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ABSTRACT

UNS 834751 and UNS S34709 austenitic stainless-steel
alloys contain thermomechanical properties required for use in
chemical processing pipe applications with 900-1200°F (482-
665°C) operating temperatures. UNS S34751 alloy has
demonstrated improved sensitization resistance compared to
UNS 8534709, a precursor for polythionic acid stress corrosion
cracking (PA-SCC), due to lower carbon (C) content (0.01 wt. %)
and higher niobium-to-carbon (Nb/C) ratio with lower overall
niobium content. The addition of nitrogen (N) in UNS S§34751
alloy provides similar thermomechanical properties compared to
UNS 34709. Additionally, stress relaxation cracking (SRC)
susceptibility in UNS 34709 welds has been documented
thoroughly in literature and industry, which poses a problem for
long term service life, while UNS S34751 welds have potential
for improved SRC resistance without the need for post weld heat
treatment (PWHT). In this paper, a literature review of S34751
is explored, and testing matrix of experimental SRC tests using a
Gleeble 3500® thermomechanical simulator is developed for
834751 gas tungsten arc welded (GTAW) pipe samples in
comparison to  S34709  welds.  Additionally, initial
thermodynamic and kinetic CALPHAD calculations have been
completed to analyze potential detrimental phases in S34751 in
comparison to S§34709, e.g., z-phase. SRC testing has been
mostly completed in S34709 welds made with W34710 (E347-
16) and S16880 (E16.8.2-15) weld filler, respectively, and SRC
comparisons to S34751 are in progress. Current results show
higher resistance to SRC in S34751 HAZ and FZ than S34709
FZ and W34710 FZ at 800°C. In the following year, a full
comparative analysis between S34709 and S34751 HAZ and FZ,
in addition to welds with alternative filler S16880, is planned,
including SRC testing at 600-750°C temperatures, metallurgical

characterization  of  intergranular  and  intragranular
precipitates, and additional thermodynamic analyses to
complement microstructural observations. Final conclusions on
SRC susceptibility comparisons between S34751 and S34709
welds, including alternative fillers, will be made.

Keywords: austenitic stainless steel, polythionic acid stress
corrosion cracking, stress relaxation cracking, weldability

NOMENCLATURE
ASTM American society for testing and materials
BCC body-centered cubic
BM base metal
CALPHAD CALculation of PHAse Diagrams
) delta ferrite
FCC face-centered cubic
FZ fusion zone
Y gamma austenite
GTAW gas tungsten arc welding
HAZ heat affected zone
IPM inches per minute
LOM light optical microscopy
MTR material test report
PA-SCC polythionic acid stress corrosion cracking
PFZ precipitate free zone
PRISMA  precipitation module
PWHT post weld heat treatment
RT room temperature
SEM scanning electron microscopy
SRC stress relaxation cracking
TTT time-temperature-transformation
UNS unified numbering system
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1. INTRODUCTION

The refining industry requires the use of elevated
temperature and corrosion resistant tubular alloys for charge
heater furnaces in delayed coking processing. To combat low and
elevated temperature corrosion mechanisms in charge heaters, a
move from 9Cr-1Mo ferritic alloys to austenitic stainless steels
is economically significant by increasing the time span between
decoking procedures, thereby becoming economically
significant since coking in the charge heaters is the limiting
factor in charge rates and unit run lengths. Additionally, the
decoking process typically causes increases in the tube
temperatures of 200°F above normal operating condition to
1300°F (704°C) from 1100°F (593°C), but creep is expected to
be negligible during decoking in contrast to service operating
conditions. Overall, thermally stable austenitic stainless steels
could offer both metallurgical and economic advantages.

