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Impact of Plate Thickness and Joint Geometry on 
Residual Stresses in 347H Stainless Steel Welds

3D finite element models were used to investigate factors that can reduce 
stress relaxation cracking

BY Y. HONG, T. PICKLE, J. VIDAL, C. AUGUSTINE, AND Z. YU

Abstract

Weldments of 347H stainless steel are potentially 
susceptible to stress relaxation cracking at elevated 
service temperatures. Mitigation of stress relaxation 
cracking susceptibility within a multipass weld 
requires a good understanding of welding practices 
and manufacturing techniques to control high tensile 
residual stresses. In this work, the dependence of 
residual stress distribution in 347H stainless steel 
on base plate thickness, joint geometry design, and 
preheating condition was systematically investigated 
by using three-dimensional finite element models. 
The finite element models were validated through 
good agreement between neutron diffraction 
measurements and calculated elastic strains. The 
single-V-groove welds with and without a preheating 
step all produced similar peak von Mises residual 
stresses, above 450 MPa, within both the fusion zone 
and heat-affected zone (HAZ). In plates thicker than 
0.5 in. (12.7 mm), high tensile residual stress could be 
observed in a relatively large area, from the middle 
of the plate thickness to underneath the top surface. 
A double-V groove shifted the high tensile stress 
area to the middle thickness of the weld. A single-J-
groove weld was able to confine the residual stress 
to a very small region near the middle thickness 
within the fusion zone and suppressed the von Mises 
residual stress within the HAZ to below 400 MPa.
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Introduction
Most advanced and reliable concentrating solar power 

systems integrated with a conventional steam Rankine power 
cycle use two-tank molten salt thermal energy storage (TES). 
This combination offers the opportunity to make these plants 
economically competitive and reliable when producing green 
electricity. These molten nitrate salt TES tanks are of consid-
erable interest because they allow for electricity generation 
when the sun is not shining, increasing the plant capacity 
factor, utilization of capital equipment, and total annual gen-
eration while reducing energy costs (Ref. 1).

Due to the nature of the molten salt, the temperatures 
in the hot tanks go up to 565°C (1050°F) during service. 
High-temperature molten salts pose a potential corrosion 
issue in hot tanks. Type 347H stainless steel (SS) has been 
widely used in these hot tanks (Ref. 2). 347H is stabilized 
by the addition of strong carbide-forming elements (e.g., 
Nb), which not only reduces sensitization associated with 
the formation of chromium carbide at elevated service tem-
peratures in other 300 series SS grades (e.g., 304H) but 
also improves creep strength and the maximum allowable 
work stress (Refs. 3–5). However, several types of failures 
were reported in 347H SS and its weldments, including 
liquation cracking (Refs. 6–9), ductility-dip cracking (Refs. 
10–13), and reheat cracking or stress relaxation cracking 
(SRC) (Refs. 10, 12, 14–18). Among these types of failures, 
SRC is a very common failure mechanism for precipitation- 
strengthened SS welds at elevated service temperatures 
without prior stress relief. SRC is manifested in the form 
of high-temperature intergranular cracking largely due to 
grain-boundary (GB) creep associated with high welding- 
induced residual stresses, the elevated service temperature, 
and susceptible microstructures. The susceptible micro-
structures include precipitate-free zones formed adjacent 
to GBs within the coarse-grained heat-affected zone (HAZ) 
associated with reprecipitation of Nb(C,N) (Refs. 19, 20),  
sigma-phase formation along GBs within the weld metal 
(Refs. 21, 22), and excessive cellular Nb(C,N) eutectic phases 
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forming at GBs within the partially melted zone (PMZ) (Refs. 
6, 9).

