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ABSTRACT

An externally restrained stress relief cracking test was developed and demonstrated in test-
ing susceptible and resistant to cracking welds in Cr-Mo steels. Compared to other externally
restrained tests, it simultaneously applies stress and compensates thermal expansion during
heating to post-weld heat treatment temperature and utilises digital image correlation for quan-
tification of key characteristics of the stress relaxation and stress relief cracking phenomena. In
contrast with resistant to stress relief cracking materials, susceptible materials experienced lower
levels of stress relaxation, strain absorption, and sustained mechanical energy, with accelerated
kinetics of strain accumulation and strain localisation leading to failure. The processes of stress
relief cracking and stress relaxation were quantified as low strain — slow strain rate — low energy

phenomena.

Introduction

Stress relief cracking (SRC) has been extensively studied
to gain a better understanding of the cracking mecha-
nism and to determine susceptible materials [1,2]. SRC
occurs during post-weld heat treatment (PWHT) in
highly restrained thick-walled welds that build up high
residual stresses during welding. In Cr-Mo steels, SRC
occurs when grain interiors are strengthened by car-
bide reprecipitation during PWHT, leading to grain
boundary strain accumulation and cracking during the
stress-relieving process. Several theories about the SRC
mechanism have been proposed which correlate grain
interior strengthening and grain boundary embrittling
to cracking [3-6]. There are multiple variables that
can impact the likelihood of SRC such as composition,
welding process/procedure, residual stress level, weld
restraint, and PWHT procedure [2].

Refabricating, repair, and operational downtime are
costly consequences of SRC, making the elimination
of SRC occurrences highly financially incentivized.
Improving the understanding of the mechanisms for
SRC and reliable prediction of the cracking susceptibil-
ity are two ways that SRC susceptibility can be reduced
or eliminated during fabrication. A range of tests aim-
ing at recreating the SRC mechanism and evaluating
cracking susceptibility in welds of creep-resistant steels
have been developed and implemented. The main fea-
tures for a few SRC tests, related to replicating the
conditions for SRC in highly restrained, high residual
stress welds, are summarised in Table 1.
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Based on theloading conditions, the SRC tests can be
classified as self-restrained, strain to failure, and exter-
nally restrained. The Notched C-Ring test [7] and the
University of Pennsylvania test [8] are self-restrained.
Both utilise notched samples that are preloaded with
tensile stresses in bending devices and subjected to
PWHT. Relative cracking susceptibility in tested mate-
rials is ranked by the presence or absence of cracks in
front of the notch at a particular level of preloading.
The level of restraint in these tests varies during testing,
depending on the design and thermal expansion of the
loading devices and tested samples and may not accu-
rately reproduce the conditions leading to SRC in highly
restrained welds.

The Belgian Welding Institute (BWI) test [9] and the
standardised American Petroleum Institute (API) test
[10] are strain to failure tests. Both tests involve strain-
ing of test samples, during holding at PWHT tempera-
ture, with a constant, slow extension rate until failure.
These tests provide a relative ranking of cracking sus-
ceptibility based on reduction in area (RA) in tested
samples. However, due to unloaded heating to PWHT
temperature, short exposure at PWHT, and continuous
tensile displacement, these cannot accurately replicate
the carbide precipitation and stress relaxation mecha-
nisms leading to SRC in highly restrained welds.

Three externally restrained SRC tests have been
developed utilising the Gleble™ thermo-mechanical
simulator (Table 1). These tests simulate coarse grain
heat-affected zone (CGHAZ) and PWHT thermal
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Table 1. Main features of SRC tests.

Stress
Welding relaxation
residual PWHT thermal under high Susceptibility
Loading type Test Test sample stresses history restraint quantification Advantages
Self-restrained Notched Weld Yes Yes Close Limited: Multi-axial stress
C-Ring [8] presence of
cracks
Pennsylvania Simulated HAZ Yes Yes Close
University
[9]
Strain to failure ~ BWI[10] Simulated HAZ No No No Limited: RA Short testing time
API[11] Weld No No No
Externally Lehigh 2000 Simulated HAZ Yes Yes Close Failure time, High process control
restrained [12] failure stress,
RA
0SU 2014 [13] Yes Yes Close
Lehigh 2019 No Yes Yes
[14]