Stress relaxation cracking (SRC) has been recognized as a
significant concern affecting the longevity (e.g., months to years)
of industries operating at elevated temperatures, such as oil and
gas chemical processing pipe applications and renewable energy
concentrating solar power applications [1-3]. The main factors
contributing to SRC are a combination of tensile residual or
external stresses, elevated temperatures, and susceptible
microstructures (e.g., precipitate free zones) [4]. In highly
restrained welds or pipe bends with enough tensile stress, the
time to fracture at elevated temperatures above 500°C (932°C)
can be within months to a few years [5]. Various techniques have
been used to perform SRC evaluation on different alloys,
including three-point bend tests [2] and uniaxial
thermomechanical test methods [6-10]. A three-point bend
testing at 600°C showed cracks in the S34709 sample weld
without PWHT but not in S34751[11]. Another study tested at
SRC susceptibility in a load frame by first applying a weld HAZ
simulation, followed by application of 20% strain at RT, heating
up to temperature of 650°C without restriction, and then
applying 5% strain at temperature followed by holding test at
constant strain and up to 300 hours [12]. The results show that
S34751 lasted the whole 300 hours while the S34709 sample
failed within 3 hours. It was also reported that S34751 has better
SRC resistance than S34709 without post weld heat treatment
[13].

UNS S34751, an alloy with lower carbon (C) (~0.01 wt%),
added nitrogen (N) content (0.08wt%), and lower niobium (Nb)
content (~0.3 wt%), as tabulated in Table 1, may provide more
resistance to SRC and polythionic acid-stress corrosion cracking
(PA-SCC) [14-17] than UNS 34709 due to its less potential for
grain boundary chromium (Cr)-rich M»3Cs and NbC [12]. Alloys
susceptible to PA-SCC, a different mechanism from SRC, would
be identified with the presence of a sensitized microstructure,
i.e., depletion of elemental Cr on grain boundaries and Cr carbide
grain boundary precipitation, or ditching of grain boundaries
using oxalic acid grain boundary etching using ASTM A262
standard after thousands of hours of exposure at service
temperatures [14]. In contrast to PA-SCC, intergranular SRC
may be evident without the presence of a sensitized
microstructure, but with the presence of a NbC precipitate free

zone (PFZ), a leading hypothesis for SRC in S34709 welds [18].
A higher niobium-to-carbon (Nb/C) ratio and lower C content
improves the resistance to formation of grain boundary Nb rich
MX carbides and reduces Cr-rich M»3Cg, as seen in S34751 alloy
after aging at 700°C for 24 hours [14] , which would reduce
sensitization and susceptibility to PA-SCC. Also, higher Nb/C
ratios could help prevent the severity of strain aging due to
predictably less volume fraction of bulk NbC, which contributes
to the SRC mechanism. Further work is needed to evaluate
whether an increase in nitrogen (N) in UNS 34751 would
contribute to formation of Cr and Nb nitrides (CrNbN), such as
z-phase [19], that may be detrimental for SRC. Additionally, an
excessive amount of sulfur impurity may contribute to grain
boundary decohesion by reducing grain boundary surface energy
as it substitutionally diffuses to grain boundaries or cracks under
stress, while phosphorous and tin was reported to have negligible
impact on brittle intergranular failure [20]. S34751 is designed
to contain lower sulfur content compared to S34709.

For S34709 welds, the susceptibility to SRC is higher than
most S3XXXX alloys, and PWHT was needed to eliminate SRC
in S34709 welds [2, 11]. Recent work on studying S34709 welds
have shown relatively high susceptibility to cracking in both
HAZ and FZ that is dependent on plastic strains, initial residual
stress and temperature [6, 9]. The use of alternative weld filler
S16880 in S34709 welds instead of matching filler (W34710)
contributes to improved toughness and improved elevated
temperature ductility at PWHT temperatures of 1600°F (899°C)
[7]. Diffusion based phase transformation of sigma phase
seemed to correlate with depreciated toughness in matching filler
after elevated temperature exposure, due to more initial as-
welded d-ferrite in W34710 FZ than S16880 FZ [7]. Recent work
has also shown beneficial creep properties of S16880 in elevated
temperatures (750-825°C) with respect to S31609, but S16880
has potentially concerning low creep life at 650°C due to the
formation of isothermal ferrite [21]. While using S16880 rather
than matching W34710 may be relatively beneficial,
determining long-term SRC susceptibility and correlated phase
transformations at service temperatures in S16880 welds in
comparison to W34710 is critical for weld design.