Worldwide, more than 50 SRC issues have been reported 
for austenitic steels (including 347H, 304H, 316H, 310, and 
321H) on base and weld metals, particularly in the HAZ 
when operating over long periods above 500°C (932°F). 
The commonality of these failures is that in most of the fab-
rications, postweld heat treatment was not performed (Ref. 
1). It is known that weld fabrication for 347H SS and other 
austenitic SS grades incur significant amounts of residual 
stress, especially for thick sections (e.g., 2 in. [50.8 mm] for 
commercial concentrating solar power TES hot tanks), due 
to mechanical constraint and high coefficients of thermal 
expansion during weld thermal cycles. Therefore, it is critical 
to understand the dependence of residual stress distribution 
in 347H SS on base plate thickness, joint geometry design 
(e.g., joint type and groove angle), and welding parame-
ters (including heat input, number of weld passes, welding 
sequence, external mechanical constraints, and preheat-
ing, among others). Experimentally, residual stresses can be 
measured destructively or nondestructively. For instance, 
sectioning (Refs. 23, 24), hole-drilling (Ref. 25), and con-
tour (Ref. 26) methods were employed to measure stresses 
destructively. Nondestructive measurements of residual 
stress include x-ray diffraction and neutron diffraction tech-
niques (Refs. 27–32) and an ultrasonic method (Refs. 33, 34). 
Neutron diffraction is a powerful method that enables three- 
dimensional (3D) mapping of stress distribution in relatively 
thick steel plates (e.g., tens of centimeters) with a submilli-
meter spatial resolution. 

Many modeling efforts and literature reviews have been 
made in the past few decades for simulation of weld- 
induced residual stresses using empirical, semiempirical, and 
process simulation methods (Refs. 35–40). Among those, 
thermo-mechanical-metallurgical simulation is considered 
as the basic but most accurate process simulation method 
that predicts the entire physical process of welding (Refs. 
40–42). In this study, to reveal the impact of welding con-
ditions on residual stress distribution in 347H SS plates, 
the thermo-elastic-plastic method was utilized for residual 
stress simulation while ignoring the metallurgical factors 
(i.e., solid-state phase transformation behavior) since the 
plate was an austenitic SS grade. Specifically, a sequentially 
coupled thermal and mechanical finite element (FE) model 
was established to evaluate the impact of plate thickness, 
joint geometry, and preheating condition on residual stress 
evolution within the 347H plates. The welding heat source 
can be described by either surface or volumetric distribution 
functions, which depend on welding processes. Goldak’s 
double-ellipsoidal model (Ref. 42) is a nonaxisymmetric 3D 
model that simulates a complex liquid metal pool. It is cur-
rently widely used for simulating fusion welding processes, 
including gas tungsten arc welding (GTAW), gas metal arc 
welding, submerged arc welding (Ref. 43), and flux cored 
arc welding (Refs. 44, 45). Hence, in this work, Goldak’s 
heat source model was utilized in the heat transfer analy-
sis, which then served as an input for the mechanical model. 
The simulation results were compared to neutron diffraction 
measurement results for validation. By combining the FE sim-
ulation results generated from this work with experimental 
thermomechanical reheat crack susceptibility tests (details 

can be found in Ref. 46), a fundamental understanding of the 
susceptibility of 347H SS to SRC as a function of temperature, 
stress, and microstructure was achieved and serves as critical 
information to guide SRC mitigation solutions.