histories on test samples and involve different mechan-
ical loading procedures for simulation of welding resid-
ual stresses and stress relaxation. The Lehigh 2000 test
[11] applies a gradually increasing tensile load on cool-
ing in the CGHAZ simulation. The final load is in the
order of the tested material yield strength at the selected
PWHT temperature. The load is held constant during
the PWHT simulation, which does not fully replicate
the conditions of stress relaxation under high restraint.
The OSU 2014 test [12] applies tensile load equal to 90%
of the material yield strength after the CGHAZ simu-
lation. The sample is then held under fixed displace-
ment during the PWHT simulation to closely replicate
stress relief in highly restrained welds. However, ther-
mal expansion of the test sample on heating to PWHT
temperature may result in significant stress reduction
before the onset of the PWHT. The Lehigh 2019 test
[13] applies 0.2% offset stress at reaching the PWHT
temperature and holds the test under fixed displace-
ment for the test duration. This loading procedure does
not reproduce the effect of welding residual stresses on
carbide precipitation during heating to PWHT tem-
perature. The externally restrained tests quantify SRC
susceptibility by time to failure, stress at failure, strain
at failure (OSU 2014), and RA.

The performed comparative analysis shows that self-
restrained and externally restrained tests better repli-
cate the SRC mechanism than the strain to failure tests
(Table 1). The externally restrained tests also better
quantify the SRC susceptibility and provide a higher
degree of process control. However, none of the exist-
ing tests can fully reproduce the conditions leading to
SRC in highly restrained, high residual stress welds.

The objective of this work was to develop and
demonstrate an externally restrained test that closely
reproduces the mechanism of SRC during PWHT
of highly restrained, high residual stress thick-walled
weldments and generates quantifiable characteristics of
the stress relief process and SRC susceptibility. The
approach for test development, the test demonstra-
tion and validation by quantifying the stress relief

mechanism in SRC susceptible and resistant materi-
als, and a direct comparison to a standardised, industry
used SRC test will be covered.

Test development, materials and procedure
OSU SRC test development

The first step taken for SRC test development was to
identify essential stress, strain, and temperature char-
acteristics of weldments that are necessary to recreate
the microstructural evolution leading up to cracking,
as well as recreate the SRC mechanism as it would
occur in weldments during PWHT. Three key compo-
nents of the SRC mechanism were incorporated in the
SRC testing procedure: (1) welding thermal histories
that generate microstructures susceptible to SRC, (2)
high welding residual stresses that would require stress-
relieving PWHT, and (3) high restraint that leads to
SRC in the process of stress-relieving during PWHT.

The SRC testing procedure utilises the Gleeble™
thermo-mechanical simulator, which is capable of
accurately recreating welding and PWHT thermal his-
tories and simulating welding residual stresses and high
weld restraint. A schematic of the SRC testing pro-
cedure is shown in Figure 1. It is based on the OSU
2014 SRC test [12] and introduces (1) compensation for
stress relaxation due to test sample thermal expansion
on heating to PWHT temperature, (2) quantification
of the kinetics of local strain accumulation caused by
stress relaxation, and (3) quantification of the level of
stress relief in SRC resistant materials.

As an initial step, a HAZ thermal history is simu-
lated on a sample from the tested material. This step is
optional in the case of testing actual weldments. Next,
the test sample is loaded to 90% of the tested mate-
rial yield strength, aiming to simulate a high level of
welding residual stress. This is followed by heating at
a rate of 200°Ch™! to the desired PWHT temperature.
Simultaneously, the test sample is strained at a con-
stant stroke rate to achieve a predetermined tensile load
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Figure 1. OSU SRC test procedure.
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Figure 2. OSU SRC test sample design.

upon reaching the PWHT temperature, i.e. 90% of the
elevated temperature yield strength. After reaching the
PWHT temperature, the sample is held under fixed dis-
placement to simulate a high level of weld restraint for
the test duration, typically 6 h. If an SRC failure does
not occur within the PWHT duration, the sample is free
cooled to room temperature under fixed displacement
and unloaded. This SRC test procedure replicates the
worst-case conditions for SRC: welding residual stresses
close to material’s yield strength and highly restrained
weldment subjected to local PWHT.