In this study, SRC in pipe welds of S34751 with matching
filler is evaluated to understand the impact of temperature,
stresses, and strains on time-to-fracture in S34751 welds using a
Gleeble 3500® thermomechanical simulator. In the following
year, SRC test results in pipe welds of S34751 using alternative
S16880 filler will be presented. Results will be compared to
S34709 welds, with matching (W34710) and alternative
(S16880) filler, respectively, at both elevated temperatures
>1382°F (750°C) and furnace temperatures of 930-1300°F (499-
704°C). Metallurgical characterizations and CALPHAD
equilibrium and kinetic calculations will be implemented to
supplement the SRC results.

2. MATERIALS AND METHODS
2.1 Material compositions

The compositions of S34709 and S34751 are shown in
Table 1 below, obtained from material test reports (MTRs). The
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main composition differences between the two materials are C,
N, and Nb levels. S34751 contains lower C, higher N, and lower
Nb levels than S34709. However, S34751 contains a higher
Nb/C ratio, and has a minimum ratio specification of 15, while
S34709 has a Nb/ratio minimum specification of §.

TABLE 1: Alloying chemical compositions of S34709
substrate, W34710 matching filler to S34709, S16880
alternative filler, $S34751 wrought pipe, and S34751
matching filler.

W3 S1 S34751
Elem. S§4709 8%4709 47 68 S§4751 5:14751 weld
pec. xp. 0 80 pec. Xp. filler
Cr 17-19 17.3 19.5 16 17-19 17.2 19.1
Ni 9-13 9.1 10.1 85 9-13 9.8 8.3
Mn 2 max 1.0 1.5 1; 0-2 1.54 1.62
8X
Nb (C+N)- 0.58 0.36 - 0.2-0.5 0.3 0.41
1 max
Mo - 0.32 0.2 1,’71 - 0.36 0.35
Co - - - - - 0.33 0.31
Cu - 0.21 0.16 Oéo - 0.08 0.07
Si 0.75 0.51 0.54 0.2 0.1-0.5 0.4 0.38
max 2
0.04- 0.0  0.005-
C 01 0.05 0.03 41 0.02 0.012 0.03
0.0 0.07-
N - 0.03 0.03 3 01 0.08 0.13
P L 0.029 0.02 0w e 0.026 0.002
max 22 max
S 0.03 0.002 0.01 0.0 0.01 0.001 0.001
max 08 max
Nb/C >8 11.6 >15 25

2.2 Thermodynamic CALPHAD calculations

Equilibrium and kinetic calculations are conducted using
Thermo-Calc steels and F-alloys software package, including
TCFE13 and MOBFE7 databases. The equilibrium and
precipitation calculators (PRISMA) are used to generate
equilibrium single axis diagrams and time-temperature-
transformation (TTT) curves to indicate time-at-temperature
effects on phase transformations at service-related temperature
ranges.

2.3 Welding Procedure

Half-inch thick S34751 seamless pipes with a 4.5-inch (114
mm) outer diameter are circumferentially multi-pass welded
using gas-tungsten arc welding (GTAW) using a single-V weld
geometry with a 70° groove angle, as seen in Figure 1 (a). The
welding parameters in the filler region are within a range of 150-
180 Amps and a travel speed range of 2.8-6 IPM using a weaving
pattern. The arc energy per unit length ranges from 21.5-40 kJ/in
depending on the weld layer and travel speed. The root pass is
27 kJ/in, followed by a hot pass of 40 kJ/in. The subsequent
passes then have a heat input on average less than 30 kJ/in in the
half-inch thick tube.

2.4 SRC test sample extraction plan, Gleeble 3500®
test procedure, and experimental plan

The sample extraction plan and tensile sample geometry can
be seen in Figure 1 (a-b) and (c), respectively. Three types of
samples are machined parallel to the axial direction of the pipe
or transverse to the circumferential weld. The first type (Type 1)
of samples is centered on the weld fusion zone (10 samples), the
second type (4 samples) is centered on the weld HAZ/FZ
boundary (Type 2), and sample three (10 samples) is in the
unaffected base metal (Type 3). Type 1 sample tests crack
susceptibility in the FZ, Type 2 sample tests actual weld HAZ
susceptibility, and Type 3 sample will be used to physically
simulate a weld HAZ and be compared to Type 2 sample test
results.