Methodology
The 347H SS welds in TES hot tanks were duplicated in 

the lab by adopting the actual welding parameters specified 
in welding procedure specifications and the correspond-
ing prequalification records from the fabrication of current 
state-of-the-art concentrating solar power/TES commercial 
tanks. Two base plates 6 in. wide and 12 in. long (152.4 × 
304.8 mm) with a thickness of 2 in. were welded by filling 
a single-V, 50 deg, 1/8-in. (~3.2 mm) root opening groove 
with 40 passes. The welding wire used was E347. GTAW was 
used for an open root pass (with 140 A, 11.5 V, and 5.45-
min weld time) and a subsequent weld pass (165 A, 12.5 V, 
and 4.67-min weld time) while shielding the back surface 
of the weld with argon. Shielded metal arc welding (SMAW) 
was used for the remaining intermediate weld passes with  
155 A, 23 V, and weld times ranging from 2.40 to 4.67 min. 
The SMAW procedure used a high deposition rate and, thus, 
slow travel speeds (the minimum allowed by the welding 
procedure specifications) along with a weaving technique 
according to AWS D1.6, Structural Welding Code — Stainless 
Steel, Section 3.29 (Ref. 47), to achieve maximum deposition 
while using the minimum number of passes for the specific 
single-V geometry. The diameter of the electrode used for 
all SMAW was 5/32 in. (~4.0 mm), whereas the GTAW wires 
were 3/32 in. (~2.4 mm) in diameter. The parameters for each 
welding pass, including the mean current, voltage, weld time, 
weld length, and calculated travel speed serving as the input 
parameters for the FE model to calculate the corresponding 
heat inputs, are tabulated in Table 1. Note that the travel 
speeds and, thus, weld times varied among passes 3–40 
in the actual welding experiment since they were manually 
controlled to ensure sufficient deposition. The interpass tem-
peratures were maintained at 80°C (176°F), which included 
roughly a 20-min cool time after the completion of each pass 
prior to each successive pass. The Abaqus software was used 
to build the model.

Figure 1 illustrates the pass sequence and joint geometry 
of the duplicate welds. As illustrated in Fig. 1, the mesh size 
gradually increased from the weld centerline to the edge 
of the plate to ensure that sufficient details of the thermo-
mechanical profile were captured in the weld area while 
minimizing computation time. Convergence analysis was 
performed to confirm the accuracy of the analysis, and the 
minimum element size required was determined to be 0.5 
mm (0.020 in.). For the 2-in., 40-pass, single-V weld, there 
were a total of 72,160 elements with an 8-node linear brick 
type. The numbers in Fig. 1B represent the weld pass number 
as the material was deposited into the weld. The meshes of 
each weld pass were deactivated initially in the FE model 
and were then activated one by one, simulating filler metal 
deposition.

To reveal the effects of joint geometry, plate thickness, and 
preheating on residual stress distribution in 347H SS welds, 
six models were analyzed. This included varying the plate 
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thickness from 2 in. to 1 in. (25.4 mm) and 0.5 in., replacing 
the single-V groove with a double-V and single-J groove in 
the 1-in.-thick plate, and, lastly, preheating to 232°C (450°F) 
for 20 min on the 1-in.-thick plate. The weld sequence, which 
went from left to right for each weld layer, was the same 
for all the single-V and single-J groove welds. By reducing 

the plate thickness, the total number of weld passes for the  
single-V groove reduced from 40 passes for the 2-in. plate 
to 16 passes for the 1-in. plate and six passes for the 0.5-in. 
plate. In comparison, eight weld passes were used to fill the 
single-J groove joint in the 1-in.-thick plate with a groove 
radius of 4.2 mm (0.165 in.) and bevel angle of 33.44 deg. 

Table 1 — Welding Parameters Applied in Abaqus Simulation*

Pass # Process Mean Current 
(A) Mean Volts (V) Weld Time 

(min)
Weld Length 

(in.)

Avg. Travel 
Speed 

(in./min)

1 GTAW 140 11.5 5.45 14 2.57

2 GTAW 165 12.5 4.67 14 3.00

3-40 SMAW 155 23 2.40–4.33 14 3.02–5.83

*2-in. plate with 40 weld passes
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Fig. 1 — A — Finite element model (FEM) mesh of the 12 × 12-in. plate; B — meshes of the weld zone with different 
colors representing the element sets of each weld pass; C — cross-sectional macrograph of the weld zone.
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Welding in the double-V-groove joint was carried out in an 
oscillating sequence — one layer on one side was welded 
(left to right) first followed by a layer with the same weld 
pass progressions on the opposite side until the joint was 
complete. A total of nine layers and 11 passes were set up in 
the double-V-groove weld model.

