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Introduction
     One of the inherent challenges in al-
most all fusion welding processes is the
tensile residual stresses existing in the
weld metal and the heat-affected zone
(HAZ) (Refs. 1–6, 71). Such residual
stresses can reach the local yield
strength in the weld metal and HAZ,
and are dependent on many factors in-
cluding thermal strains, metallurgical
phases and their transformations, and
welding conditions such as preheating
and clamping (Refs. 1–4, 7, 8). It has
been found that brittle fracture, fatigue
failures, and stress-corrosion cracking
(SCC) can be promoted at the presence
of tensile welding stresses. 

     According to Cheng et al. (Ref. 4),
tensile welding residual stresses are
known to increase the internal stress
ratio experienced by welded structures
during fatigue cycling, which is de-
fined by the following equation:

R = minimum internal / maximum internal

where minimum internal and maximum internal

are the minimum and maximum inter-
nal stresses experienced by the welded
structure, respectively. Typically, 
minimum internal represents the initial
welded structure stress state before fa-
tigue loading. This can include welding
residual stresses and static loading
stresses. 

     An increase in the internal stress
ratio was observed to decrease the fa-
tigue failure threshold stress intensity
factor above fatigue cracking initia-
tion, as illustrated in stage I of Fig. 1A
(Ref. 4). In addition, SCC almost al-
ways occurs at the presence of residual
stresses that exceed a threshold stress
depending on factors such as corrosive
environmental conditions and degree
of material SCC susceptibility (Refs.
9–14). Jones and Ricker identified
that such stresses are usually about
80% of yield strength, as illustrated in
Fig. 1B, and can reach 40 to 50% de-
pending on how aggressive the SCC
environmental conditions are (Ref. 9).
     Many residual stress reduction
methods — such as shot peening, ul-
trasonic impact treatment, laser
remelting, and high-frequency impact
treatment — have been investigated
(Refs. 1, 4, 7, 15–20). Postweld heat
treatment (PWHT) in oil, gas, and
petrochemical industries has mostly
been utilized to relieve the high resid-
ual stresses of weldments in SCC-
inducing environments. According to
many industrial design codes for the
fabrication of carbon and low-alloy
steel equipment used in the oil, gas,
and petrochemical industries (e.g.,
ASME Boiler and Pressure Vessel Code
(BPVC), Section VIII; ASME B31.3,
Process Piping Guide; and API 650,
Welded Tanks for Oil Storage), weld-
ments shall receive PWHT when the
weld metal and HAZ experience high
tensile residual stresses. Such require-
ments are well recognized for major
through-thickness, pressure-retaining
welds including the longitudinal and
circumferential welds joining pressure
vessel shells and head parts. This
PWHT is known to reduce SCC
susceptibility.
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     However, such effects have not
been as clearly recognized for other
types of weldments in which the weld
metal and HAZ are not directly ex-
posed to the SCC environment. Figure
2 schematically illustrates an example
of an external attachment, nonpres-
sure-retaining weld joining a reinforc-
ing pad or sleeve to a pressure vessel
shell or nozzle. 
     In such applications, the weld metal
and HAZ residual stresses may have
the tendency to extend to the bottom
surfaces of the pressure vessel shell,
which could be directly exposed to the
SCC environment. This has led to un-
certainty as to whether PWHT shall be
applied. According to NACE SP0472,
paragraph 3.6.1, for such external at-
tachment welds, PWHT is not required
if no tensile residual stresses extend
through the entire wall thickness (Ref.
21). Therefore, in this research paper,
the goal is to determine the residual
stress extension behavior from weld
metal to the bottom surfaces and
quantify the residual stress levels at
the bottom surfaces that are directly
exposed to SCC environments. Al-
though multipass welding is often
used in the petrochemical industry,
only the single-pass welding technique
is presented here as a starting point.

FEA Modeling Procedures

     Finite-element analysis (FEA), us-
ing Sysweld software, was per-
formed to predict the residual stress
distributions in the through-thickness
direction and at the bottom surfaces
exposed to SCC environments. The
FEA utilized the sequentially coupled
analysis feature. First, thermometal-
lurgical modeling was performed to
compute and obtain the transient tem-
perature and the results of the metal-
lurgical phases. The thermometallurgi-
cal module history was used thereafter
for transient residual stress and dis-
tortion computations. 
     Such a feature has provided satis-
factory results and significant model-
ing, saving time compared to the si-
multaneous-coupling feature. It was
also found to be applicable for low dis-
tortion welding applications (Ref. 22).
The material database used in the FEA
included property values quantified as
a function of temperature as well as
each metallurgical phase that can be