Tensile direction
(a) | o e
< > 375

Center of 24 mm
Type3 @¢——p8—2—» 12 mm

sample | 150 mm \ Y i
e : A
enter o 532" e - Copieror V16

Type 2
sample Type 1
sample
(b) :
F
3
¥ E
Units: mm = E Sample extraction
I welded pipe
Square bars | 2
| d - P
I I T T T T T
(c)

MI10x 1.5
The test setup
limits the diameter
to metric units

~8.5 revolutions
FIGURE 1: (a) Weld joint geometry overlaid with center
locations of the three types of samples (FZ (Type 1),
HAZ (Type 2), and BM (Type3)), (b) weld sample
extraction plan for S34751 pipes, and (c) sample
geometry of sample used for Gleeble® 3500 tests.
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The SRC test is conducted using a Gleeble 3500®
thermomechanical physical simulator, with an example test
procedure shown in Figure 2. The test procedure involves four
steps for physically simulated HAZ specimens or three steps for
pipe weld extracted HAZ and FZ samples, with details described
in another publication [9]. Figure 1 illustrates the experimental
procedure for physically simulated HAZ including: 1) applying
a thermal cycle for HAZ simulation with fast heating and cooling
rates, 2) applying external stresses representative of residual
stresses and strains, 3) heating up to test temperature while under
stress, and 4) constraining displacement and hold at temperature
for a 22-24-hour time-period. If samples do not fail, they are
either air cooled under constraint or pulled to fracture to quantify
fracture strain. The latter case in the last step is to determine
temperature and initial stress/strain effects on ductility. Since the
test time at temperature may be too short for cracking to occur in
S34751 samples in contrast to S34709 samples, capturing
thermomechanical data at the last step (if no fracture happens
during stress relaxation) would be a quantifiable tool to compare
cracking susceptibility. For pipe weld extracted HAZ and FZ
samples, the first step of applying a thermal cycle is excluded.

Step 2 Initial stress/strain

Step 1 l Step 3 Step 4: Isothermal hold for 24 h. or until failure
1400~ 450 7 ; ‘ 1.0
R Heating Temp. {°C) Stroke (mm)
s004 | & A totemp. | ——Stress (MPa) i
1200 = ! '
5
ss0{ | £ ! ro.8
&
1000 s !
- EBOO | E 06 E
2800 =250 £
. 2 £
2 500 ~2200— 049
= ] B
£ 150
400 - Failure
100 A X Lo.2
200 o 50
0o - 0 T : . T . T ; T . 0.0
0.0 0.2 0.4 0.6 0.8 1.0
Time (hr)

FIGURE 2: Experimental four-step SRC test procedure
for simulated HAZ samples. Pipe weld extracted
samples do not require Step 1.

The test temperature of interest for the S34751 samples
pertains to service temperatures, which ranges from roughly 500-
704°C. A slightly higher temperature range of 600-800°C is the
optimal temperature range to test for SRC using at least two
stress and strain conditions representing extreme (17%
strain/600 MPa) and more representative (10% strain/450 MPa)
cases, as seen in modeling work on 347H SS welds [22]. Table
2 includes the experimental plan of the S34571weld FZ samples
and HAZ samples. While most samples will be tested in the as-
welded condition, the effects of service aging time and
temperature (e.g., 600°C for 1000 hours) on microstructure may
be conducted followed by stress relaxation testing to compare to
as-welded condition.

Additionally, the planned tests on S34571 will be compared
to S34709, including three conditions: 1) physically simulated

HAZ, 2) cross-weld samples centered on FZ with matching
W34710 filler, and 3) cross-weld samples centered on FZ with
alternative S16880 filler. The variables tested for these samples
include starting stress of 150-600 MPa and test temperatures
750-1050°C.

TABLE 2: Experimental plan of S34751 samples as
starting stress vs. temperature. The planned test time
at temperature will be a minimum of 22 hours(h).