As shown in Fig. 2, two sequential boundary conditions — 
clamped and unclamped — were applied to the welds after 
welding completion, simulating actual lab welding proce-
dures. In the clamped boundary condition, each side of the 
weld had x, y, and z fixed within an area that was approx-
imately 3 in. (76.2 mm) wide, as shown in Fig. 2A. This 
boundary condition was maintained for the duration of the 
welding procedure. After completion of the weld process and 
cooling to room temperature, the model was unclamped by 
fixing x, y, and z motion on one corner and fixing y, z motion 
and z motion, respectively, for the two corners on the other 
side of the weld, as illustrated in Fig. 2B.

In the weld models, nonlinear transient heat conduction 
analysis was performed first to obtain the thermal profile 
associated with each welding pass with a thermal 8-node 
DC3D8 element. In the multipass welding model, only first-
pass elements were activated during the first weld pass while 
the other pass elements were deactivated. After the first 
weld was finished, the elements for the second pass were 
activated, and so forth. The calculated thermal profile was 
employed as a thermal body load in the subsequent nonlinear 
mechanical elastic-plastic calculation to obtain the stress 
evolution with a C3D8R element. The clamped boundary 
condition was first activated during the welding procedure 
and was then deleted after cooling for 20 h to room tem-
perature to calculate the stress redistribution.

The double-ellipsoidal heat source model developed by 
Goldak et al. (Ref. 48) was used to simulate the weld heat 
input, as illustrated in Fig. 3A. The front and rear of the heat 
flux are described by Equations 1 and 2, respectively:

𝑞𝑞!(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) =
6√3𝑓𝑓!𝜂𝜂𝜂𝜂
𝑎𝑎!𝑏𝑏𝑏𝑏𝑏𝑏√𝜋𝜋

exp	(−
3𝑥𝑥"

𝑎𝑎!"
−
3𝑦𝑦"

𝑏𝑏" −
3𝑧𝑧"

𝑐𝑐" ) 

		𝑞𝑞!(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) =
6√3𝑓𝑓!𝜂𝜂𝜂𝜂
𝑎𝑎!𝑏𝑏𝑏𝑏𝑏𝑏√𝜋𝜋

exp	(−
3𝑥𝑥"

𝑎𝑎!"
−
3𝑦𝑦"

𝑏𝑏" −
3𝑧𝑧"

𝑐𝑐" ) 

where the front and rear quadrant fractions, ff and fr, were 
set as 0.6 and 1.4, respectively. The heat input was Q = VIη, 
where the arc efficiency (η) was set to be 0.8, and voltage 
(V) and current (I) were dependent on the pass number. af, 
ar, b, and c were dependent on the specific pass number so
that the predicted region of solidification pertained to the
width and depth of the corresponding experimental pass,
as illustrated by the macrograph in Fig. 1C. The travel rate of 
the heat source was dependent on the weld speed specific 
to each pass. The local coordinates were x, y, z, and the travel 
speed was considered into the calculation by defining y equal 
to y’ + vt, where y’ was the global coordinate , v was the travel 
speed, and t was the time during each pass. The interpass
temperatures were maintained at the experimentally
observed 80°C, which included roughly a 20-min cool time 
after the completion of each pass prior to each successive
pass. Convective cooling was allowed with an ambient tem-

(1)

(2)

B

A
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Fig. 2 — Boundary conditions for clamped (A) and unclamped (B) conditions of the weld model.



Table 2 — Temperature-Dependent Mechanical and Thermal Properties (Refs. 49, 50)

Temp. 
(°C)

Density 
(e-9 kg/mm3)

Specific Heat 
(e8 mJ/(K·kg))

Conductivity 
(mW/(mm·K))

Young’s 
Modulus 

(GPa)

Expansion 
Coefficient 

(e-6)/s
Poisson’s Ratio

20 7.9 4.43 15 200 16.5 0.278 

100 17.5

200 7.8 5.15 17.5 185 18 0.288

400 7.7 5.63 20 170 18.5 0.298

538 156 0.298

600 7.6 5.81 22.5 153 19 0.313

800 7.5 6.09 25.5 135 20 0.327

900 7.4 20

1000 6.31 28.3 96 20.5 0.342

1100 7.3 70 21 0.342

1200 6.54 31.1 50 21 0.350

1300 10 22 0.351

1340 6.69 33.1

1400 6.75 22.5

1500 7.2 22.5
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perature boundary condition of 20°C (68°F). Figure 3B 
demonstrates an example of temperature distribution cal-
culated at weld pass number 5 in the 2-in., 40-pass, 
single-V-groove weld model.