present during the welding thermal
cycle. In addition, the database includ-
ed continuous cooling transformation
and austenitization diagrams to simu-
late the effect of phase transformation
on residual stress computations. Some
of the properties included in the data-
base of A516 Grade 70 steel, used in
this study, are illustrated in Fig. 3.
     The FEA meshing details are illus-
trated in Fig. 4. The base metal and HAZ
were mostly composed of quadrilateral
3D elements, whereas both triangular
and quadrilateral elements were created
in the weld metal region with no interi-
or angles less than 20 deg. In the weld
metal vicinity, a through-thickness re-
gion with fine-scale 3D elements was
created to accurately simulate the local
residual stress extension behavior from
the weld interface to the bottom 
surface. 
     As shown in the isometric view of
FEA meshing, 60 identical layers were
created along the welding direction.
The interlayer distance was set to a
minimum level both at the welding
path start and end regions. It reached
a maximum level in the welding path

center region, where a pseudo-steady
state tends to be reached. Goldak’s
double-ellipsoid heat source model
was used and iteratively calibrated un-
til the actual morphology of the fusion
boundary (averaged from experimen-
tation) was reached in the thermomet-
allurgical module. This heat source
model has been investigated exten-
sively by many researchers and found
to be applicable to arc welding process-
es. It has also yielded satisfactory 
thermal FEA results (Refs. 6, 22–27).
No preheating or PWHT was imposed
during the FEA simulation, and nor-
mal air cooling at 20°C was set as a
boundary condition. No distortion re-
straints were applied during the FEA
simulation.

Experimental Validation
Procedures

     A single-pass welding technique
was studied in this work as a starting
point. To simulate single-pass external
attachment welds, single-pass bead-
on-plate weldments were applied on

Fig. 1 — A — Schematic plot of the fatigue crack growth rate vs. the stress intensity fac
tor, which shows the influence of the increase or decrease of the internal stress ratio on
threshold stress intensity in stage I (Ref. 4); B — effect of the internal stress level on SCC
time to failure, normalized by yield strength (Ref. 9).

Fig. 2 — Schematic illustration of an external attachment weldment joining a pressure
vessel shell or nozzle to a reinforcing pad.
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(178  254 mm) ASTM-516 Grade 70
C-Mn pressure vessel quality steel
plates. The chemical composition of
the A516 Grade 70 steel is included in
Table 1. 
     The composition of the steel varied
due to the use of different plate patch-
es. The gas metal arc welding (GMAW)
process was used with the convention-
al GMAW C-Mn steel welding wire,
ER70S-6 (1.2 mm diameter), and
shielding gas of 75%Ar-25%CO2. This

shielding gas composition was selected
to promote the short-circuiting trans-
fer mode and low heat input values
(Refs. 28–38). The low heat-input
welding condition was selected to eval-
uate the maximum residual stress lev-
el. If significant residual stresses are
extended to the bottom surface,
PWHT should be required in the cases
of higher heat input values. To study
the effect of heat input while main-
taining a low heat-input level, five sets

of welding parameters yielding a heat
input range of 327 to 509 J/mm were
selected. In addition, three base metal
thicknesses — 6.3, 12.7, and 19 mm
— were included in this study to eval-
uate the effect of pressure vessel wall
thickness on the bottom surface as
well as how residual stresses evolved
from welding.
     To meet AWS A9.5, Guide for Verifi-
cation and Validation in Computation
Weld Mechanics (Ref. 22), fivecross-sec-
tion weld macrographs were taken to
obtain the average fusion zone mor-
phology and the HAZ depth (Refs. 22,
39). From each welding parameter set,
this average morphology was used as
an input to the meshing of the FEA
model. For the microstructural analy-
sis, metallographic samples were ma-
chined from the pseudo-steady state
region, as illustrated in Fig. 5A. 
     To validate the FEA metallurgical
results, the weld metal and coarse-
grained heat-affected zone microstruc-
ture in each welding parameter set of
6.3- and 12.7-mm-thick base plates
were characterized. At both thickness-
es, the weld metal microstructure was
quantified following ASTM E562-11
manual point counting (Ref. 40) by us-
ing nine field images and a total of
1170 points. The nine images were se-
lected randomly in the weld metal re-
gion. The phase identification in the

Fig. 4 — FEA meshing details illustrated in the front view plane and isometric view of the
beadonplate model.

Fig. 3 — The properties of A516 Grade 70 steel using the Sysweld material database: A — Yield strength; B — Young’s modulus; C — thermal
strain.