The local strain in the sample gauge section is
measured with digital image correlation (DIC). A full
description of the DIC procedure is provided elsewhere
[14]. The SRC test sample design utilises a gauge section
with square cross-section to allow for two-dimensional
DIC strain analysis (Figure 2). The application of DIC
allowed quantifying the local strain distribution, the
rate of strain accumulation, and the mechanical energy
sustained by the tested materials. The strain rate was
calculated using the total strain accumulated within
the fixed displacement at PWHT temperature portion

of the test and the time to failure or the whole test
duration, respectively, for SRC susceptible and SRC
resistant materials. The density of sustained mechan-
ical energy (SME), within the 6 mm long central por-
tion of the gauge section, was calculated by integrating
the stress—strain curves, as shown in Figure 5, which
cover the duration of PWHT under fixed displacement.
Mechanical energy has been previously used for quan-
tification of fatigue life in low alloy steels [15] and sus-
ceptibility to ductility deep cracking in Ni-based alloys
[16].

The SRC susceptibility in the OSU test is quantified
using the test outputs: time to failure, stress at fail-
ure, local strain at failure, reduction in area, and SME.
The effectiveness of PWHT, in terms of stress relief in
non-failed samples, is quantified by the level of stress
reduction both during holding at fixed displacement
and at room temperature before and after PWHT sim-
ulation. Scanning electron microscopy is performed on
fracture surfaces of failed samples for failure mecha-
nism verification. Samples that do not fail in the SRC
test are cross-sectioned and examined for microcracks.
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Table 2. Chemical composition of tested material, wt-%.

Table 3. SRC loading parameters.

Grade 11 Grade 11 Grade 11 SRC test loading Grade 11 CGHAZ & WM Grade 22 CGHAZ
Heat 1 Heat 2 Weld metal ~ Grade 22 parameters
Al 0.033 0.035 0.0092 0.042 YS at 20°C, MPa 620 680
As 0.004 0.001 0.0022 0.005 Applied tensile stress at 558 612
B 0.0001 0.0001 0.0001 0.002 20°C, MPa (90% YS)
C 0.14 0.14 0.12 0.156 YS at 650°C, MPa ~ 230-240 ~300-310
Cr 1.134 143 1.143 2.093 Target tensile stress at 210 280
Cu 0.17 0.1 0.057 0.185 650°C, MPa (90% YS)
Mn 0.45 0.44 0.8446 0.53 Compensation stroke 0.25 0.20
Mo 0.54 0.61 0.524 0.927 t0 650°C, mm
Nb 0.001 0.001 0.001 0.006 Compensation stroke 0.381 0317
Ni 0.13 0.08 0.054 0.145 rate to 650°C, um/°C
P 0.007 0.005 0.0069 0.008 Compensation stroke 0.23 0.18
S 0.007 0.001 0.00552 0.01 600°C, mm
Sb 0.003 0.001 0.0003 0.011 Compensation stroke 0.27 0.21
Si 0.55 0.56 0.1709 0.225 691°C, mm
Sn 0.008 0.005 0.0008 0.01
Ti 0.002 0.003 0.0023 0.002
\Y 0.004 0.004 0.0039 0.005
MPC7 < 0.76 0.794 0.655 (0.221) NA

Materials and procedure

Low alloy Cr-Mo creep-resistant steels were used for
the SRC test demonstration and validation. These
included simulated CGHAZs in one heat of Grade 22
steel (HAZ22) and two heats of Grade 11 steels, HAZ11-
1 and HAZ11-2, and a submerged arc weld metal in
Grade 11 steel, WM11. The chemical composition of
the tested materials is shown in Table 2 along with the
composition-based Materials Property Council param-
eter (MPC7) for SRC susceptibility. The MPC7 param-
eter [2], developed specifically for Grade 11 HAZ,
identifies HAZ11-1 as susceptible and HAZ11-2 as
resistant to SRC.

The SRC susceptibility in HAZ11-1, HAZ22, and
WM11 was evaluated at 600°C, 650°C, and 691°C using
the OSU SRC testing procedure defined above. The
HAZ11-2 was tested at 650°C. The CGHAZ samples
utilised the design shown in Figure 2. The CGHAZ
simulations were carried out by heating test samples

to 1350°C at a rate of 100°Cs™! followed by free
cooling to room temperature, which provided cool-
ing time between 800°C and 500°C in the order of
20 s. The WMI11 samples were extracted from a 17-
pass, 8-layer submerged arc V-groove weldment in the
as-welded conditions and used the geometry shown
in Figure 3. This was a 1-inch-thick plate, 0.5-inch
root, 30° included angle joint welded using the fol-
lowing submerged arc welding procedure: 167°C pre-
heat and 250°C interpass temperatures, AC current
of 475 A, 27V, 110 cm min~! wire feeding rate, and
36.7 cm min~! travel speed.