Material Temperature Initial Planned
(°C) Stress/Strain test time
800
750 .
~400-420 initial
700 stress (estimated 22 h min.
S34751 yield strength)
FZ 650
(Sample 600
#1)
800
600 MPa (extreme
case with additional | 22 h min.
750 plastic strain)
800
750
700 17% initial strain 22 h min.
(extreme case)
650
S34571
HAZ 600
(sample 800
#2 and 3)
750 I .
10% initial strain
700 (more representable | 22 h min
of real case)
650
600

2.5 Metallurgical characterization procedures

Two sets of samples are investigated and characterized
using both light optical microscopy (LOM) and scanning
electron microscopy (SEM) methods to analyze the grain size
and morphology and phases present. The first set of samples is
the as-welded samples, and the second set of samples is SRC
tested samples. Additionally, fractography is planned to be
performed on second set of samples to analyze the fracture
surfaces and determine if SRC fracture characteristics are
present, such as intergranular cracks.

3. RESULTS AND DISCUSSION
3.1 CALPHAD Simulations

Figure 3 shows the thermodynamic simulation results of
equilibrium phases in S34709 and S34751 base metals. The main
secondary phases within a primary y austenite matrix (FCC L12
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crystal structure) are 6 ferrite (BCC A2), Nb (C, N) precipitates,
z-phase precipitates (CrNbN rich), and various intermetallic
phases, including sigma (o) phase (Fe and Cr-rich intermetallic),
eta (n) phase (CrNiSiMo intermetallic), Laves phase (Fe:Nb),
and G-phase. S34751 contains higher nitrogen content (2-3 times
that of S34709) at the expense of lower C (~0.01 wt%), which
contributes to a tendency for z-phase to form at a wide
temperature range of 500-1250°C. A review on z-phase in 9-12
Cr wt% steels (e.g., Gr 91 steel) showed diffusion based phase
transformations, likely due to dissolution of MX carbonitrides,
over the course of thousands of hours between temperatures of
600-700°C [19].
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FIGURE 3: CALPHAD thermodynamic single axis
equilibrium diagrams showing volume fraction of
phases as a function of temperature in (a) S34709 and
(b) S34751 base microstructures
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The kinetic diagrams based on S34571 composition in
Figure 4 show the z-phase can develop quickly at elevated
temperatures and form most actively at 950°C. As shown in
recent literature, S34751 samples that have been SRC tested up
to 300 hours at 650°C exhibited some intragranular z-phase and
precipitates, but very little grain boundary phases were present
[12]. The effects of service aging time and temperature
conditions on microstructure and SRC susceptibility will be
analyzed.

1050
Matrix phase: y
1000+ austenite (FCC L12)
9507 Criteria: 50%
900 equilibrium volume
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— 850
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600+
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10 102 10° 102 10*  10°

Time [h]

FIGURE 4: CALPHAD TTT diagrams of bulk
secondary phases in S34751 base microstructure
with y-austenite being the matrix phase and with a
stop criterion of 50% equilibrium volume fraction

3.2 SRC results of S34709 welds

The SRC results of S34709 plate welds, including
physically simulated HAZ, matching filler FZ (W34710), and
alternative filler FZ (S16880) are summarized in Figure 5. It
shows a failure maps representing starting stress at room
temperature (representative of residual stresses) as a function of
testing temperature for three sets of data, which includes some
data referenced by the same authors [9]. For each set of data,
particularly the HAZ and matching filler FZ, samples either
failed within a 24-hour period at temperature (fail at T), failure
upon air cooling (fail on C) or did not exhibit failure (no failure).
For all the cross-welded samples with a matching filler and with
gauge section centered on the weld FZ, failure occurred within
the FZ. The matching filler FZ (W34710) of S34709 welds
performs worse than the physically simulated HAZ of S34709
welds. The alternative filler S16880 performed the best since
failure never occurred in the FZ. Instead, any failures that
occurred in welds made with alternative filler occurred in the
adjacent HAZ of S34709 or W34710 material (repair weld case).
The S34709 HAZ has been reported to be susceptible to cracking
at service type temperatures in multiple literature reports [2, 23,
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24]. Additional testing (shaded region in Figure 5) will be
performed for UNS S34709 welds at lower, furnace operating
service temperatures (600-750°C) to enable a comprehensive
and systematic comparison to alloy S34751 stress relaxation
tests as planned in Table 2.