Table 1 — Chemical Composition of Major Alloying Elements Used in A516 Grade 70 Base Plates and Its Specification Requirements

Element, wt%                                C                                   Mn                             Si                                       P                                S                            Fe

Base plates                             0.17–0.21                    1.00–1.30                 0.30–0.45                      0.001–0.004            0.001–0.005             Balance
A516 G70 specification        0.27, max.                    0.79–1.30                 0.13–0.45                      0.035, max.              0.035, max.              Balance

B CA
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weld metal followed the criteria de-
tailed in the IIW classification and ter-
minology of microstructures in low-
carbon alloy steel weld metals (Refs.
41–46). During the phase identifica-
tion in the weld metal, a distinction
was made between Widmanstatten
ferrite and ferrite with a second phase,
where Widmanstatten ferrite is ag-
glomerated within the weld metal to-
tal ferrite. The phase quantification
was compared to FEA results. 
     Microhardness line tracing was also
performed, following the schematic il-
lustration in Fig. 5B to correlate the
microhardness results with the phases
identified in the weld metal and the
HAZ regions. The representative opti-
cal micrographs were selected, as illus-
trated in Fig. 5B, in the middle sec-
tions of the weld metal and the coarse-

grained heat-affected
zone regions.
     To validate the FEA
residual stress results,
measurements of the residual stresses
at the bottom surface were performed
using the hole-drilling strain gauge
method in accordance with the ASTM
E837 standard (Refs. 6, 47–52). Figure
6A illustrates the measurement setup
and location at the pseudo-steady state
region on the bottom surface. 
     Since a high stress gradient is typi-
cally observed in fusion welding, the
lowest hole diameter type A strain
gauge rosette, 031RE, was used ac-
cording to the ASTM E837 standard.
The strains were measured with a
depth increment of 0.05 mm to a total
hole depth of 0.7 mm. The H-DrillTM

software was used thereafter. It uti-

lized strain readings and material
properties to calculate the uniform
residual stresses according to the
ASTM E837 standard. The uniform
residual stresses represented the aver-
age of the calculated stresses obtained
at each depth increment. The distor-
tion displacements were a function of
the welding residual stress level and
distribution. Thus, for validation, the
distortion displacements were meas-
ured on the bottom surface following
the bottom surface transverse axis dis-
tortion measurement path, which is
schematically illustrated in Fig. 6C. 
     This distortion measurement path
was selected to represent thermal as

Fig. 5 — A —Schematic diagram showing the metallographic sample location; B — Vickers microhardness line tracing details and optical
micrograph locations.

Fig. 6 — A — The holedrilling strain gauge residual stress meas
urement setup with the strain gauge rosette located at the bot
tom surface; B — Inconelshielded thermocouples located at
different distances in the weldment top surface; C — schematic il
lustration of the bottom surface with superimposed transverse
and longitudinal axes.

A
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C
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well as residual stress pseudo-steady-
state region results. The temperature
was measured in four weldment top
surface locations using Omega Engi-
neering’s K-type, Inconel-shielded
thermocouples. The temperature
measurements were used to validate
the calculated temperature profiles.
Figure 6B illustrates the thermocouple
positions that were spot welded to the
top surface.

FEA Modeling Results
     To reveal the through-thickness
residual stress distributions, Fig. 7A il-
lustrates the 3D elements selected
from the weld top to the bottom sur-
face. Note that the weld metal rein-
forcements were included in the analy-
sis. Figure 7B–D represents the
through-thickness residual stress dis-
tributions for the 327 J/mm heat in-
put and the three base metal thick-
nesses considered in the study.
     The HAZ was classified into coarse-

grained (CGHAZ), fine-grained 
(FGHAZ), and intercritical (ICHAZ) 
regions. This classification was per-
formed by using the FEA peak tempera-
ture reached in the HAZ 3D elements.
The elements with peak temperatures
between 765° (Ac1) and 950°C (Ac3) were
considered in the ICHAZ, while ele-
ments with peak temperatures above
1100°C were considered in the CGHAZ.
FGHAZ represented elements with a
reached peak temperature between Ac3

and 1100°C (Ref. 53).
     For the 6.3-mm-thick base metal
plate in Fig. 7B, it can be seen that the
longitudinal residual stresses were en-
tirely tensile from the weld top to 
bottom surface. This observation was
consistent in the 6.3- and 12.7-mm-
thick base metal plates with all higher
heat input values considered in the
study. In addition, it was observed
that the weld metal and the HAZ lon-
gitudinal residual stresses were at a
higher value than the transverse resid-
ual stresses. This is in agreement with