The temperature-dependent material properties, including 
density (Ref. 49), specific heat (Ref. 50), thermal conduc-
tivity (Ref. 50), Young’s modulus (Ref. 50), Poisson’s ratio 
(Ref. 50), and thermal expansion coefficient (Ref. 50), are 
tabulated in Table 2. Note that the material properties were 
assumed to be the same for both weldment and base metal 
because the weld model simulates the case with a matching 
filler metal, E347.

The temperature-dependent flow stress/strain data are 
summarized in Fig. 4. The data were extracted from our ther-
momechanical testing results using a Gleeble machine at 

room temperature (in black) and at 600°–1050°C (1112°–
1922°F) (in red, details can be found in Ref. 46) and reference 
National Institute for Materials Science (NIMS) data sheets 
by Sawada et al. (Ref. 51) at 100°–400°C (212°–752°F) (in 
gray). Note that there was no strain hardening observed at 
1050°C, which indicates there was no resistance to multiple 
cross slips at the early strain stage.

Results and Discussion

Thermal Profiles

The thermal profile calculation is demonstrated by a 
contour plot in Fig. 5A generated for pass number 31 of 
the 2-in.-thick, 40-pass, single-V-groove weld. Figure 5B 
shows a corresponding temperature profile at a cross section 
marked by the yellow block in Fig. 5A. Figure 5C compares 
the temperature profiles of three nodes, as highlighted in 
Fig. 5B, located within the weld metal with a peak tempera-
ture of 1843°C (3349°F), which is far beyond the liquidus 
temperature of 347H SS; the HAZ that experienced a peak 
temperature of 1354°C (2469°F); and the HAZ with a peak 
temperature of 774°C (1425°F). Ideally, temperature profiles 
recorded during welding would be the best approach for 
thermal model validation. Unfortunately, in this study, the 
thermal data was not available. Instead, the material’s thermal 
and mechanical property inputs were validated through a 
Gleeble thermomechanical experiment, with the details to 
be published elsewhere.

Strain Profiles and Model Validation

The total strain calculated from the weld model was 
composed of the elastic, plastic, and thermal strain. Figure 
6 summarizes and compares the elastic and plastic strain 
components of the total strain developed within the 2-in.-
thick, single-V-groove 347H SS weld along three directions 
(where 11, 22, and 33 corresponded to x-, y-, and z-direc-

Fig. 4 — True stress-strain curves used in 
the materials database obtained from our 
thermomechanical testing using a Gleeble machine 
(Ref. 46) (in black and red) and NIMS data sheets 
(Ref. 51) (in gray).  

Fig. 3 — A — Goldak’s heat source model (Ref. 48); B — an example temperature contour on a longitudinal cross 
section during the welding simulation of pass number 5.

A B
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tions, respectively) after welding completion, cooling to room 
temperature, and unclamping. The axes — x, y, and z — were 
parallel to the transverse direction (TD), longitudinal direc-
tion (LD), and normal direction (ND) of the welded plate, 
respectively. To be more specific, the y-axis was parallel to the 
welding direction. It can be observed that high tensile elastic 
strains evolved near the top center of the weld along the LD 
(//y), as shown in Fig. 6B, while high compressive elastic strain 
developed near the center of the weld along the TD (//x), as 
shown in Fig. 6A. High tensile elastic strain also developed 
near root/intermediate passes along the TD. Note that the 
unclamping step after welding introduced redistribution and 
relieving of elastic strain within the weld, as indicated by com-
paring the maximum elastic strain contour maps in Figs. 7A 
and B. On the contrary, there was no noticeable change in the 
plastic strain distributions along all three directions before 
and after unclamping, as demonstrated by the comparison 
of maximum principal plastic strain maps in Figs. 7C and D. 

