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Quantifying the Susceptibility of 316H and 347H  
to Reheat-Type Cracking

Notched bar tests were a reliable method to assess susceptibility;  
347H was more prone to cracking, and failure times correlated with the 
precipitation of intragranular Nb(C,N)
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Abstract

Notched-bar stress relaxation tests were 
conducted on samples machined from the heat-
affected zones of 347H and 316H V-groove 
weldments fabricated with 16-8-2 filler metal. Tests 
were performed between 500–650°C with two 
different notch radii to compare the performance 
of the alloys. Samples were loaded to target stress, 
held in stroke control for 500 h and then reloaded 
to the target stress for additional cycles until failure 
or the test was ended. Post-test, the samples were 
characterized by light optical and scanning electron 
microscopy. Results showed that this test method 
is a repeatable and sensitive method to produce 
intergranular cracking in austenitic stainless steels. 
Both alloys showed resistance to cracking at 500°C 
and susceptibility at 550°C but diverged in behavior 
at 600°C, where the 347H weldments showed 
increased susceptibility and the 316H weldments 
showed increased resistance. Failure times and 
temperatures in 347H correlated with the formation 
of intragranular Nb(C,N), and analysis indicated that 
precipitation-induced strains promoted cracking in 
347H. The ability to control the stress state, creep 
damage and microstructure tested and produce 
intergranular cracking at temperatures prototypical 
of operation are key advantages of this test method, 
which should be adopted as a standard to facilitate 
mechanistic understanding and develop mitigation 
strategies for reheat-type cracking.

Keywords

 ■ Reheat Cracking
 ■ Stress Relaxation Cracking
 ■Ductility Dip Cracking
 ■ Austenitic Stainless Steels
 ■Weldability

Introduction
Stress relaxation cracking in austenitic alloys is of signifi-

cant interest to the power generation, chemical process, oil 
& gas, and other industries where operating temperatures 
> 450°C place many alloys in a regime of susceptibility (Refs. 
1–8). This paper defines stress relaxation cracking as the 
initiation of intergranular failure (i.e., the initiation of inter-
granular creep cracking) to separate the phenomenon from 
other weldability issues and creep crack growth. Additionally, 
this work was focused on attempting to quantify and better 
understand the susceptibility of different grades of austenitic 
stainless steels to this phenomenon. 

Overview of the Phenomenon
Several authors have discussed the similarities in intergran-

ular cracking that occurs in austenitic alloys at intermediate 
homologous temperatures in welds, heat-affected zones, 
and base metals (Refs. 2, 9–11). In trying to understand those 
phenomena, the timescale to produce cracking, the tempera-
ture regime that cracking occurs in, and the associated phase 
transformations are key considerations. Upon review of the 
welding literature, grouping these phenomena into three dis-
tinct timescales helps rationalize why different terminologies 
have developed.

Ductility dip cracking (DDC). This refers to intergranular 
cracking associated with a significant loss in uniaxial tensile 
ductility. Thus, DDC occurs at the timescales of typical hot 
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tensile testing, usually significantly < 0.5 h at temperature 
and often on-cooling as second phases form in the heat-af-
fected zone. Young et al. (Ref. 10) have assessed a large body 
of DDC literature and performed testing on Ni-30Cr alloys 
where this phenomenon is coversuson in multipass welds. 
That work showed that DDC is typically associated with 
the precipitation of a coherent or partially coherent phase 
that produces a local precipitation-induced stress and a 
more-global stress (e.g., from a restrained or constrained 
dissimilar metal weld) (Ref. 10). At these timescales, the accu-
mulation of creep damage is minimal, and cracking requires 
the presence of both global and local precipitation-induced 
stresses. 

Reheat cracking and strain-age cracking describe failure 
phenomena associated with post-weld heat treatments or 
short times at operating temperature and typically occur on 
timescales of 0.5–50 h. Here, global stresses in the compo-
nent play a role; triaxial stresses may promote degradation, 
and phase transformations may also have a key contribution. 
For example, as discussed in Ref. 12, γ’ prime strengthened 
alloys that produce tension between precipitates at short times 
are most susceptible to cracking. Because the misfit strain 
between the γ’ (or γ’’) and the matrix is composition-depen-
dent, strain-age cracking is notably composition-dependent.

Stress relaxation cracking encompasses the failure phe-
nomenon associated with the accumulation of creep damage 
in a regime where the alloy exhibits degraded creep ductility 
and typically occurs at times >> 50 h. Global and precipi-
tation-induced stresses can have contributory roles, but 
cracking in components is often the result of accumulated 
creep damage in a time/temperature regime associated with 
low creep ductility. Here, triaxial stresses are a key factor 
that lowers the creep failure ductility, and conditions of 
high elastic follow-up promote the accumulation of creep 
damage. Precipitation may either produce a local stress or 
strain or result in a locally weak zone (e.g., a precipitate-de-

nuded zone), which can localize creep damage and promote 
cracking. 

With this view, we define “reheat-type cracking” as the 
general phenomenon that encompasses these sub-modes: 
ductility dip, strain-age, reheat, and stress relaxation, as illus-
trated in Fig. 1. In addition to the description of each cracking 
sub-mode above, we note that several complex metallurgical 
factors can influence cracking, including:

 ■ Phase transformations that induce internal stress or strain, 
 ■ Precipitation of second phases, which degrade ductility,
 ■ Development of microstructures that localize deformation,
 ■ Segregation of embrittling elements to interfaces that 

nucleate cracking, and
 ■ Plastic strain, which increases hardness and reduces 

ductility and toughness.

Selection of a Test Method

Given the classification of cracking modes above, the 
choice of test method to assess degradation requires care-
ful consideration to assess the performance of components 
accurately. Since cracking can be strongly affected by both 
mechanical and metallurgical factors, the test method should 
simulate the appropriate stress states, microstructure, and 
in-service changes that affect cracking (e.g., precipitation 
and segregation). For example, triaxial stresses and creep 
damage accumulation are critical factors in producing stress 
relaxation cracking in austenitic stainless steels (Refs. 13, 
14). At the same time, gamma prime precipitation is a critical 
factor in strain-age cracking (Refs. 10, 12, 15–17). 

A summary of tests used to assess cracking is given in Table 
1, which compares the test against some key mechanical and 
metallurgical conditions. 

 ■Weld mockups are often the most prototypical method 
to assess component performance but can suffer from 
difficulty in reproducing the restraint/constraint of actual 

Fig. 1 — Illustration of the typical time regimes of ductility dip, reheat, and stress relaxation cracking. At short 
timescales, global and precipitation-induced stresses control cracking (ductility dip cracking), while creep 
damage plays a larger role at long times (stress relaxation cracking).
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components, and characterization of the resulting stress state 
may require time-consuming and expensive weld residual 
stress measurements. If manual welding is used, this can 
introduce another variable that is difficult to control. Despite 
these limitations, mockups such as the Borland Mockup have 
been successful in reproducing in-service cracking.