the literature for single-pass welding
applications (Refs. 1, 5, 6, 8, 54). In
contrast to the longitudinal residual
stresses, the transverse residual stress-
es in the 6.3-mm-thick base metal
plates were in a compressive state in
the lower region of the weld metal, in
the CGHAZ, and at depth values
greater than approximately 6.5 mm
from the weld-top surface.
     Based on all the modeling results
summarized in Fig. 7, the lowest HAZ
residual stresses were consistently ob-
served in the CGHAZ due to the ap-
preciable amount of martensite pres-
ent. This is attributed to the transient
compressive stresses resulting from
volume expansion during the austen-
ite to martensite transformation. With
increasing distance away from the
weld top, the residual stresses in all
models were observed to steeply rise
in the FGHAZ as well as reach their
peak in the ICHAZ and subcritical
HAZ regions. This behavior was attrib-
uted to the appreciable transforma-
tion-induced expansion compensating
for the high thermal shrinkage strains
in the FGHAZ and CGHAZ, which did
not occur in the ICHAZ and subcritical
HAZ. The residual stresses gradually
decreased farther away from the sub-
critical HAZ. 
     It is assumed that the eventual in-
crease in stresses prior to reaching the
bottom surface was due to force bal-
ance. This result can be well explained
by the peak temperature profile in the
through-thickness direction, i.e., the
peak reached temperature decreases
with the increase in depth from the fu-
sion boundary. This led to higher ther-
mal strains and stresses within the
base metal regions located at distances
closer to the HAZ boundaries, as well
as lower thermal strains within re-
gions at distances farther from the
HAZ boundaries. Therefore, the in-
crease in residual stress prior to reach-
ing the bottom surface was not caused
by the local thermal strain but by force
balance. With the increasing base plate
thickness, the distance between the
peak residual stresses, which consis-
tently occurred at the HAZ boundary
and the bottom surfaces, was in-
creased. This led to lower bottom sur-
face peak residual stresses for the
12.7- and 19-mm-thick base plates.
     The residual stress distributions at
the bottom surface for the 327 J/mm

Fig. 7 — Residual stress throughthick
ness base plate distributions of 6.3 (B),
12.7 (C), and 19.0 mm (D) following the
3D element throughthickness path illus
trated in A.
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heat input and the 6.3-mm base plate
are shown in Fig. 8. The 6.3-mm base
plate thickness was selected as an ex-
ample for illustrating the bottom sur-
face residual stress distribution behav-
ior. The distributions followed the
transverse and longitudinal axes desig-
nated previously in the schematic il-
lustration in Fig. 6C. 
     By following the residual stresses in
the transverse axis (Fig. 8A), it can be
seen that the peak of longitudinal ten-
sile residual stresses was reached at
the weld centerline at the bottom sur-

face, which were more or less balanced
by compressive residual stresses locat-
ed at a farther distance from the weld
centerline. By following the longitudi-
nal axis distribution (Fig. 8B), it was
clearly observed that a steady-state
residual stress condition was reached,
which constituted at least 70% of the
total weldment longitudinal distance.
This was attributed to the pseudo-
steady-state thermal condition ap-
proached in such a longitudinal dis-
tance, which is in agreement with the
literature (Refs. 1, 5, 6, 8, 54).

     To elucidate the effect of the heat
input and the base plate thickness on
the residual stresses at the bottom
surface, the residual stresses at 0 mm
in transverse and longitudinal dis-
tances in Fig. 8 (i.e., weld plate center
point on the bottom surface) were se-
lected. The residual stress standard de-
viation within the pseudo-steady-state
region was calculated for each set of
heat input and base plate thickness.
Figure 9 illustrates the effect of the
heat input and the base metal thick-
ness on the residual stresses reached

Fig. 8 — Bottom surface residual stress distributions (normalized by the yield strength) of the 6.3mmthick base plate with 327 J/mm heat
input after Fig. 6: A — Transverse axis; B — longitudinal axis.

Fig. 9 — Longitudinal (A) and transverse (B) residual stresses at the bottom surface (normalized by the yield strength) varied as a function
of heat input and base metal plate thickness. Error bars represent standard deviation of residual stresses in the steadystate region.

A B
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on the bottom surface. 
     The residual stress values were nor-
malized by the base metal yield
strength. It can be observed that for
the 6.3-mm-thick plate, the bottom
surface peak residual stresses exceed-
ed 85% of the base metal yield
strength for all the heat input values
considered. In addition, the peak
residual stresses in the 12.7-mm-thick
plates reached a range of 47 to 69% of
the base metal yield strength. For the
19-mm-thick plates, the peak stresses
reached a range of only 26 to 35%. Fig-
ure 9A also shows that the residual
stress values relatively increased with
an increase in heat input. On the other
hand, by increasing the base plate
thickness, the peak residual stresses
significantly decreased. 

FEA Modeling Discussion

     It was clear from the study that
heat input is a considerable factor that
affects the level of residual stresses
reached at the bottom surface. At 6.3-
mm base plate thickness, increasing
the heat input from only 327 to 509
J/mm increased the bottom surface
peak residual stress from 94 to 104%
of the base metal yield strength. At the
12.7-mm base plate thickness, the cor-
responding increase was from 47 to
69%, whereas an increase from 26 to
35% was reached at the 19-mm base
plate thickness application.
     Among several welding residual
stress factors (e.g., heat input, weld
metal morphology, and penetration),
the base plate thickness was observed

