,000 h was similar in trend
with respect to decrease in fracture toughness up to 20,000 h.
The increase in hardness of ferrite after aging was (Ref 2)

1960—Volume 27(4) April 2018

explained based on changes in microstructure (decomposition
within delta ferrite). The authors (Ref 11) observed similar
changes in microstructure, after aging at 475 °C. Similar
changes in microstructure were observed after aging up to
20,000 h at 335, 360 and 400 °C (Ref 8).

The effect of aging on the decrease in toughness was not
predominant in SMA welds (Ref 4), since it was the inclusion
content that primarily controlled the toughness. For clean
welds, as in the case of GTA welds (Ref 4), aging-induced
microstructural changes are expected to influence the tough-
ness. The effect (Ref 10) of long-term aging (400, 450 and
550 °C, 50,000 h) in both SMA and GTA welds of SS 316 with
5-7 vol.% ferrite was reported. The changes in microstructure
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included precipitation of various phases after aging. These
microstructural changes did not cause any significant reduction
of fracture toughness (Ref 10). The ferrite content in the present
work was similar to that reported by O’Donnel (Ref 10). It was
reported that aging of SS 316(N) welds (Ref 1) up to 4200 h at
650 °C, and caused decrease in fracture toughness. The
comparison of results in the present investigation with respect
to previous (Ref 1, 10) findings can be relevant for limited
conditions, considering differences in test (aging and test
temperatures) conditions. The results of this investigation
compared with other studies are described as follows.

The effect of aging (Ref 17) on the fracture toughness of SS
316 and SS 304 (base and welds) was reported. For SS 316
welds, aging was done at 482 and 566 °C up to 10,000 h and
fracture toughness was reported at test temperatures 482 and
538 °C. The fracture toughness of SS 316 and SS 308 welds
was decreased after 10,000-h aging durations for different aged
and test temperatures. The decrease in fracture toughness of the
welds was explained based on changes (formation of precip-
itates) in microstructure. It was concluded (Ref 17) that the
decrease in fracture toughness of the welds after 10,000-h aging
was not a major concern with respect to structural integrity. The
ferrite volume fraction was not reported (Ref 17) in the
previous work and it was also mentioned that aging beyond
10,000 h could decrease the fracture toughness. In this
investigation, the authors observed similar trends in fracture
toughness for all test temperatures (after 20,000 h) and the
decrease in fracture toughness was within the acceptable limits
(Ref 15).

The summary of effects of aging, neutron irradiation on
fracture toughness and fatigue crack growth of various stainless
steel (base and welds) was published (Ref 18). The minimum
fracture toughness (Ref 18) reported for austenitic stainless
steel welds (without aging) at 288 °C was ~ 73 kJ m 2. For
this class (SMAW) of welds, the minimum fracture toughness
after 20,000-h aging (test temperature 288 °C) was
~40 kI m >,

The mechanical properties of SS 316 class of steels were
recommended with respect to weld metal design data specifi-
cations (Ref 19). The investigation recommended minimum
fracture toughness of the welds (unirradiated) in the range 200-
300 kJ m~ 2 for temperatures between 20-425 °C. Hence, it can
be summarized that the Jy, values in this investigation (all
aging and test temperatures) were within the acceptable values,
reported by other investigators (Ref 18, 19).

4. Conclusion

The fracture toughness (Jy,) of SS 316(N) welds decreased
after 20,000-h aging durations for all aging temperatures (370,
475 and 550 °C) and test temperatures (380 and 550 °C). The
Joo values for all aging conditions and test temperatures were
higher than the minimum specified values for this class of
welds. The J values after different aging conditions (including
as-weld condition) and test temperatures were higher for
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different crack extensions (0.2, 1.0, 3.0 mm), compared to the J
values specified in RCC-MR.
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