600 ] ] [ ] [ ]
550 o
4 ™ | | n
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24504 o o o o g n
& 400 ] o)
95 400 =
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o m HAZfailat T = B = o
&3 300 HAZ fail on C o o
© 1 8 HAZ no failure L] n
225079 o FzfailatT a a
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150 - Alt. FZ failinHAZ B8 O o o
1 B AltFZ no failure
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FIGURE 5: Failure map as a function of starting
stress and test temperature for S34709 HAZ,
matching filler FZ (W34710), and alternative FZ
(S16880). Failure is categorized as failure at
temperature within a 24-hour period (fail at T), failure
upon air cooling (fail on C), or no failure. Alternative
FZ (S16880) samples did not fail ever in FZ, but rather
in the HAZ of S34709 adjacent to the weld center.

3.3 SRC results of S34751 welds

For this section, SRC testing of S34751 welds is in progress
and a full comparison will be made with S34709 results. The full
results are anticipated to be completed within a couple of months
based on the experimental plan.

Initial experiments have been conducted on S34751
physically simulated HAZ with 17% initial strain and cross-
welded S34751 pipe sample with 400 MPa initial stress at 800°C.
The comparison to the S34709 counterpart samples is illustrated
in Figure 6(a) for physically simulated HAZ (Type 3) and Figure
6(b) for cross-welded FZ (Type 1). Based on these initial tests,
S34751 HAZ fails at temperature at roughly seven hours, while
the cross-welded W34751 sample did not fail within a 24-hour
period at temperature. In contrast, the S34709 HAZ failed within
3.5 hours at temperature, while the W34710 FZ (matching filler
for S34709) failed within 0.25 hours at temperature. These initial
results indicate higher SRC resistance in the S34751 HAZ and
W34751 FZ compared to S34709 HAZ and W34710 FZ. The
continued testing results, particularly at temperatures closer to
service conditions, will confirm if S34751 alloy would be a more
viable option than S34709 alloy with respect to cracking
susceptibility.
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500 | ! ........................ o4 800 .
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FIGURE 6: SRC test results: (a) comparison between
S34709 and S34751 physically simulated HAZ (Type
3) at 800°C with initial strain of 0.174 and stress of
~600 MPa. S34751 failed at approximately 7.5 hours at
temperature while S34709 failed at around 3 hours at
temperature; and (b) comparison between W34710
and W34751 cross welded FZ samples (Type 3) with
initial stress of 400 MPa and test temperature of
800°C. W34751 endured a 24-hour test at 800°C, while
the W34710 failed at approximately 0.25 hours at
temperature.

4. CONCLUSION

The use of UNS S34751 alloy for charge heater components
in delayed coking processes has been of interest in the
petrochemical industry. SRC may occur within months to years
in various precipitation hardened stainless steel welds,
particularly UNS S34709. UNS S34751, a relatively lower C
alloy with higher Nb/C ratio and higher N content, may be less
susceptible to SRC than UNS 34709. Initial SRC results on UNS
34709 showed high susceptibility in the FZ of welds with a
matching W34710 filler, while alternative S16880 filler reduces
SRC susceptibility and failure shifts to the S34709 HAZ. S34751
physically simulated HAZ and pipe cross-welded W34751 FZ
samples demonstrate higher resistance to SRC than S34709 HAZ
and W34710 FZ at 800°C. Further testing of both S34751 FZ and
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HAZ at service temperatures is of interest to verify the improved
SRC resistance of S34751 pipe welds in comparison to S34709
welds.

5. FUTURE PLAN
The work necessary to provide a comprehensive assessment
of the SRC comparison between UNS 34709 and 34751 is:
e Gleeble 3500® thermomechanical testing of UNS
S34751 and S34709 HAZ and W34710, W34751, and
S16880 FZ at a temperature range of 600-750°C.
e Metallurgical characterization and fractography of
UNS S34751 SRC samples and comparison to UNS
34709 is planned for additional funding period.
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