to be the most significant factor on the
peak residual stress level reached at
the bottom surface, following the se-
lected welding conditions. This was ob-
vious from the results illustrated in
Fig. 7B–D. With an increase in the dis-
tance from peak residual stress to the
bottom surface, the residual stresses
were allowed to decay significantly,
leading to much lower residual stress-
es at 19 mm compared to a 6.3-mm
base plate thickness. This effect is
schematically illustrated in Fig. 10
     The results of this study were com-
pared with the API 579-1/ASME FFS-1
standard, Fitness for Service, Annex
9D (Ref. 73). Figure 9D.13 in API 579-
1/ASME FFS-1, Annex 9D, provided
an estimated guide for the residual
stress profiles that evolved in the
through-thickness direction of T-
joints for the purpose of fitness for
service evaluations. 
     At 6.3-mm base plate thickness,
API 579-1/ASME FF-1, Fig. 9D.13, in-
dicated a constant residual stress esti-

mated at 100% of the base metal yield
strength in the through-thickness di-
rection. At base plate thicknesses
greater than 6.3 mm, the estimated
residual stresses started to decay in
the through-thickness direction with
increasing distance from the weld met-
al. A residual stress rise prior to reach-
ing the bottom surface was consistent-
ly observed at all base plate thickness-
es greater than 6.3 mm, in accordance
with Fig. 9D.13. In addition, the esti-
mated residual stresses were observed
to decay more significantly with an in-
crease in the base plate thickness.
     Overall, this indicates that a similar
behavior of residual stress profiles in
the through-thickness direction are
obtained. The differences in the bot-
tom surface residual stress values be-
tween Fig. 7B–D of this study and Fig.
9D.13 of API-579-1/ASME FFS-1 are
expected and should be attributed to
the use of different welding techniques
(single or multipass), heat input, and
other welding conditions. In API-579-

Fig. 10 — Schematic illustration of the significance of base metal thickness effect on bot
tom surface residual stresses.

Fig. 11 — Optical micrographs of weld metal heat input values with 6.3mm base plate thickness: A — 327 J/mm; B — 509 J/mm. (M:
martensite, FS: ferrite with second phase, and PF: primary ferrite).
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1/ASME FFS-1, Annex 9D, Fig. 9D.13
was not specific to a certain welding
technique (single or multipass) or heat
input. It was established to provide a
conservative estimation of the
through-thickness residual stress dis-
tribution that can be used in fitness
for service evaluations.
     According to NACE SP0472, para-
graph 3.6.1, PWHT is required if ten-
sile residual stresses exist in the entire
wall thickness. Following such criteri-
on, external attachment welds of 6.3-
and 12.7-mm base metal thicknesses
were found to require PWHT due to
the through-thickness propagation of
tensile residual stresses. Due to the
compressive residual stresses present
at a distance from 7 to 15 mm from
the weld top, the PWHT requirement
may not be explicitly applied by NACE
SP0472. It would be better if the crite-
rion specifically relied on the amount
of residual stresses that evolved at the
bottom surface in addition to the
residual stress extension behavior.
     In the 6.3-mm thickness application
and following the welding conditions of
the study, the residual stresses on the
bottom surface were found to exceed
85% of the base metal yield strength.
Such high residual stresses exceeded the
usual SCC threshold stress level range
identified by Jones et al. (Ref. 9) and il-
lustrated in Fig. 1B. Therefore, at such a
thickness level, PWHT is deemed neces-
sary to avoid SCC at heat input values
within or higher than the range consid-
ered in this study. 

     At the 12.7-mm-thickness applica-
tion, the peak residual stresses on the
bottom surface were found within a
range of 47 to 69% of the base metal
yield strength. Therefore, at such plate
thickness applications, the PWHT re-
quirement should be determined
through considering the specific SCC
environment threshold stress and the
design loading conditions. 
     However, for the 19-mm-thickness
application, the peak residual stresses
decayed quite significantly and
reached a range from 26 to 35%. At
these residual stress levels, the SCC
tendency was significantly lower.
Therefore, the PWHT requirement can
be either optional or waived for 19-
mm-thick base metal plates or higher,
provided both residual and applied
stresses are found not to exceed the
specific SCC threshold stress. 
     In addition, API 579-1/ASME FFS-
1, Annex 9D, assumes a weld metal
and HAZ residual stress at 20 to 30%
of yield strength that remains after
uniform PWHT. This range of residual
stress is close to that obtained at the
19-mm-thickness application, which
indicates the need for PWHT should
be significantly lower.