The SRC loading parameters for the tested materials
are detailed in Table 3. The yield strength of all tested
materials was determined by tensile testing at room
temperature and at 650°C. The compensation stroke
values and stroke rates, needed to achieve targeted ten-
sile loads equivalent to 90% of the 650°C yield strength,
were determined experimentally by straining test sam-
ples at 650°C. The compensation stroke values for the
600°C and 691°C tests were calculated, extrapolating
the respective stroke values and rates for 650°C.

40.69mm 7

£
)

19mm

!

-V-_x
A |1o| 2\
R15.33mm 7 ——=—5=="1R15.33mm

Figure 3. Grade 11 weld metal sample design (sample thickness is 6 mm).
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Figure 4. API SRC test schematic of test procedure [10].
Table 4. OSU SRC test results.
PWHT Timeto  Stressat
Tested Test RT stress, RTstrain,  PWHT start start failure, failure,  Strain at PWHTend PWHTend  Final RT
material  temp, °C MPa % Stress, MPa  Strain, % min MPa failure, % RA,% stress, MPa  strain,% stress, MPa
WM11 600 558 NoDIC 305 No DIC NFsx - - - 223 No DIC 497
650 036 236 2.77 NF - - - 82 6.05 367
691 NoDIC 140 No DIC NF - - - 49 No DIC 279
HAZ11-2 650 558 0.20 216 1.53 NF - - - 131 3.72 541
HAZ11-1 600 558 0.21 297 1.30 103.8 299 1.61 <1 - - -
650 030 200 1.62 63.3 168 2.81 1.1 - - -
691 0.22  On-heating —-17 171 2.72 <1 - - -
failure 684
°C
HAZ22 600 612 0.24 323 1.15 238.2 308 1.89 <1 - - -
650 038 279 1.87 523 143 3.42 3.6 - - -
691 0.28 174 1.75 108.4 107 4.87 38 - - -
*No failure.

Comparative study with the API test

The strain to failure SRC test described in API 934A
Annex B [10] (API test) is a hot ductility test devel-
oped with the goal of quickly screening 2.25Cr-1Mo-V
submerged arc weld metal for risk of SRC [17,18]. Aver-
age RA of 32% and min. 29% RA is considered as
acceptable SRC resistance. The API testing procedure is
summarised in Figure 4. This test is currently used and

relied upon by industry and, therefore, was selected for
comparison to the OSU SRC test.

This study utilised the Gleeble™ thermo-mechanical
simulator for API testing of SRC susceptibility in the
three heat-affected zones and WM11. Unrestrained
samples were heated within 30 min to 650°C and held at
temperature for a 10-min soaking period. The samples

were then strained to failure at a rate of 0.8 mm min—!.
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Table 5. Quantitative parameters of stress relief behaviour and SRC susceptibility.

PWHT PWHT PWHT
strain average stress

Tested Test temp, Time to absorption, strain rate, relaxation, PWHT SME, Total stress
material °C failure, min RA, % % s MPa MJm—3 relief, MPa
WM11 600 NFx - No DIC - 82 No DIC 61

650 NF - 3.28 1521076 154 4.85 191

691 NF - No DIC - 91 No DIC 279
HAZ11-2 650 NF - 2.19 1.0110°¢ 85 3.84 17
HAZ11-1 600 103.8 <1 0.31 4981077 -2 0.93

650 63.3 1.1 1.19 3131076 32 2.19

691 —-1.7 <1 2.72
HAZ22 600 238.2 <1 0.74 5.1810~7 15 245

650 523 36 155 4941076 136 2.78

691 108.4 3.8 3.12 4781076 167 3.78
*No failure.
Table 6. Comparison of APl to OSU SRC test results at 650°C.

Strain rate, SME
RA, % s-1 (MJm~3)
OSU stress at

Sample type API osu API UTS, MPa failure, MPa API 0osu API osu
WM11 732 NFx 332 NF 5107* 1521076 No DIC 485
CGHAZ11-2 46.3 NF 443 NF 1.01107° 3.84
CGHAZ11-1 10.3 1.8 413 120 3.1310°6 2.19
CGHAZ22 25.7 3.6 425 184 494106 90.79 2.78
*No failure.

RA in tested samples is used as a criterion for the
determination of SRC susceptibility.