Comparing Figs. 6D–F to Fig. 7D reveals that plastic strains 
along the ND (//z) were the dominant components among the 
three directions. A maximum tensile plastic strain of approx-
imately 21% developed near the root/intermediate passes of 
the 40-pass weld along the ND (//z). This high plastic strain 
near the joint root was induced by reheating and subsequent 
yielding during a multipass welding process and was observed 
to increase with an increasing number of weld passes. After 
seven passes, tensile plastic strain in the joint root did not 
further change because subsequent welds in the single-V 
groove moved sufficiently far away from the joint root. Adja-

cent to the boundary of the fusion zone (FZ) — within the 
PMZ and HAZ — the peak plastic strain was approximately 
9% along the ND in the as-welded, unclamped condition, 
as shown in Fig. 6F. As discussed in the introduction, the FZ, 
PMZ, and HAZ of 347H SS welds often contain detrimental 
microstructural features. The presence of high tensile plastic 
strains within these susceptible locations would accelerate 
the initiation of microvoids and the formation of cracks and, 
thus, augment the susceptibility to SRC.

Neutron diffraction mapping of residual strains in the 2-in.-
thick, 40-pass, single-V-groove weld was performed for the 
purpose of validating the weld model. Because of the nature 
of the neutron diffraction method, only elastic strains can be 
calculated. Details of the neutron diffraction measurement 
setup and data analysis can be found in Ref. 46. Note that 
because of the penetration limitation of neutrons within the 
2-in.-thick 347H SS plate, the diffraction profile for elastic 
strain along the TD (parallel to the x, or 11, direction in Fig. 
8A) was the only result demonstrating a high signal-to-noise 
ratio due to a relatively large allowable gauge volume of a  
7.5 × 7.5 mm (0.295 × 0.295 in.) area on the transverse cross 
section (as marked out by the yellow dotted block in Fig. 8A) 
and 28 mm (1.102 in.) along the welding direction (parallel to 
the y-axis) during measurement. Three lines across the weld 
along the TD were mapped: one near the top surface (z = 11.5 
mm [0.453 in.]), one at midthickness (z = 0 mm), and the last 
at the root of the weld (z = –20 mm [0.787 in.]), as marked in 
the elastic strain contour plot in Fig. 8A. Figure 8B compares 
the elastic strain profiles of (311) planes along the three lines 

Fig. 5 — Temperature profiles experienced by the whole plate (A) and a cross-sectional view (B) and three 
nodes (C) as marked in B during pass 31 of the 2-in.-thick, 40-pass, single-V-groove weld.

A B

C
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from neutron diffraction mapping to the bulk elastic strain 
calculated from the FE model. It should be noted that at each 
mapping point, the neutron diffraction result represents an 
averaged value from a relatively large diffraction volume, 
leading to an expected discrepancy between experimental 
and simulation results. In addition, the complex dilution and 
phase transformation behavior within the multipass weld 
region and HAZ lead to difficulty in accurate mapping of 
stress-free reference d spacing and, therefore, introduce 
additional uncertainty for strain and stress calculations from 
neutron diffraction experiments for welding applications. 
With all the above-mentioned factors influencing the neutron 
diffraction results and data analysis, a reasonable agreement 
was still reached on the overall trend of strain distributions 
between the FE analysis and the neutron diffraction results, 
with peak tensile strains near the joint root and compres-
sive strains in midthickness. This good agreement validates 
the parameters used in the weld model and, therefore, the 
subsequent stress analysis.