Experimental Validation
Results
     This section details the experimen-
tal work performed to validate the
FEA modeling results. For the 6.3-

mm-thick base plate application, the
weld metal microstructure for 327 and
509 J/mm heat input values are repre-
sented in Fig. 11A and B, respectively. 
     At a heat input of 327 J/mm, the
weld metal was observed to have an
appreciable amount of ferrite with sec-
ond phase and lath martensite in con-
junction with a low amount of grain
boundary ferrite. According to Thewlis
(Ref. 43) and IIW Doc. IX-1282 (Ref.
42), ferrite with second phase can be
present with the second phase being
aligned or nonaligned. Ferrite with the
aligned second phase is defined by IIW
Doc. IX-1282 as two or more ferrite
laths with an aspect ratio greater than
4:1. The ferrite with an aligned second
phase can be identified as side plate
ferrite (Widmanstatten) or upper bai-
nite. Ferrite with a nonaligned second
phase is defined by IIW Doc. 1282 as
ferrite grains that usually surround
microphases, which can be carbide or
matensite-austenite-carbide (MAC)
constituents. The microhardness line
tracing, in accordance with Fig. 5B, for
such a heat input is shown in Fig. 12A. 
     Following the line tracing, the CG-
HAZ hardness closest to the weld in-
terface was observed to reach or ex-
ceed 452 HVN. Such hardness indicat-
ed a dominant amount of martensite
in the CGHAZ, which was in agree-
ment with Lundin et al.’s A516 Grade
70 CGHAZ CCT diagram results (Ref.
53). Lundin et al. performed compre-
hensive metallographic analyses and
hardness measurements of different

Fig. 12 — Vickers microhardness line tracing heat input values with a 6.3mm base plate thickness: A — 327 J/mm; B — 509 J/mm.
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A516 Grade 70 CGHAZ obtained with
nine cooling rates and nine correspon-
ding heat input values. A hardness of
453 HVN was found to correspond to
a microstructure of dominant marten-
site, which was confirmed through
metallographic analysis. The average
weld metal microhardness was 285
HVN, while the standard deviation
was 14 HVN. This indicated that an
appreciable amount of ferrite with sec-
ond phase and martensite was present
in the weld metal while the standard
deviation was attributed, to some ex-
tent, to the hardness difference be-
tween martensite and ferrite with the
second phase, as well as the grain
boundary and intragranular ferrite
phases. 
     Glover et al. (Ref. 55) reported a
weld metal local martensite hardness
of 390 HVN under similar welding
conditions, while Onsoien et al. (Ref.
56) reported a ferrite with a second
phase hardness range of 215 to 235

HVN using ER70S-6
and 80%Ar-20%CO2

shielding gas. The aver-
age weld metal hard-
ness was therefore ob-
served to fall between
martensite and ferrite
with second phase
hardness levels indicat-
ing the presence of
both. Due to an in-
crease in the heat in-
put, it can be seen in
Fig. 11B that the weld
metal with the 509

J/mm heat input and  6.3-mm-thick
base plate was composed of apprecia-
ble amounts of ferrite with second
phase as well as grain boundary and
intragranular ferrite. 
     In addition, the grain boundary fer-
rite veins were widened due to the ef-
fect of the increasing heat input. Fol-
lowing the hardness line tracing re-
sults in Fig. 12B, it can be observed
that the CGHAZ hardness closest to
the weld interface reached 335 HVN,
which only indicated a significant re-
duction of martensite in the CGHAZ.
Such hardness is close to that identi-
fied by Lundin et al. (Ref. 53), which
required a cooling rate to obtain
martensite and bainite. The average
weld metal microhardness was 245
HVN, and the standard deviation
reached 9 HVN. Such hardness was
low and close to the ferrite with sec-
ond-phase hardness reported by On-
soien et al. (Ref. 56) using ER70S-6

filler and 80%Ar-20%CO2 shielding
gas.
     Performing point counting using
metallography and following ASTM
E562 for a 6.3-mm-thick plate, the
FEA and the metallographic phase
amounts were found to vary as a func-
tion of heat input. This is plotted in
Fig. 13A–C for martensite, ferrite with
second phase, and ferrite in weld met-
al, respectively. The error bars in the
metallographic phase amount curves
represented the 95% confidence inter-
vals that were calculated by following
the ASTM E562 guidelines. It is ob-
served that close trends of FEA and
metallographic phase amounts were
attained, which indicated a good
agreement. The maximum deviation is
observed in Fig. 13B at a 509 J/mm
heat input. At this heat input, FEA
showed a 6% higher amount of ferrite
with second phase than the point
counting.
     The corresponding weld metal mi-
crostructure for 327 and 509 J/mm
heat input values for a 12.7-mm-thick
base plate application are presented in
Fig. 14A and B, respectively. 
     At a heat input of 327 J/mm, the
weld metal was observed to have a sig-
nificantly higher amount of lath
martensite in conjunction with a much
lower amount of grain boundary fer-
rite and ferrite with second phase,
compared to the 6.3-mm-thickness ap-
plication. This was attributed to dou-
bling the base plate thickness and
thereby the cooling sink volume. The