Results

In this study, the OSU test was demonstrated at worst-
case conditions for SRC: close to yield strength sim-
ulated welding residual stress and high weldment
restraint simulated by fixed displacement. Table 4 shows
the test results. The strain values were obtained from a
6 mm digital DIC extensometer and represent the aver-
age longitudinal strain in the centre of test samples.
Quantifiable parameters of the stress relief behaviour
and SRC susceptibility are summarised in Table 5.
These include time to failure and reduction in area, and

strain accumulation, average strain rate, stress relax-
ation and SME under fixed displacement at PWHT
temperature. The total level of stress relief in non-failed
samples, calculated as a difference in stress before and
after PWHT, is also presented. The WM11 and HAZ11-
2 did not fail in the SRC test. The HAZ11-1 sample
intended for testing at 691°C failed during heating. The
rest of HAZ11-1 and all HAZ22 test samples failed
during holding at PWHT temperature. The results from
the API test, in terms of RA, stress at failure, and SME,
are summarised and compared to the OSU test results
in Table 6. WM11 and HAZ11-2 passed, while HAZ11-
1 and HAZ22 failed the API RA criterion.

Figure 5 shows the stress-strain curves of all
tested materials at PWHT temperature under the fixed

350
‘A‘*\A -~ WM11 650C
300 Al HAZ11-2 650C
—A—HAZ11-1 600C
o 250 -8-HAZ11-1 650C
% ——HAZ22 600C
= 200 -@-HAZ22 650C
§ —-HAZ22 691C
& 150
100
50
1 2 3 4 5 6 7
Strain, %

Figure 5. Stress vs. strain curves at PWHT temperature under fixed displacement.
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Grade 11 Heat 1 OSU SRC Test Stress Results
700

600°C 650°C 691°C =
4 600
Hold:Start —650°C
) = 500 t ——691°C
g’ § 400
s —-8-VM11 650C e 3
uf HAZ11-2 650C g 300 d
S?2 —e—HAZ11-1 600C » 360 §
—8—HAZ11-1 650C & ) e
—A—HAZ22 600C 100
! —-@—HAZ22 650C i
- HAZ22 691C 0 i
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0 Time (Minutes)

0 50 100 150 200 250 300 350 400
PWHT Hold Time, min

. Figure 9. Grade 22 stress vs. time curves at 600°C, 650°C, and
Figure 6. Sustained mechanical energy vs. time at PWHT tem-  g91°( tests.

perature under fixed displacement.

displacement. The SME, calculated by integration of  for the entire test duration in all materials tested at
the strain-curves, is plotted vs. time in Figure 6. Fig-  650°C. Figures 9-12 show stress and strain vs. time
ures 7 and 8 show stress and strain vs. time data  data for HAZ11-1 and HAZ22 at all test temperatures.

650°C OSU SRC Test Stress Results
700

| 650°C Hold Start | —WMI11
: HAZ11-2

600

500

400
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300

200

100

0 100 200 300 400 500 600 700
Time (Minutes)

Figure 7. Stress vs. time curves for all materials tested at 650°C.

650°C OSU SRC Test Strain Results
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Figure 8. Strain vs. time curves for all materials tested at 650°C.
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Grade 22 OSU SRC Test Strain Results

6

600°C 650°C 691°C ——600°C
5 Ho:ld:S:tart G
4 — G91°C

% Strain X-Direction
(9]

0 100 200 300 400 500
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Figure 10. Grade 22 strain vs. time curves at 600°C, 650°C, and 691°C tests.

Grade 11 Heat 1 OSU SRC Test Stress Results
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Figure 11. Grade 11 Heat 1 stress data for the 600°C, 650°C, and 691°C OSU SRC Test.

Grade 11 Heat 1 OSU SRC Test Strain Results
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Figure 12. Grade 11 Heat 1 strain data for the 600°C, 650°C, and 691°C OSU SRC Test.
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API SRC Test Results
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Figure 13. APISRC test results for all tested materials.

The results from the API test are summarised in
Figure 13.

Figures 14-17 illustrate the strain distribution maps
and kinetics of strain absorption across the entire gauge
section of HAZ22 and WM11 samples during holding
at 650°C. A strain distribution map in the gauge section
of HAZ22 API test sample is shown in Figure 18.
Figure 19 compares the strain distribution normal to
the restraint direction in HAZ22 samples tested with
the OSU and API tests. Figure 20 compares the stress
vs. strain curves in these two tests.