 ■  C-ring tests. These samples can be machined from an actual 
weldment but may not be suitable for heavy-section welds. 

Tests are typically performed under constant displacement 
such that there is no elastic follow-up. Triaxiality can be 
introduced with a notch, but it may be hard to assess a wide 
range of stress states.

 ■ Bend tests can be performed under constant displacement 
or constant load. Constant displacement tests may be non-
conservative unless the sample is reloaded to simulate elastic 

Table 1 — Comparison of Test Methods Used to Investigate Reheat-Type Cracking

Test 
Type

Mechanical Conditions Metallurgical Conditions

References
Control of 
Triaxiality

Elastic 
Follow-Up  
1 <  Z < ∞

Well 
Characterized 

Stress State

Samples 
Appropriate 

Microstructure

Prototypical 
Test 

Temperature
Test Duration

Weld Mockup Limited Variable Usually not Yes Yes Usually typical 
of service Refs. 18–24

C-Ring Possible 1 Usually not

Possible but 
difficult for 

heavy section 
welds

Yes
Dependent 

on stress and 
temperature

Refs. 25, 26

Bending 
(Displacement) No 1 Usually not Possible Yes

Dependent 
on stress and 
temperature

Refs. 4, 27, 
28

Bending 
(Load) No ∞ Usually not Possible Yes

Dependent 
on stress and 
temperature

Refs. 27, 29, 
30

Uniaxial 
Tension No Variable Yes Possible Yes Typically 

accelerated Refs. 2, 31

Constant Load 
Creep Rupture Possible ∞ Yes Possible Yes Typically 

accelerated Refs. 32-36

Gleeble  
Based

Typically 
uniaxial but 

Messler 
and Li used 

notched bars

Variable Yes Possible

Possible 
but higher 

temperatures 
often used

Typically 
accelerated

Refs. 13, 17, 
37–40

Fracture 
Mechanics-Type

High 
triaxiality

Z > 1 
simulated by 

reloading
Yes Possible but 

small in extent Yes Typically 
accelerated

Refs. 35, 
41–47

Uniaxial/ 
Notched Bar 

Stress Relaxation
Yes

Z > 1 varies 
with notch 
geometry 

and 
simulated by 

reloading

Yes Possible Yes

Prototypical 
or accelerated 

with higher 
stress or 
frequent 
reloading

Refs. 14, 
48–50, and 

this work
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follow-up, while constant load testing is overly severe for 
many components.

 ■Uniaxial tensile tests. Isothermal tensile tests, sometimes 
at slow stroke rates, have been used to assess reheat cracking 
susceptibility in simulated heat-affected zones and on samples 
machined from weldments.

 ■ Constant load creep-rupture testing can control triaxiality 
via the sample notch radius, but testing occurs at one extreme of 
mechanical loading. Samples can be heat-treated or machined 
from weldments to obtain the metallurgical structure of 
interest. However, constant load tests may not accurately 
represent the accumulation of creep damage at low strain 
rates. See “stress relaxation tests.”

 ■Gleeble-based tests allow in-situ heat treatment of the 
test sample to simulate the desired metallurgical structure of 
interest. Triaxiality can be controlled via the use of notched 

samples, but this adds difficulty in controlling the temperature in 
the reduced section. Gleeble-based testing is often accelerated 
by testing at high temperatures and/or under mechanically 
severe loading to minimize test durations, factors that may 
not represent service exposure.

 ■ Fracture-mechanics-type tests use sharp notches and 
sometimes pre-compression to induce high, triaxial residual 
stresses. Cracking can occur as creep damage accumulates 
in front of the notch tip. 

 ■ Stress relaxation tests. These uniaxial, notched samples 
can control triaxiality via the notch radius, and elastic follow-up 
is simulated by reloading. Samples can be machined from 
a metallurgical structure of interest, and cracking can be 
produced at prototypical test temperatures and times. With 
the ability to control these key variables, notched bar stress 
relaxation tests provide a basis to fairly compare the risk of 

Table 2  — Weighted Ranking of Tests Used to Assess Reheat-Type Cracking

Test 
Type

Mechanical Conditions Metallurgical Conditions Other

Rank‡Control 
of 

Triaxiality

1 <  Z* 
< ∞

Well 
Charac-
terized 

Stress State

Samples 
Appropriate 

Microstructure

Prototypical 
Test 

Temperature

Test 
Duration

Run 
Tests in 
Parallel

Quantitative

Importance 5 5 4 5 5 5 4 4

Gleeble-Based 3 3 5 4 3 2 1 3 107

Bending- 
Displacement 2 2 2 4 5 3 5 2 112

Bending-Load 
Control 2 2 2 4 5 3 5 2 112

C-Ring 3 2 2 4 4 4 5 3 121

Uniaxial 
Tension 1 1 5 4 5 3 5 4 122

Fracture 
Mechanics 

Type
2 5 4 2 4 4 5 4 135

Constant Load 
Creep 5 1 5 4 4 3 5 4 137

Weld Mockup 3 2 3 5 5 5 5 3 139

Notched 
Bar Stress 
Relaxation

5 5 5 4 5 5 5 5 176

*Where Z is the elastic follow-up factor; ‡Rank = Σ (Importance 𝗑 Score)
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stress relaxation cracking in existing alloys and to establish 
susceptibility in novel alloys where component experience is 
not established. The disadvantages of this test method include 
potentially long testing times and the need for expensive 
servo-controlled mechanical testing systems. However, 
tests can be run in parallel and potentially accelerated via 
high triaxiality, high net section stress, and/or frequent 
reloading. The appropriate testing conditions should factor 
in component service conditions and the relevant time-
temperature-transformation diagram to ensure similitude. 
In this work, we have chosen to replicate the test procedure 
of Spindler and Smith to facilitate direct comparison with 
their results (Ref. 14). 

Given the wide range of tests and thermo-mechanical 
conditions used to assess reheat-type cracking in Table 1, the 
selection of an appropriate test method or methods is chal-

lenging. To better assess test selection, a weighted ranking is 
presented in Table 2, where the importance of each factor is 
assigned a number between 5 (critically important to the test) 
and 1 (desired but not technically critical), as well as a score 
between 5 (fully meets requirement) to 1 (poor fulfillment of 
the requirement). The sum of the weighted rankings (Equation 
1) is the overall ranking shown in Fig. 2. In the authors’ judge-
ment, since the sub-mode of cracking of interest in this work 
is stress relaxation cracking, the ability to precisely control 
the triaxiality of the test, to simulate the elastic follow-up, 
to sample the microstructure of interest, and to produce 
intergranular cracking in a time-temperature regime that 
is prototypical of field component experience are critical 
factors and were assigned an importance of 5. Similarly, the 
ability of the test to be conducted with a well-character-
ized stress state, to run tests in parallel (without prohibitive 

 Fig. 2 — Comparison of the weighted ranking of stress relaxation test methods. In this assessment, the 
ability to control triaxiality, simulate elastic follow-up, and produce cracking in the time/temperature regime 
observed in service are key advantages of the notch bar stress relaxation method.