Stress Profiles of All Cases

The SRC mechanism could be expedited by an excessive 
amount of stress and plastic deformation beyond the mate-
rial’s yield point that exhausts the maximum allowable creep 
strain at elevated temperatures. Therefore, instead of eval-
uating the maximum principal stresses, von Mises stress as 
an evaluation criterion for yielding was calculated for all the 
welded cases. The von Mises stress equation (Equation 3), 
which accounts for an effective combination of six stress 
components (σij), is expressed as the following:

 
 

𝜎𝜎!"" = #
(𝜎𝜎## − 𝜎𝜎$$)$ + (𝜎𝜎$$ − 𝜎𝜎%%)$+(𝜎𝜎%% − 𝜎𝜎##)$

2 +

3(𝜎𝜎#$$ + 𝜎𝜎#%$ + 𝜎𝜎$%$ )
	+

#/$

 

Figure 9 summarizes and compares stress contours for the 
TD (//11), LD (//22), and ND (//33) and the von Mises stress 
within the rear left quarter of the weld model. The effect of 
unclamping was evidenced by a reduction in stresses within 
the 347H SS weld along all three directions, especially along 

(3)

Fig. 6 — Elastic (A–C) and plastic (D–F) strain contours from finite element calculations along the transverse 
(//11), longitudinal (//22), and normal (//33) directions in the 2-in.-thick, single-V-groove weld (rear left quarter 
of the weld model). The x (i.e., 11), y (i.e., 22), and z (i.e., 33) axes represent transverse, longitudinal, and 
normal directions, respectively. FZ denotes fusion zone.

A

B

C

D

E

F
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the TD (//11) and LD (//22). For instance, in the 2-in.-thick, 
40-pass, single-V-groove weld, von Mises stress above 550 
MPa was observed near the top weld surface in the clamped 
condition (see Fig. 9A) and was reduced to below 500 MPa 
in the unclamped condition (see Fig. 9E). Along each direc-
tion after unclamping, high tensile stress (> 400 MPa) was 
observed in the root/intermediate pass along the TD and 
near the top surface along the LD. Low ND stress (< 66 MPa) 
developed throughout the weld, as shown in Fig. 9H. 

The effect of plate thickness on residual stress distribution 
in single-V-groove 347 SS welds is demonstrated in Fig. 10. 
For both 2- and 1-in.-thick welds (Figs. 10A, B), high tensile 
residual stress (> 400 MPa) could be observed in a relatively 
large area, from middle plate thickness to underneath the 
top surface. The tensile stress in the 0.5-in. case in Fig. 10C 
exhibited a slightly lower peak value than the other two cases, 
but it was limited to a very small weld area near the middle 
thickness of the plate. Furthermore, the residual stress in the 
HAZ for the 0.5-in. case was much lower than that of the other 

Fig. 8 — A — FEM of the TD elastic strain calculation in the 2-in.-thick, 40-pass weld after unclamping, with 
the three white dashed lines indicating the neutron diffraction mapping locations; B — comparison of elastic 
strain along the TD of (311) planes measured from neutron diffraction to FE-calculated bulk elastic strain. The 
yellow dotted block marks out the neutron diffraction volume.

Fig. 7 — Comparison of the maximum principal elastic (A, B) and plastic (B, D) strain contours under clamped 
(A, C) and unclamped (B, D) conditions, where EE and PE represent elastic and plastic strain, respectively.

A

C

B

D

A B
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two thicknesses. As mentioned in the introduction, the most 
susceptible microstructures for SRC include precipitate-free 
zones formed adjacent to GBs within the coarse-grained HAZ 
associated with reprecipitation of Nb(C,N) (Refs. 19, 20) and 
excessive cellular Nb(C,N) eutectic phases forming at GBs 
within the PMZ (Refs. 6, 9). Therefore, it is most concerning 
to observe high tensile residual stress within the HAZ. The 
modeling results suggest that 347H SS welds with a plate 
thickness lower than 0.5 in. have much lower susceptibility 
to reheat cracking or SRC due to the very limited high-stress-
area size in the FZ and relatively low stress within the HAZ, 
which is attributed to fewer welding passes.  