The microstructure next to the fracture surface of
HAZ22 OSU test sample is shown in Figure 21. The
fracture surfaces of OSU test HAZ11-1 sample and the
API test HAZ22 sample are compared in Figure 22.

Discussion

The proposed SRC testing procedure has several key
advantages over the existing tests listed in Table 1. Com-
pared to the BWI, API, and Lehigh 2015 tests, it applies
a tensile load to the test sample on heating, aiming
to replicate the effect welding residual stresses have
on carbide precipitation and SRC susceptibility before
reaching the PWHT temperature. It was shown that
heating under tensile load affects the carbide precip-
itation mechanism [19] and may cause SRC faijlures
in highly susceptible materials, which was experienced
both in this work and in previous research [12]. Com-
pared to the Lehigh 2000 and OSU 2014 procedures,
the controlled straining on heating to PWHT temper-
ature compensates the effect of thermal expansion on
the applied tensile load and allows evaluating the effect
of residual stress level on SRC susceptibility. Addition-
ally, the implementation of DIC allows for studying the
strain accumulation kinetics in the process of stress
relaxation and for accurate quantification of the local
strain level and SME leading to SRC failures.

The quantitative outputs of the OSU test clearly dif-
ferentiated SRC susceptibility in the tested materials,
Table 5. WM11 can be classified as the most resistant
to SRC, based on no-failure for the 6-h test duration
at the three test temperatures. Compared to the other
tested materials, WM11 exhibited higher levels of strain
accumulation, stress relaxation, and SME for the fixed
displacement at the PWHT temperature portion of the
test. On heating to PWHT temperature of 650°C, the
WM11 sample was overloaded above the 210 MPa tar-
geted stress (Tables 3 and 4) due to a random stroke
drift. As aresult, accelerated stress relaxation and strain
accumulation started on the heating before reaching
650°C (Figures 7 and 8). The lack of failure, even
when loaded above yield strength at the test temper-
ature, demonstrates high resistance to SRC of WM11.
HAZ11-2 also passed the test at 650°C, but with lower
values of the SRC susceptibility parameters.

The two materials that failed the SRC test, HAZ11-
1 and HAZ22, have different chemical compositions
and mechanical properties, which would influence
the kinetics of carbide precipitation, grain interior
strengthening, strain accumulation, and stress relax-
ation during PWHT. Compared to HAZI1-2, the
higher yield strength and content of carbon and carbide
formers in HAZ22 would, respectively, lead to a higher
level of welding residual stress and a higher degree of
grain interior strengthening during PWHT. Neverthe-
less, HAZ22 performed better than HAZ11-1 in the
OSU SRC test, based on higher RA, strain absorption,
levels of stress relaxation, and SME, Table 5. Except for
the 650°C test, HAZ22 also exhibited longer times to
failure than HAZ11-1.

The OSU test reproduced the brittle intergranu-
lar fracture morphology with micro-ductility features,
typically found in SRC of Cr-Mol steels [6,17,20-22].
Secondary cracks along primary austenite grain bound-
aries (PAGBs), oriented normal to 45° relative to the
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Figure 14. Gauge section DIC strain maps in OSU test sample of WM11.

direction of restraint generated tensile stress, were
found near the intergranular fracture surface in HAZ22
sample tested at 650°C (Figures 21(a,b)). Evidence of
void nucleation along PAGBs and crack formation at
PAGB triple points were also identified (Figure 21(c)).

The fracture surface of the HAZ11-1 sample tested at
650°C exhibited brittle intergranular morphology with
micro-ductility features (Figure 22(a)).

The SRC susceptibility rankings generated by the
OSU test correlate well with the composition-based
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Figure 15. Strain absorption in the gauge section in OSU test sample of WM11.

cracking susceptibility parameter (Table 2). The MPC7
identifies HAZ11-1 as susceptible to SRC and WM11
more resistant than HAZ11-2. There is also a full cor-
relation of the SRC rankings generated by the API and
OSU tests (Table 6). WM11 passed the API test with
significantly higher reduction in area than HAZ11-2.
HAZ11-1 failed that test with a lower reduction in area
than HAZ22.