Table 3 — Summary of Material Compositions Used in This Study

Cr Ni Mo Mn C N Si P S Nb Other*

347H
HT 315523 17.5 9.07 0.019 1.45 0.046 — 0.468 0.025 0.0008 0.46

YS 256 
MPa 

53% El

16-8-2
HT 588311 
Lot YT0974

15.6 8.0 1.3 1.50 0.04 0.047 0.47 0.02 < 0.001 0.08 3 FN 
(WRC)

316H 
HT N19658 17.3 11.4 2.4 1.36 0.063 0.054 0.425 0.018 0.003 —

YS 270 
MPa 

65% El

*Here, YS is the 0.2% yield strength, % El is the tensile elongation, and FN (WRC) is the ferrite number as defined from the Welding 
Research Council diagram.
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cost), and to have clear, quantifiable metrics (such as time to 
crack initiation) are very important factors and were given 
an importance of 4. 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇	𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =	-(𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇𝑅𝑅𝑅𝑅𝐼𝐼𝑇𝑇) ∗ (𝑆𝑆𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇) 

Specifically for stress relaxation and reheat cracking/
strain-age cracking, there is concern that accelerated tests 
(via high temperature and imposed fast stroke rates relative 

to creep deformation, etc.) could miss important factors, 
such as the accumulation of creep damage, precipitation of 
deleterious second phases, and microsegregation of embrit-
tling elements. Similarly, tests conducted under constant 
displacement or in uniaxial tension may be too innocuous 
and fail to trigger stress relaxation cracking (Ref. 7). Thus, 
Gleeble-based tests, bending, and C-ring-type tests were 
ranked relatively low, and fracture mechanics-based and 
creep-type tests were ranked higher. Weld mockups were 
also ranked high for their prototypical nature, but we noted 
the potential difficulty in controlling and characterizing the 
residual stress state and the limited ability to assess the 
instance and degree of cracking quantitatively. For these 
reasons, we chose notched bar stress relaxation testing (Ref. 
14) to assess the stress relaxation cracking resistance of the 
347H and 316H heat-affected zones.

Experimental Procedure
Restrained, narrow-groove, hot-wire, gas tungsten arc 

welds (GTAW) were fabricated from 2-in. plates (either 347H 
or 316H) and 16-8-2 weld filler metal. The compositions of 
the plate and weld wire used in these tests are given in Table 
3, and the nominal welding parameters are given in Table 4. 
The narrow-groove joint used a 1 deg bevel and two passes 
per layer, which resulted in 35 beads per weldment. The weld 
interpass temperatures were maintained at 20–110°C.

(1)

Table 4 — Welding Parameters Used to Fabricate 
the Hot Wire, Narrow Groove, Gas Tungsten Arc 
Weldments

Parameter Value

Current 325 A

Voltage 11.1 V

Travel Speed 6.25 in./min

Shielding Gas 75% Ar–25% He

Nominal Heat Input 34.6 kJ/in.

Fig. 3 — Macrographs of the narrow groove GTAW used in this study: A — A macrograph of the 316H/16-8-2 weld; 
B — an illustration of the layout of the extracted samples relative to the weld fusion line. Hardness maps for  
C — 316H/16-8-2 and D — 347H/16-8-2. The weld fusion region spans from approximately –0.3 to +0.3 in., and 
the sample notches were centered at +0.157 in. from the fusion line in a region of ~ 89–91 HRB.

A B

C D
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In austenitic stainless steels and specifically in 316H, the 
weld heat-affected zone (HAZ) is a location of concern for 
stress relaxation cracking (Ref. 51). A typical narrow groove 
weld macrograph is shown in Fig. 3A, and the location of the 
Bridgman-type notched tensile samples (Ref. 52) is shown 
in Fig. 3B. Hardness maps of as-welded 316H and 347H are 
given in Figs. 3C and D, with the weld fusion region spanning 
from –0.3 in. to +0.3 in. As indicated, the notch centers 
were taken in a region of increased hardness (+0.157 in. 
from the weld fusion line), with HRB values of ~ 89–91, as 
compared to the base metal value of 80 HRB. The tensile 
samples were 6 in. long with a 0.236 in. diameter across 
the notch root. 

These tests followed the work of Spindler and Smith, 
who used similar notched tensile bars and test parame-

ters (e.g., 390 MPa net section stress at 550°C) to assess 
the effects of triaxiality and temperature on susceptibility 
of 316H stress relaxation cracking (Ref. 14). The matrix of 
test conditions assessed in this study is given in Table 5. 
As shown, four temperatures (500, 550, 600, and 650°C) 
and two notch radii (0.157 in. [4 mm] and 0.020 in. [0.5 
mm]) were assessed for each of the two materials. These 
notch radii corresponded to ratios of mean stress (σm) to 
effective stress (σ) (i.e., triaxiality values of 0.65 for the 
4-mm notch and 1.72 for the 0.5-mm notch per Equation 
2, where d/2 is the specimen diameter at the notch and R is 
the notch root radius) (Ref. 53). One sample per condition 
was tested, except for the 550°C and 0.65 triaxiality con-
dition, where three tests were performed to better assess 
the variability of this method.

Fig. 4 — Comparison of load vs. time relaxation behavior for 347H (left column) and 316H (right column) as a 
function of test temperature and triaxiality. For the 500°C plots, the reloading time is indicated by the gray 
circles. The 347H showed more susceptibility (fewer cycles to failure) than the 316H except at 500°C, where 
neither sample failed in 14 cycles.

A B

C D

E F

G H

I J
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𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 	+𝜎𝜎! 𝜎𝜎-. /
!"#

=
1
3 + 𝑇𝑇𝑙𝑙4

𝑑𝑑
2𝑅𝑅. + 18 

For each test, the sample was brought to the test tem-
perature, homogenized for a minimum of 1 h, and then 
loaded to the target net section stress (390 MPa or 300 
MPa for the 650°C tests). The initial loading was performed 
in stroke control, and once the target load was reached, 
the sample was held at constant stroke for 500 h (21 days), 
which allowed stresses to relax and creep damage to accu-
mulate. Of note, the servo-electric test frames used were 
capable of highly accurate control with a position resolution 
of 1.9 ⨉ 10-6 inches (Ref. 54). After the 500-h hold, the 
sample was reloaded to the target net section stress and 
again held in stroke control for 500 h. These cycles were 
repeated until either failure or 14 cycles were completed 
(7000 h under stroke control). Post-test, the samples were 
characterized for fracture mode via light optical and scan-
ning electron microscopy. One complication in this testing 
procedure was that the applied load at constant displace-
ment was influenced by changes in room temperature, 
which was responsible for overloading certain test cycles 
as well as for periodic 24-h variation in the load vs. time 
data. Future work will seek to minimize these concerns by 
better controlling room temperature to better than ±2.5°C.