Fig. 13 — 6.3mm thickness FEA and metallographic weld metal: A —
Martensite; B — ferrite with second phase; C — ferrite. Phase
amounts varied as a function of heat input.
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microhardness line tracing, following
Fig. 5B, for such a heat input is shown
in Fig. 15A. 
     Following the line tracing, the CG-
HAZ hardness closest to the weld in-
terface was observed to reach or ex-
ceed 479 HVN. Such a hardness indi-
cated a dominant martensite presence
in the CGHAZ and was in agreement
with Lundin et al. (Ref. 53). In addi-
tion, the weld metal had several points
with hardness values exceeding 340
HVN. The average weld metal micro-
hardness was 358 HVN while the stan-
dard deviation reached 28 HVN. This
indicated that an appreciable amount
of martensite was present in the weld
metal while the standard deviation
was attributed to the appreciable dif-
ference of martensite and ferrite or

ferrite with second-phase respective 
hardnesses. 
     Such conclusions are in agreement
with Glover et al. (Ref. 55), who re-
ported a weld metal local martensite
hardness of 390 HVN under close
welding conditions. Due to an increase
in the heat input, it can be seen in Fig.
14B that the weld metal at a 509
J/mm heat input was composed of an
appreciable amount of ferrite with sec-
ond phase and with a reduction of
martensite compared to the 327 J/mm
heat input value. In addition, the grain
boundary ferrite veins were widened
due to the effect of a relative increase
in heat input. Following the hardness
line tracing in Fig. 15B, it can be seen
that the CGHAZ hardness closest to
the weld interface reached or exceeded

472 HVN. This indicated a dominant
martensite presence similar to a heat
input of 327 J/mm. The average weld
metal hardness reached 307 HVN with
a standard deviation of 22 HVN, indi-
cating the presence of martensite.
     The FEA and metallographic phase
amounts for the 12.7-mm base plate
thickness are similarly illustrated in
Fig. 16A–C for martensite, ferrite with
second phase, and ferrite in weld met-
al, respectively. It was observed that
close trends of FEA and metallography
were attained, indicating good agree-
ment. The maximum deviation is
shown in Fig. 16A at a 509 J/mm heat
input. At this heat input, FEA showed
a 5% higher amount of the martensite
phase than the point counting.
     In addition to the performed mi-
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Fig. 14 — Optical micrographs of weld metal heat input values with a 12.7mm base plate thickness: A — 327 J/mm; B — 509 J/mm. (M:
martensite, FS: ferrite with second phase, and PF: primary ferrite).

Fig. 15 — Vickers microhardness line tracing heat input values with a 12.7mm base plate thickness: A — 327 J/mm; B — 509 J/mm.
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crostructural analysis and quantifica-
tion, the hole-drilling strain gauge
method was used to validate the FEA
residual stress computed results. The
results of the hole-drilling strain gauge
and FEA are both shown in Figs. 17
and 18 for the 6.3- and 12.7-mm base
plate thicknesses, respectively. 
     These stresses were varied as a
function of the heat input and were
normalized by the base metal yield
strength for comparison. It can be ob-
served that both the FEA and meas-
urements exhibited close trends. Addi-
tionally, both the hole-drilling meas-
urements and FEA standard devia-
tions were mostly overlapping. The

maximum deviation between measure-
ment average and FEA-computed
residual stresses was observed to reach
9% of the yield strength. This was no-
ticed at 401 J/mm and for the 6.3-
mm-thickness application as well as at
361 J/mm for the 12.7-mm thickness.
According to ASTM E837, paragraph
12.2.1, a 10% error margin can be ex-
pected with the uniform residual
stress calculation (Ref. 47). In addi-
tion, Schajer and Ruud (Ref. 48), in
their review of residual stress meas-
urement methods, indicated that a de-
viation range from 5 to 20% is expect-
ed by using the hole-drilling strain
gauge method. However, this error

margin can be minimized to 15% with
skilled personnel (Ref. 48).
     To validate the FEA residual stress
distributions on the bottom surface,
Fig. 19A and B shows the hole-drilling
strain gauge and FEA residual stress
distributions on the bottom surface
along the transverse axis for the 509
J/mm heat input and the 12.7-mm-
thickness application. The correspon-
ding longitudinal axis distributions are
shown in Fig. 19C and D, which were
the weld centerline projection at the
bottom surface. 
     From Fig. 19A and B, it is observed
that the stresses measured by the
hole-drilling method and the FEA
computed stresses showed similar pro-
files. However, the measured stresses
in Fig. 19B indicated slightly less
width in tensile residual stresses. In
addition, the peak longitudinal tensile
stresses were close while the trans-
verse peak tensile stresses were close
but observed with a 4% yield strength
deviation. Looking into the longitudi-
nal axis distributions in Fig. 19C and
D, a steady-state condition was ob-
served by both measurement and FEA.
The maximum deviation was observed
at a 30-mm longitudinal distance as
shown in Fig. 19C. Such deviation was
observed to be within the expected er-
ror margins indicated by ASTM E837
(Ref. 47) as well as Schajer and Ruud
(Ref. 48).
     The distortion results are presented
in Fig. 20, where it shows the meas-
ured and computed distortion profiles
for the 441 J/mm heat input and 6.3-
mm-thickness application. Figure 20B
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Fig. 16 — 12.7mm thickness FEA and metallographic weld metal: A — Martensite; B —
ferrite with second phase; C — ferrite. Phase amounts varied as a function of heat input.
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corresponds to the same heat input
and 12.7-mm thickness application.
The distortion measurement path fol-
lowed the transverse axis as illustrated
in Fig. 6C. It was observed that both
measured and computed distortion
displacements exhibited similar pro-
files. The maximum deviation was ob-
served at the 6.3-mm thickness appli-
cation, which reached 80 m. Such de-
viation was equivalent to only 8% of
the maximum FEA distortion displace-
ment. At both thicknesses, the meas-
ured distortion displacements were
slightly higher than that computed by