The results of this study show the API test does
not completely replicate the SRC mechanism in Cr-Mo
steels. For the studied cases, the strain rate of API
test is two orders of magnitude higher than the aver-
age rate of strain accumulation under fixed displace-
ment in the OSU test (Table 6). It generates a typical
high-temperature tensile test stress—strain curve with a
mechanical energy factor of thirty higher than SME in
the externally restrained OSU test (Figure 20). Com-
pared to the OSU test (Figures 16 and 17), the API
test produces: (1) more uniform strain distribution and
lower degree of strain concentration before necking,
and (2) very high tensile and compressive strains before
failure (Figures 18 and 19). These are indicators for
a lower degree of grain boundary embrittlement and
dominating ductile failure mechanism, which corre-
lates with the mixed intergranular and ductile fracture
morphologies in Figure 22(b). The specifics of the API
test resulted in significantly higher RA, stress at failure
and elongation at failure values compared to the OSU
test (Table 6 and Figures 13 and 20).

Results from the OSU SRC test can guide materi-
als selection, welding and PWHT procedure optimi-
sation for effective stress relief and mitigation of SRC
in welds of Cr-Mo steels. A PWHT at 691°C would
effectively reduce welding residual stresses in WMI11
without risk of SRC, while stress relief at 650°C would
not be effective for HAZ11-2(Table 5). Testing HAZ11-
1 and HAZ22 at lower stress levels can demonstrate

if optimising welding procedures for residual stresses
reduction could mitigate SRC in these materials. The
degree of stress relaxation in HAZ22 increases with
rising the PWHT temperature. Therefore, PWHT at
691°C is expected to provide effective stress relief in
case SRC susceptibility in this material is mitigated by
lowering welding residual stresses. HAZ11-1 failed on
heating to 691°C PWHT, showing that PWHT at 650°C
could be more effective for stress relief at lower residual
stress levels.

The SRC phenomenon can be analyzed as a prod-
uct of two competing processes: stress relaxation vs.
simultaneous grain boundary strain accumulation and
embrittlement. Stress relaxation in the SRC tempera-
ture range occurs predominantly by a comparatively
slow dislocation creep mechanism and plastic strain
[3,23-25]. The grain boundary strain accumulation
results from grain interior strengthening by precip-
itation of secondary carbides [2,3,6,23,26]. It was
demonstrated that carbide precipitation in Cr-Mo
steels is a fast process that can initiate heating during
PWHT [14,19]. Grain boundary embrittlement results
from diffusion-controlled segregation of impurities and
tramp elements and precipitation of coarse carbides
[2,3,6]. The quantitative outputs of the OSU test can
help better understand the complex interaction kinet-
ics of these processes and their effect on SRC and stress
relief in welds of creep-resistant alloys.

In the SRC susceptible materials, the process of grain
interior strengthening outpaces the overall stress relax-
ation, leading to grain boundary strain accumulation
and SRC failures. The 600°C stress—strain curves of
HAZ11-1 and HAZ22 exemplify extreme conditions
for SRC: less than 1% strain accumulation and high
stress at failure with insignificant stress relaxation in
HAZ22 and slight stress increase in HAZ11-1 (Tables 4
and 5, Figures 5, 9 and 11). The strain accumulation
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Figure 16. Gauge section DIC strain maps in OSU test sample at 650°C of HAZ22.
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Figure 17. Strain absorption in the gauge section in OSU test sample of HAZ22.
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is almost linear with significant acceleration shortly
before SRC failure (Figures 10 and 12). The increase
in stress during holding at PWTH temperature, about
20 MPa in HAZ22 and 3 MPa in HAZ11-1, is a poten-
tial effect of carbide precipitation. A significant stress
increase under similar conditions, strain-age cracking
test under fixed displacement in precipitation strength-
ened Ni-base alloys, was related to intensive carbide
precipitation [27]. The stress increase under fixed dis-
placement at comparatively low PWHT temperature
and high initial stress level can be considered a result
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Figure 22. SRC fracture surfaces in Grade 11-1 CGHAZ after
testing at 650°C (a) OSU SRC test, (b) AP1 934A test.

of grain interior strengthening kinetics outpacing stress
relaxation.

The larger degree of strain accumulation and stress
reduction in HAZ11-1 and HAZ22 at 650°C and 691°C
indicate faster kinetics of stress relaxation (Figures 5
and 9-12). The shorter times to failure and the accel-
erated kinetics of strain accumulation in the last stage
of stress relaxation before failure evidence faster grain
boundary embrittlement kinetics. This is also demon-
strated by the steep gradient of strain concentration
forming shortly before failure in the gauge section of
the HAZ22 sample tested at 650°C (Figures 17 and 18).