Results

Stress Relaxation Data

The load-time relaxation curves for these tests are given 
in Fig. 4, which compares the response of 347H to 316H. The 
top plots (4A and B) are a 1:1 comparison between the two 
alloys with a sharp notch (0.5 mm radius and a triaxiality of 
1.72) at 600°C. As shown, the 347H sample failed in less than 
one cycle (during the first stroke hold) with limited stress 
relaxation, while the 316H sample lasted over five cycles 
with appreciable stress relaxation each cycle. Here, a cycle 
is defined as the accumulated time from the start of the first 
stroke hold, divided by 500 h (e.g., a test failing exactly at 
500 h would have undergone one cycle). The remaining four 
plots (4C–J) compare the alloys as a function of tempera-
ture with a triaxiality of 0.65 (4-mm notch). Note that for 
the highest temperature test (650°C, plots 4C and D), the 
net section stress was reduced to 300 MPa vs. 390 MPa for 
the other tests. 

At the 0.65 triaxiality and 650°C condition, the 347H 
sample (4C) again failed in less than one cycle, while the 
316H test (4D) showed more resistance (3.1 cycles before 
being inadvertently overloaded). At 600°C (4E and F), both 
alloys showed appreciable stress relaxation (corresponding 
to a load decrease > 100 lb), though with 316H shedding 
significantly more load than 347H. The 347H sample again 
failed in less than one cycle, while the 316H sample survived 
for 3.20 cycles. At 550°C (4G and H), the 316H sample still 

(2)

Table 5 — Summary of Stress Relaxation Cracking Tests Performed in This Study

Materials Condition Test Temperature (°C)

Notch Radius  
(Stress Triaxiality, σm/σe*)

4 mm   
(0.65)

0.5 mm 
(1.72)

# of Tests Conducted

Alloy 316H Welded 
with 16-8-2 Filler

316H HAZ from 
Gas Tungsten Arc 

Weldment

500 1  —

550 3  —

600 1 1

650 1  —

Alloy 347H Welded 
with 16-8-2 Filler

347 HAZ from 
Gas Tungsten Arc 

Weldment

500 1  —

550 3  —

600 1 1

650 1  —

*Defined as the ratio of the mean stress over the effective stress, where σm/σe = 0.33 represents uniaxial tension and σm/σe = 2.5  
is equivalent to a sharp notch.
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showed clear, though limited, stress relaxation (~ 200 lb) 
while the 347H showed no obvious relaxation. At 550°C, 
the 347H (4G) showed failures at 3.99 (Note: The sample 
that failed at 3.99 cycles was inadvertently held at 99% of 
the UTS [98% planned] for approximately two cycles, which 
may have contributed to early failure), 4.96, and 4.98 cycles, 

while the 316H (4H) showed longer life with failures at 5.12 
(Note: This sample failed just after the sixth reloading cycle. 
However, due to unplanned computer outages, the time 
under load was 2558 h), 6.07, and 6.40 cycles. At 500°C 
(4I and J), neither alloy showed appreciable load shedding 
nor failed within 14 500-h cycles.

Fig. 5 — Low magnification optical fractography of the 347H and 316H samples with a triaxiality of 0.65 
(4-mm notch).

CBA

D E F

IHG

J K L
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Fractography

Light optical fractography of the failed 4-mm notched (tri-
axiality = 0.65) samples is given in Fig. 5. In Fig. 5, the 347H 
(Figs. 5A–C) and 316H (Figs. 5D–F) samples at 550°C, as well 
as the 347H sample (Figs. 5G–I) at 600°C, show a blue-tinted 
oxidized ring that is not present in the 316H 600°C test (Figs. 
5J–I). Depending on the sample and temperature, the oxidized 

ring was ordered at 0.2–0.5 mm. In the side magnification 
images, secondary intergranular cracking is evident along the 
notch in all the samples except for the 316H 600°C sample, 
where surface damage appears to be more like microvoids 
than intergranular cracks. At this time, the exact sequence of 
cracking is unclear, but it may be that the outer ring cracked 
first and the blue tint is from oxidation at 550°C.

Fig. 6 — Low magnification fracture mode comparison of the 347H and 316H HAZ samples tested at 550°C and 
600°C with a triaxiality of 0.65 (4-mm notch radii). Note the significant change in the 316H fracture mode 
between 550°C (brittle, intergranular) and 600°C (microvoids covering intergranular-sized features), while 
347H displayed predominantly brittle intergranular cracking at both temperatures.

CBA

D E F

IHG

J K L
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Scanning electron microscope (SEM) images are given in 
Fig. 6 (200X) and Fig. 7 (2000X). At 550°C, both alloys show 
a large extent of intergranular cracking, although the 316H 
sample does exhibit some microvoids (dark round features) 
in the center and mid-fracture surface locations. Both alloys 
exhibit ~ 200–300 microns of blue-tinted oxidized ring near 
the notch. At 600°C, the fracture modes of 347H and 316H 
diverge, consistent with the longer failure time of 316H. Here, 
347H again shows ~ 100% intergranular cracking and deeper 
oxidation of ~ 500–700 microns from the notch surface. 
In contrast, the 316H sample is more ductile and does not 

show the oxidized ring. The fracture mode in the 316H 600°C 
sample shows a fundamental change with fine (<< 1 mm in 
diameter) microvoids covering intergranular features. This 
change in fracture mode from brittle intergranular (347H 
at 600°C) to more ductile fracture (316H at 600°C) is high-
lighted in the SEM comparison of Fig. 8. 

Additional light optical microscopy for the 600°C, 0.5-mm 
notch (triaxiality = 1.72) 347H/316H samples and the com-
pleted 650°C, 4-mm notch (triaxiality = 0.65), 347H sample 
is given in Fig. 9, with the corresponding scanning electron 
microscopy shown in Figs. 10 and 11. For the 600°C, 0.5-mm 

Fig. 7 — Higher magnification fracture mode comparison of 347H and 316H HAZ samples tested at 550°C and 
600°C with a triaxiality of 0.65 (4-mm notch radii). Note the significant change in the 316H fracture mode 
between 550°C (brittle, intergranular) and 600°C (microvoids covering intergranular-sized features), while 
347H displayed predominantly brittle intergranular cracking at both temperatures.