the FEA. 
     The temperature profiles, both
measured by thermocouples and com-
puted by FEA, are presented in Fig. 21
for the 441 J/mm heat input and 6.3-
mm-thickness application. It can be
seen that the temperature profiles
measured by the thermocouples exhib-
ited slightly lower heating rates and
higher cooling rates. The maximum
peak temperature difference was about
25°C. Overall, the profiles showed
good agreement, which validated the
FEA transient temperature 
computations.

Experimental Validation
Discussion

     The validation experiments per-
formed in this study followed the
guidelines of AWS A9.5, Guide for Veri-
fication and Validation in Computation
Weld Mechanics (Ref. 22). The FEA sim-
ulation results were validated by mi-
crostructural characterization as well
as residual stress, distortion, and tem-
perature measurements. Through all
experimental results obtained and
analysis performed, a consistently
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Fig. 17 — Holedrilling strain gauge and FEA results on the bottom surface as a function of heat input for the 6.3mmthick base plate: A
— Longitudinal residual stresses; B — transverse residual stresses.

Fig. 18 — Holedrilling strain gauge and FEA results on the bottom surface as a function of heat input for the 12.7mmthick base plate: A
— Longitudinal residual stresses; B — transverse residual stresses.
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good agreement was attained in com-
parison to the FEA results. One key
reason for the good agreement ob-
tained was the use of an FEA modeling
material database that had material
properties quantified as a function of
the transiently present metallurgical
phase and transient temperature rang-
ing from room temperature to the
melting point. In addition, the use of
CCT and austenitization diagrams al-
lowed for the consideration of phase
transformation in the FEA 
computation.

Conclusion

     In single-pass welding and follow-
ing the welding conditions of the
study, the peak residual stresses were
invariably observed at the ICHAZ and

subcritical HAZ regions. In addition,
among other welding conditions, the
base plate thickness was the most sig-
nificant factor on the peak residual
stress level reached at the bottom 
surface.
     Following the welding conditions of
the study, tensile longitudinal residual
stresses existed in the through-thick-
ness direction for the 6.3-mm and
12.7-mm-thick base plate applications,
whereas both tensile and compressive
stresses existed in 19-mm-thick base
plates. Following the criterion of
NACE SP0742, external attachment
welds of 6.3- and 12.7-mm base plate
thicknesses were found to require
PWHT. The PWHT requirement does
not explicitly apply for 19-mm-thick
plates. The present study suggests that
the criterion recommended by NACE
SP 0472 should take into considera-

tion the amount of residual stresses
evolved at the bottom surface in addi-
tion to the residual stress extension
behavior. 
     The residual stresses on the bottom
surface in the 6.3-mm thickness appli-
cation were found to exceed 85% of
the base metal yield strength. In 
single-pass welding and at such a
thickness level, PWHT is deemed nec-
essary to avoid SCC. At the 12.7-mm
thickness application, the peak resid-
ual stresses on the bottom surface
were found to fall between 47 and 69%
of the base metal yield strength. At
such plate thickness applications, the
PWHT requirement should be deter-
mined through considering the specif-
ic SCC environment threshold stress
and designed loading conditions. 
     The peak residual stresses reached a
range from 26 to 35% at the 19-mm
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Fig. 19 — Measured and FEA longitudinal (A and C) and transverse (B and D) residual stress distribution along the transverse and longitudi
nal axes for 509 J/mm heat input and 12.7mm base metal thickness.
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thickness application. The PWHT re-
quirement at such thickness level can
potentially be waived, provided both
residual and applied stresses are not to
exceed the specific environment SCC
threshold stress.
     The use of a material database that
quantified the property values as a
function of the transient phase and
temperature yielded a consistently
good agreement with the experimental
validation results. Following the weld-
ing conditions of the study, the weld
metal was composed of an appreciable
amount of martensite phase at the
12.7-mm base plate thickness and 327
J/mm heat input. Increasing the heat
input and decreasing the base plate
thickness significantly decreased the
amount of weld metal martensite. In
addition, the microhardness measure-
ments have consistently shown good

agreement with the metallographic
analysis and literature results. 
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