The SRC resistant materials, WM11 and HAZ11-2,
gradually relieved stresses absorbing strain without fail-
ure until the end of PWHT (Figures 7 and 8). This was
followed by stresses increase on cooling to room tem-
perature due to thermal contraction under fixed dis-
placement. HAZ11-1 and HAZ11-2 had almost over-
lapping stress—strain curves, with the latter exhibiting
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higher degrees of strain accumulation and stress relax-
ation (Figure 5). HAZ11-2 had slower kinetics of strain
accumulation and faster kinetics of stress reduction,
evidencing that the stress relaxation process outpaced
grain embrittlement (Figures 7 and 8). WM11 exhib-
ited the fastest kinetics of stress reduction and strain
accumulation of all materials tested at 650°C. The uni-
form strain distribution in the gauge section of this
sample, during holding at PWHT temperature, can be
attributed to effective stress relaxation by dislocation
creep and plastic strain (Figures 14 and 15).

The mechanical energy absorbed by the tested mate-
rials during holding at PWHT temperature is also
indicative for SRC susceptibility (Table 5 and Figure 6).
The SRC susceptible HAZ11-1 and HAZ22 exhibited
linear to accelerating kinetics of mechanical energy
absorption and lower values of SME compared to the
SRC resistant WM11 and HAZ11-2. The results of
this study demonstrate that SRC and stress relaxation
in case of no SRC, occurring during PWHT under
fixed displacement, are low strain - low strain rate
- low energy failure mechanisms. The SRC suscep-
tible materials absorbed 0.3-3.1% strain at a rate of
5.1077 to 5.107° s~! and sustained mechanical energy
of 0.9-3.8 MJm™>. The two SRC resistant materials
respectively absorbed 2.2 and 3.3% strain at a strain
rate of 1.107® and 1.5.107° s~! and sustained mechan-
ical energy of 3.84 and 4.85 MJm™~>. In comparison,
room temperature tensile test in Grade 22 steel at a
strain rate of 1.1073s™! resulted in 43.7% elongation
and 205 MJ m~> mechanical energy. The total plastic
strain energy of fatigue failure in a low alloy steel ranges
from 10% to 10° MJm™—3 [15].

Conclusions

The results of this study demonstrate that the proposed
testing procedure replicates the mechanism of stress
relief cracking in welds of creep-resistant Cr-Mo steels
during PWHT under fixed displacement. Implemen-
tation of digital image correlation allows quantifying
key parameters of the stress relaxation and stress relief
cracking phenomena, including local strain, kinetics of
strain accumulation, strain rate, and sustained mechan-
ical energy.

Rankings of the OSU test for susceptible and resis-
tant to stress relief cracking materials correlated well
with the composition-based susceptibility parameter
MPC7, and with the API test. The OSU test quanti-
fies the level of stress relief in resistant materials and
can be used in materials selection and for optimisation
of welding and PWHT procedures aiming at effective
stress relief and mitigation of stress-relief cracking.

During PWHT under fixed displacement, suscep-
tible to stress-relief cracking materials exhibit lower
levels of stress relief, strain absorption, and sustained
mechanical energy. Slow stress relief and accelerated

strain absorption before failure, related to localised
strain concentration, demonstrate that kinetics of inte-
rior grain strengthening and grain boundary embrittle-
ment outpace the process of stress relaxation. In con-
trast, resistant materials exhibit a higher level of stress
relaxation and strain absorption with more uniform
strain distribution and no failure.

The phenomena of stress relaxation and of stress
relief cracking in the tested materials can be
characterised as low strain - slow strain rate — low
energy processes. Under fixed displacement, the mate-
rials susceptible to stress-relief cracking absorbed
0.3-3.1% strain at a strain rate of 5.1077 to 5.107% s~
and sustained mechanical energy of 0.9-3.8 MJm~>.
The two resistant materials respectively absorbed 2.2%
and 3.3% strain at a strain rate of 1.107% and 1.5.107¢
s~! and sustained mechanical energy of 3.84 and 4.85
MJm™3.

Strain to failure tests cannot replicate the stress relax-
ation and stress relief cracking mechanisms in Cr-Mo
steel weldments. While both the externally restrained
OSU test and the strain to failure API test can deter-
mine susceptibility to stress relief cracking, the OSU
test reproduced the typical for stress relief cracking void
nucleation and crack propagation along prior austenite
grain boundaries and brittle intergranular failure with
micro-ductility.
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