CBA

D E F

IHG

J K L
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notch tests, the 316H sample shows a cup/cone type frac-
ture, while the 347H sample is macroscopically flat. The SEM 
images show that the near-edge of the 316H sample displays 
intergranular cracking, but the bulk of the sample (the cup/
cone region) is much more ductile and is a mix of shear and 
microvoids. In contrast, the 347H sample displays predom-
inantly intergranular cracking (albeit with fine microvoids 
on the intergranular features in the bulk of the sample, the 
gray region of the fracture surface). In this 347H sample, we 
note the blue oxidized region on about 25% of the fracture 
surface (see the “Fracture Surface” images in Fig. 9), again 
indicating a different time of exposure to high-temperature 
air. Subsequent electron microscopy (Figs. 10 and 11) showed 
that the blue-tinted region failed in a ductile manner with 
significant microvoiding. 

Discussion

Loading Conditions

While the alloys were compared at constant stress (390 
or 300 MPa, depending on the test temperature), a better 
metric may be the applied stress relative to the alloy’s yield 
strength or ultimate tensile strength (UTS) at temperature. 
To illustrate this, ultimate tensile strength data for 347H were 
taken from the open literature (Ref. 55) and 316H data from 
separate testing at Kairos Power, and the test stress relative 
to the UTS was estimated in Table 6. As shown, the mechanical 
test conditions for each alloy were roughly equivalent over 
the four temperatures tested, with slightly higher fractional 
loading given to the 347H specimens at 500°C (0.88347H vs. 
0.83316H) and 550°C (0.92347H vs. 0.90316H) and the 316H sam-
ples at 600°C (1.00316H vs. 0.98347H) and 650°C (0.90316H vs. 
0.82347H). In future testing, using the fraction of the UTS will 
likely be a useful metric to better compare the reheat-type 
cracking resistance of different alloys and/or conditions of 
the same alloy.

Table 6 — Comparison of the Alloy’s Uniaxial Ultimate Tensile Strength and the Fraction of the UTS  
These Tests Were Conducted at

Test Temperature 500°C 550°C 600°C 650°C

Target Net Section Stress (MPa) 390 390 390 300

347H
UTS (MPa) 443 424 398 364

Fraction of UTS 0.88 0.92 0.98 0.82

316H
UTS (MPa) 470 435 388 332

Fraction of UTS 0.83 0.90 1.00 0.90

Fig. 8 — Illustration of the change fracture mode differences between 347H (left) and 316H (right). Note the 
extensive microvoid formation in the 316H sample, while the 347H displayed a more brittle, intergranular 
fracture. Tests were at 600°C, triaxiality = 0.65, and net section stress = 390 MPa. 

BA

AUGUST 2025 | 309-s



Fig. 9 — Comparison of 316H and 347H fractography at 600°C and at a triaxiality of 1.72 (0.5-mm notch) and 
347H at 650°C and a triaxiality of 0.65. At 600°C, the 316H exhibited a more-ductile cup/cone type fracture and 
less intergranular cracking than the 347H sample. 

Table 7 — Comparison of the Test Repeatability at 550°C and a Triaxiality of 0.65 (4-mm notch radius)

Alloy Cycles to Failure Average Standard Deviation

316H 5.12*, 6.07, 6.40 5.86 0.66

347H 3.99**, 4.96, 4.98 4.65 0.56

*This sample saw two unintentional unloadings due to test stand communication issues.  
**This sample was overloaded to 99% of the UTS for ~ 1000 h, which may have contributed to its shorter failure.
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Validation of the Test Method

To better understand the accuracy of this test method, 
three replicate tests (triaxiality of 0.65, 4 mm radius notch) 
were conducted at 550°C for each alloy. Both alloys were 
loaded to a target net section stress of 390 MPa, correspond-
ing to 0.92 of the uniaxial UTS for 347H and 0.90 for 316H, 
as shown in Table 6. These tests resulted in cycles to failure 
of 6.06, 6.20, and 6.60 for the 316H and 4.01, 4.98, and 5.04 

for the 347H, as summarized in Table 7. In Table 7, note that 
one 316H sample (with a relatively short failure time of 5.12 
cycles) suffered from two unintentional unloadings due to 
test stand communication issues. One 347H sample (with a 
relatively short failure time of 3.99 cycles) was mistakenly 
overloaded to ~ 397 MPa (or 0.99 of the UTS) vs. the target 
390 MPa for ~ 1000 h of the test. Despite these complica-
tions, at 550°C, the two alloys appeared to show significantly 
different average numbers of cycles to failure (5.86 cycles ± 
0.66 for 316H vs. 4.65 cycles ± 0.56 for 347H). 

Fig. 10 — Low magnification SEM fractography of 316H and 347H at 600°C and at a triaxiality of 1.72 (0.5-mm 
notch) and 347H at 650°C and a triaxiality of 0.65. 
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Also of note is the metallurgical validation of the test 
method, with 347H and 316H producing intergranular crack-
ing at 550°C, consistent with cracking in welded components 
(Refs. 2, 14, 56). Thus, cyclic notched bar stress relaxation 
tests were confirmed to be an accurate test method to pro-
duce stress relaxation cracking in a metallurgically relevant 
time/temperature regime and enable more-quantitative 
comparisons between alloys and the effects of temperature 
and stress state.

Fractography

The key findings from light optical and electron microscopy 
presented in Figs. 5–11 are summarized in Table 8. Note that 
in this table, the % reduction in area is not reported as the 
samples did not typically fail at the minimum diameter, and 
determination of the initial diameter at the failure plane was 
difficult to reconstruct, confounding this common estimate of 
ductility. Macroscopically, all the samples investigated except 

Table 8  — Comparison of Stress Relaxation Test Performance and Fracture Modes; Key Differences 
Between the Two Alloys are Highlighted in Bold Text

Notch Radius 4 mm 0.5 mm

Triaxiality 0.65 1.72

Alloy HAZ 347H 316H 347H 316H 347H 316H 347H 316H 347H 316H

Temperature 500°C 550°C 600°C 650°C 600°C

Net Section 
Stress 
(MPa)

390 390 390 390 390 390 300 300 390 390

Fraction of 
Uniaxial UTS 0.88 0.83 0.92 0.90 0.98–

0.99 1.00 0.82 0.90 0.98 1.00

Number of 500-h 
Cycles to Failure > 14 > 14

3.99, 
4.96, 
4.98

5.12, 
6.07, 
6.40

0.85 3.20 0.59 > 3.12** 0.55 5.04

Macroscopic 
Fracture Flat Flat Flat Flat Flat Flat Cup/ 

Cone

Near Notch 
Fracture Surface 

Oxidized
Yes Yes Yes No No Yes, but 

one side No

Degree of IG 
Secondary 
Cracking

High High High Low Low Med. Med.