Figure 11A demonstrates the effect of a preheating step 
on the development of residual stress in the 1-in.-thick,  
single-V-groove weld. The base plate was preheated to 232°C 
for 20 min, which allowed for a uniform temperature distri-
bution throughout the base plate. In comparison to Fig. 10B, 
the preheating process was able to confine the high residual 
stress to a very small area within the center of the 347H SS 
weld; however, it was not successful in controlling the residual 
stress in the HAZ. Hence, susceptibility to SRC within the 
HAZ, which is one of the most-often reported failure loca-
tions (Ref. 52), cannot be suppressed by using a preheating 
step alone. Replacing the filler metal E347 with a softer filler 
material with less susceptibility to SRC (e.g., E16.8.2) (Ref. 

Fig. 9 — Contour maps of von Mises residual stress (Pa) (A) and transverse (B), longitudinal (C), and normal 
direction (D) stresses in clamped (A–D) and unclamped (E–H) conditions of the 2-in.-thick, single-V-groove 
347H SS weld for the rear left quarter of the weld model.
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33) in combination with a preheating process could serve 
as a potential solution for controlling residual stress in the 
HAZ because the soft filler material may deform more to 
allow for the relaxation of stress into neighboring regions.

By changing the joint geometry from single-V to double-V 
for the 1-in.-thick plate, as shown in Fig. 11B, the high-stress 

area is confined to a smaller area in the middle thickness 
of the welded plate while the peak stress value is still com-
parable to the single-V-groove joint. Finally, by changing 
the single-V groove to a J-bevel, as shown in Fig. 11C, the 
weld-induced peak residual stress is lower than in all other 
cases and also well controlled into a very small area near the 

Fig. 10 — Cross-sectional view of stress contours in the middle of the weld length from single-V-groove welds 
with different base plate thicknesses: A — 2 in.; B — 1 in.; C — 0.5 in. 

B

C

A

Fig. 11 — Cross-sectional view of stress contours in the middle of the weld length from 1-in.-thick welds with 
different reference temperatures and joint geometries: A — Single-V groove with preheating base plate to 
232°C for 20 min; B — double-V groove without preheating; C — single-J groove without preheating.
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B
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middle thickness of the weld. The peak HAZ residual stress 
in the J-groove case is also significantly lower than in the 
other cases. The reason for such an effective residual stress 
reduction is attributed to reducing the weld volume by nearly 
half in contrast to a single-V-groove joint. Therefore, weld 
geometry design plays a significant role in determining the 
residual stress distributions within a 347H SS weld. The joint 
geometry is dependent on the feasibility and versatility of 
the welding position. If feasible, a J-groove design is recom-
mended for joints thicker than 0.5 in. in 347H SS welds for 
the purpose of reheating cracking or SRC control.

Conclusion
In summary, the effect of 347H SS plate thickness, joint 

geometry design, and preheating on residual stress distri-
butions was investigated using 3D FE models. The following 
conclusions can be drawn:

The weld model predicted the elastic and plastic strain 
distributions before and after unclamping upon completion 
of a welding process. The unclamping step only impacted 
elastic strain redistribution. Good agreement was achieved 
between the elastic strains calculated from neutron diffrac-
tion measurements and FE modeling, thereby validating the 
weld models.

A comparison of the weld residual stress profiles generated 
for different base plate thicknesses showed that the 1- and 
2-in. cases exhibited similar levels of peak residual stress 
within a relatively large area, while the 0.5-in. case showed 
slightly lower peak stress and a much more confined high-
stress-area size. 

The single-V-groove joint is not recommended for plates 
thicker than 0.5 in. due to the introduction of high residual 
stresses in the area from underneath the top surface to the 
middle thickness in both the FZ and HAZ, where high cracking 
susceptibility is expected.

In comparison to preheating and a double-V groove, 
the adoption of a J-bevel most effectively reduced resid-
ual stresses in the FZ and HAZ and, thus, is recommended 
for 347H SS joints greater than 0.5 in., if feasible, for field 
implementation.
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