Degree of IG 
Fracture Notch High High High 

Fine 
voids 
on IG 

features

Fine 
voids 
on IG 

features

Fine 
voids on 

IG*
High

Degree of IG 
Fracture – 

Midway
High High High High*

No IG 
but 

micro-
voids 
and 

shear
Degree of IG 

Fracture - Center High High High High

*Blue oxidized area is ductile microvoiding. 
**This test was inadvertently overloaded at 3.12 cycles but did not fail.
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for 316H at 600°C (0.5-mm notch) displayed a flat fracture 
surface. The 316H sample at 600°C was notably a cup/cone-
type fracture, indicative of the increased ductility in 316H at 
this temperature. Also of note is the presence of a distinctly 
oxidized near-surface layer in many that display intergranular 
fracture. This oxidized layer (the blue-tinged region of the 
fracture surface) was 300–500 microns in depth for the 347H 
samples at 550°C and 600°C. However, the 316H samples 
only display this oxidized region in the one sample susceptible 
to reheat-type cracking (550°C). The potential role of grain 
boundary oxidation on reheat-type cracking is unclear, but we 
note that other researchers have associated grain boundary 
oxide films (and sometimes a metallic filament encased in 
oxide) with reheat cracks (Refs. 3, 4). Somewhat anomalously, 
we also note that the oxidized region on 25% of the 347H, 
600°C, 0.5-mm notch (triaxiality = 1.72) sample showed a 
ductile fracture in the oxidized region (~ 25% of the fracture 

surface) and much more brittle intergranular fraction on the 
rest of the sample. This may have been a remaining ligament 
that failed in a ductile manner after significant intergranular 
cracking had occurred.

The fracture modes of the samples are more clearly illus-
trated in the SEM images. At 550°C (390 MPa and triaxiality 
= 0.65), both alloys were susceptible to reheat-type cracking 
(i.e., susceptible to brittle intergranular failure, which was 
exacerbated by triaxial stresses), and the fracture mode was 
predominantly intergranular. As the temperature increased 
to 600°C, there were significant differences in the fracture 
mode, with 347H displaying predominantly intergranular 
failure but 316H showing significantly more ductility. While 
intergranular features were still evident in the 316H sample, 
the facets were completely covered by fine microvoids, as 
shown in Fig. 7 and highlighted in Fig. 8. At 650°C, the 347H 
sample continued to display susceptibility to reheat-type 

Fig. 11 — High magnification SEM fractography of 316H and 347H at 600°C and at a triaxiality of 1.72 (0.5-mm 
notch) and 347H at 650°C and a triaxiality of 0.65. 
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cracking with a short failure time (0.59 cycles) and inter-
granular-type cracking, albeit with some increase ductility 
as microvoids covered most of the intergranular fracture 
features. The corresponding 650ºC, 316H, 0.5-mm notch 
(triaxiality = 0.65) test was inadvertently overloaded at 3.12 
cycles but did not fail, indicating significantly more resistance 
to reheat-type cracking.

Effect of Temperature: 347H vs. 316H

A major goal of this study was to quantitatively assess the 
susceptibility of 316H HAZ material relative to an alloy of 
known susceptibility (347H HAZ). Comparative tests at one 
triaxiality (0.65 or 4 mm radius notch) as a function of tem-
perature are shown in Fig. 12. As shown, both alloys showed 
resistance at 500°C with no failure after 14 𝗑 500-h cycles. 
However, at 550°C, stress relaxation cracking was triggered in 
both alloys, but 316H (5.86 average cycles to failure) showed 
more resistance than 347H (4.65 average cycles to failure). 
In each alloy at 550°C, the fracture mode was essentially 
100% intergranular fracture. At 600°C, the susceptibility 
of the two alloys continued to diverge, with 316H failing in 
~ 3.20 cycles and 347H failing in 0.85 cycles. Notably, the 
fracture mode in 316H at 600°C changed to a more-ductile 
fracture with fine microvoids covering intergranular-sized 
features. In contrast, the fraction mode of 347H at 600°C 
remained brittle, with intergranular failure. Lastly, tests at 
650°C continued to support this different behavior between 
the two alloys, with 347H again failing in greater than one 
cycle (0.59 cycles), while the 316H test survived 3.12 cycles 
before being accidentally overloaded. Note that the 650°C 
tests were conducted at 300 MPa (vs. 390 MPa for the lower 
temperature tests).

Effects of Temperature and Triaxiality  
on 316H

Literature data are plotted along with data from the pres-
ent study in Fig. 13 to better understand the effects of test 
temperature and triaxiality. As shown by the data of Spin-
dler and Smith (Ref. 14) for ex-service 316H HAZ specimens 
(gray squares), increasing temperature from 475°C to 550°C 
increases the susceptibility to reheat-type cracking in this 
material. This trend was confirmed by the present study (blue 
circles at 500°C and 550°C) using samples with lesser tri-
axiality (triaxiality = 0.65, 4 mm radius notch vs. triaxiality = 
1.59, 0.6 mm radius notch for Spindler & Smith). We estimated 
the triaxiality per Equation 1, which differs from Spindler 
& Smith, who used finite element analyses. Furthermore, 
we note that the heat investigated by Spindler and Smith 
was notably higher in sulfur content (0.014 wt-% for cast 
69431 vs. 0.003 wt-% in the current study) and was from 
316H exposed to 490–520°C for up to 65,000 h prior to 
testing. Despite these differences, intergranular cracking 
was readily produced at lower triaxiality in the present work 
on as-received 316H. Future work will seek to conduct 1:1 
experiments relative to the work of Spindler and Smith to 
better assess potential metallurgical factors.

However, at a test temperature of 600°C, this notch sensi-
tivity appeared to reverse for 316H, with the higher triaxiality 
sample (triaxiality = 1.72) failing at a longer time (5.05 cycles) 
than the lower triaxiality sample (triaxiality = 0.65 at 3.20 
cycles). This change in notch sensitivity was accompanied by a 
change in fracture mode from brittle intergranular cracking in 
316H at 550°C to a significantly more-ductile fracture mode at 
600°C (see dashed line in Fig. 13), with fine microvoids cover-
ing intergranular-sized features, as discussed previously and 

Fig. 12 — Summary of the 0.65 triaxiality (4-mm 
notch) stress relaxation cracking tests showing that 
316H displayed significantly more resistance than 
347H. Additionally, the change in fracture mode of 
316H at ~ 600°C was a significant difference relative 
to 347H, which still displayed 100% intergranular 
fraction and short failure times at 600°C and 650°C. 

Fig. 13 — Summary of the effects of temperature 
and triaxiality on the cracking resistance of 316H 
heat-affected zones. At temperatures between 
475° and 550°C, the susceptibility of the 316H HAZ 
samples increased with increasing temperature and 
triaxiality. However, at 600°C, the 316H displayed 
notch strengthening and a change to a more-ductile 
fracture mode, indicating resistance to reheat-type 
cracking.
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Table 9 — Summary of Theoretical Precipitation-Induced Strains

Phase Orientation 
Relationship Lattice Parameters Interplanar Spacing, 

(nm)
% Misfit with γ* = 

 (dppt– dγ)/ dppt × 100

FCC 
Matrix — a𝛾=0.360 nm d{100} = 0.360 

d{111} = 0.254 —

FCC 
Nb(C,N) {111}γ//{111}M(C,N)

aNbC = 0.447 nm 
aNbN = 0.440 nm

d{111} = 0.316 
d{111} = 0.311

+20% 
+18%

FCC 
TiC {111}γ//{111}M(C,N)

aTiC = 0.433 nm 
aTiN = 0.424 nm

d{111} = 0.306 
d{111} = 0.300

+17% 
+15%

FCCM23C6 {100}γ//{100}M      C  
aM      C    = 1.057 nm to 

1.068 nm

(i.e., aM       C  ~ 3aγ)
d{100} = 0.352 
d{100} = 0.356

–1% 
–2%

*Note that substoichiometric MC-type precipitates likely have lesser misfit strains, ~ 5%, as discussed in Ref. 57.

Fig. 14 — Comparison of time-temperature-transformation kinetics of: A — 316H (Refs. 61, 67); B — 347H (Refs. 
59, 60) with stress relaxation cracking data from this study. The correlation of failure times/temperatures in 
347H indicates the start of intragranular Nb(C,N) precipitation promotes cracking.

A

B
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shown in Fig. 7. Based on these observations, 316H appeared 
to be developing resistance to reheat-type cracking (again, 
defined here as intergranular cracking which is exacerbated 
by triaxial stresses). The notion of resistance to reheat-type 
cracking in 316H at 600°C is consistent with Christoffel’s 
notched bar 316H creep-rupture testing on 316H (Ref. 33), 
which showed notch strengthening in 316H at 593°C at times 
up to 10,000 h. In complementary research, Christoffel showed 
susceptibility to reheat-type cracking of 347 stainless steel at 
593°C (Ref. 32). Note that a 316H test at 650°C and 300 MPa 
(90% of the UTS) is in progress to better confirm this recovery.

Metallurgical Differences between 347H 
and 316H

The results from this study demonstrate the increased 
susceptibility of 347H stainless steel heat-affected zones to 
reheat-type cracking relative to 316H. Several studies have 

noted the susceptibility of the stabilized grades of austenitic 
stainless steel and associated it with precipitation hardening 
(Refs. 2, 4, 13, 33), which warrants a closer examination of the 
metallurgical changes in these alloys. To further this compar-
ison, select orientation relationships, lattice parameters, and 
theoretical misfit strains for Nb(C,N), Ti(C,N), and M23C6–type 
carbides are given in Table 9 (Refs. 57–59). 

For the stabilized grades, Nb(C,N) precipitation in 347 and 
Ti(C,N) precipitation in 321 have theoretical misfit strains that 
are appreciable and positive (+15–20%), while chromium-rich 
M23C6-type carbides have theoretical misfit strains that are 
relatively small and negative (–1–2%). As discussed by Andren 
(Refs. 57–58), MC-type carbides in 347 and 321 likely form 
sub-stoichiometrically, often on existing or geometrically nec-
essary dislocations with ~ 5% misfit strain. This initial strain 
increases with aging as the composition moves toward 1:1 (Nb 
or Ti: C + N). Thus, for the stabilized grades, there is likely a 
precipitation-induced strain ~ 5%, which increases with time, 

Fig. 15 — A — A data compilation for 316H stress relaxation cracking dependence, which suggests strong 
effects of applied stress and test temperature; B — illustration of how more-comprehensive data may enable 
reliable comparison of stress relaxation cracking susceptibility, where Alloy #1 shows significantly greater 
susceptibility to reheat-type cracking.
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while for 316 (or 304) stainless steel, precipitation-induced 
strains are significantly smaller. 

The stress relaxation failure times and temperatures for 
347H and 316H are compared to the time-temperature-trans-
formation (TTT) diagrams for each alloy in Fig. 14. These TTT 
diagrams are experimentally based and estimate the onset 
of each phase transition (Refs. 59–61). As shown, the 316H 
failures (top plot) have some correlation with the onset of 
grain boundary M23C6-type carbide precipitation at 550°C 
but not at 600°C or 650°C. However, the 347H failures are 
correlated with the precipitation of intragranular Nb(C, N) in 
the range of 550–650°C. These observations, combined with 
the theoretical misfit strains in Table 9, indicate that precipita-
tion-induced strains likely contribute to the cracking sensitivity 
of 347 and 321 stainless steels. The notion that Nb(C,N) pre-
cipitation produces precipitation-induced stresses and strains 
fits well with the observations of Li and Messler in their study 
of reheat cracking in 347 stainless steel (Ref. 13). In that work, 
cracking sensitivity showed a C-curve dependence (Note: 
The C-curve times reported by Li were likely biased toward 
shorter time as they did not account for the time to bring the 
test sample to temperature or any soak time; if that additional 
time were considered, the C-curve presented by Li would likely 
be more consistent with intragranular Nb(C,N) precipitation 
in the TTT diagram). Nb-rich phases were detected via energy 
dispersive spectroscopy on cracked samples, and constant 
load tests at temperature showed a volumetric contraction of 
the sample. Similarly, Yang correlated 347 failure times with 
C-curve kinetics that correspond to intragranular Nb(C, N) 
precipitation (Ref. 62).

More recently, Kim et al. discussed the susceptibility of 
347H to reheat cracking with the strengthening that occurs 
due to precipitation of NbC (Ref. 63). Their detailed transmis-
sion electron microscopy analysis of the 347H HAZ indicates 
that NbC forms via a complex process where precipitation-in-
duced stresses and strains occur, produce strain-induced 
martensite, and promote reheat cracking. Specifically:

𝑁𝑁𝑁𝑁	𝑎𝑎𝑎𝑎𝑎𝑎	𝐶𝐶	𝑟𝑟𝑟𝑟𝑟𝑟ℎ	𝐹𝐹𝐶𝐶𝐶𝐶	𝛾𝛾	𝑟𝑟𝑎𝑎	𝐻𝐻𝐻𝐻𝐻𝐻	 

→ 			𝐻𝐻𝑍𝑍𝑎𝑎𝑍𝑍	𝐻𝐻:	𝐹𝐹𝐶𝐶𝐶𝐶 + 20	𝑎𝑎𝑛𝑛	𝑁𝑁𝑁𝑁, 𝐶𝐶	𝑟𝑟𝑟𝑟𝑟𝑟ℎ	𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑍𝑍𝑟𝑟𝑐𝑐	 

!"#
>⎯@ 	𝐻𝐻𝑍𝑍𝑎𝑎𝑍𝑍	𝐵𝐵:	𝐵𝐵𝐶𝐶𝐵𝐵	𝛼𝛼, 40	𝑎𝑎𝑛𝑛	𝑁𝑁𝑁𝑁, 𝐶𝐶	𝑟𝑟𝑟𝑟𝑟𝑟ℎ	𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑍𝑍𝑟𝑟𝑐𝑐 

→ 𝐹𝐹𝐶𝐶𝐶𝐶	𝑁𝑁𝑁𝑁𝐶𝐶, 20 − 50	𝑎𝑎𝑛𝑛	𝑝𝑝𝑟𝑟𝑍𝑍𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑐𝑐𝑎𝑎𝑐𝑐𝑍𝑍𝑐𝑐	𝑤𝑤𝑟𝑟𝑐𝑐ℎ	𝑎𝑎 = 0.447	𝑎𝑎𝑛𝑛 

 
noting that γ(111)//α(100) and γ(200)//α(101) coincide on the 
zone axis of γ < 011 > //α < 111 > and that the NbC phase likely 
precipitates in the a-BCC phase (which is likely strain-in-
duced martensite). In the Author’s view, both mechanisms 
(precipitation-induced stress-strain and hardening/loss of 
toughness) are important factors contributing to the known 
susceptibility of 347 stainless steel.

While grain boundary M23C6 precipitation has been shown 
to play a critical role in the DDC susceptibility of Ni-30Cr 
alloys (Refs. 10, 12), there is no clear evidence that either 
inter- or intragranular chromium carbide precipitation played 
a role in the susceptibility of 316H in the present work. In 
part, this was likely due to the lesser extent of precipitation 
in 316H than in A690, where carbon solubility is very low 

and extensive grain boundary carbide precipitation occurs 
at very short times (Refs. 10, 12). 

As shown in Fig. 14, the 316H failure times and temperatures 
did not generally correlate with any precipitation reaction. Still, 
they were likely controlled by the accumulation of grain bound-
ary creep damage in this stress state/temperature regime, 
where grain boundary voids nucleate. Still, their growth may 
have been limited by slow bulk diffusion. There is extensive 
literature and active research into the mechanisms of this 
regime of reduced creep ductility and grain boundary fracture, 
and it provides additional background relevant to austenitic 
stainless steels (Refs. 64–66).

Suggestions for Future Work

Given that reheat-type cracking is a complex phenomenon 
that can be influenced by several mechanical factors (applied 
stress, triaxiality, elastic follow-up, etc.) and metallurgical 
factors (time at temperature, phase transformations, plastic 
strain, grain boundary metalloid segregation, etc.), the need 
for a standardized test method that relates to the time-tem-
perature regime where actual components fail is of critical 
importance. When cracking occurs at timescales where both 
creep damage accumulation and metallurgical factors influ-
ence cracking (i.e., reheat cracking, strain-age cracking, and 
stress-relaxation cracking, as per Fig. 1), notched bar stress 
relaxation tests appear to be a reliable and accurate method 
of comparing cracking susceptibility. 

To better understand susceptibility and make quantitative 
comparisons between alloys or of an alloy in different condi-
tions, conducting systematic stress relaxation tests, such as an 
f (test temperature, net section stress) at constant triaxiality 
and hold time, is suggested as a best practice. Both literature 
data and the results from this work on 316H are compiled in 
Fig. 15 (top graph) to illustrate this. As shown, 316H is sus-
ceptible at ~ 550°C and as the net section stress approaches 
90% of the UTS, but limited data show resistance at lower 
temperatures and with lower net section stress. Expanding on 
the differences between 316H and 347H shown in this study 
(see Fig. 12), a more useful comparison could be made with 
testing as a function of temperature and applied stress and 
relating these to the appropriate TTT diagram. This compari-
son is shown schematically in Fig. 15 (bottom), where the blue 
curve may represent the behavior of an alloy like 316H, where 
failure is largely driven by creep damage, and the pink curve 
represents a similar alloy but with increased susceptibility due 
to a deleterious phase transformation. 

Conclusions
 ■Notched bar stress relaxation tests are a reliable and 

accurate method to assess reheat-type cracking where creep 
damage and metallurgical factors are of interest. The ability to 
precisely control the stress state, simulate the effect of elastic 
follow-up, and produce intergranular cracking at prototypical 
test times and temperatures are key advantages of this test 
method.

 ■ Replicate tests performed at 550°C showed remarkable 
consistency, with 347H failing at 3.99 cycles, 4.96 cycles, 

(3)
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and 4.98 cycles and 316H failing at 5.12 cycles, 6.07 cycles, 
and 6.40 cycles. Improved test control (especially laboratory 
temperature control) is expected to further decrease test-
to-test variability.

 ■Notched bar testing showed that at equivalent triaxial 
stress state and temperature, 347H was more susceptible to 
cracking than 316H. While both alloys showed resistance to 
reheat cracking at 500°C (no failures in 14 cycles), 347H failed 
more quickly than 316H at 550°C (~ 4.65 vs. ~ 5.86 cycles) 
and 600°C (0.85 vs. 3.20 cycles). The divergent behavior at 
600°C was notable, where 347H displayed nearly 100% brittle 
intergranular fracture but 316H showed significantly more 
ductility with fine microvoids covering intergranular-sized 
features. This trend continued at 650°C with 347H failing 
at 0.59 cycles while the 316H test survived > 3.12 cycles.

 ■ The 347H failure times and temperatures correlated 
well with the start of intragranular Nb(C,N) precipitation. 
Consistent with the work of Li and Messler (Ref. 13), this indicates 
a precipitation-induced stress or strain that contributes 
to cracking in 347H but not in 316H and helps explain the 
known susceptibility of the stabilized grades of austenitic 
stainless steel.

 ■ These findings illustrate the utility of using notched bar 
stress relaxation tests to better understand the key factors 
that control reheat-type cracking and to make quantitative 
comparisons between alloys and material conditions. 
Adopting a standard testing methodology would help enable 
1:1 data comparison between researchers and facilitate 
both mechanistic understanding and the development of 
engineering solutions to mitigate stress relaxation cracking 
in components. 

 ■ A compilation of literature data for 316H indicates strong 
dependencies on net section stress, test temperature, and 
triaxiality. Mapping out susceptibility to reheat cracking as a 
function of test temperature and a fraction of UTS tested vs. 
cycles to failure at a given triaxiality and hold time is suggested as 
important future work to compare the susceptibility of different 
conditions and/or different alloys to reheat-type cracking.
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