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Synopsis
High temperature creep resistant alloys are used in power plants as
steam pipes and headers where they have to withstand superheated
steam temperatures of up to 600ºC for the lifetime of the plant.
Frequently certain portions of pipes may be subjected to excessive
temperatures and consequently suffer from creep damage. Damaged
portions then have to be replaced by welding new steel to the
service exposed steel. Such welds will have to be subjected to a post
weld heat treatment (PWHT) to relieve residual stress. During such
a PWHT it is then possible for the steel to crack in the heat affected
zone (HAZ) by what is known as Reheat Cracking (RHC), also
known as stress relief cracking. For the present purpose the RHC
susceptibility of service exposed steel was compared with that of
new steel by reproducing the temperature cycle to which the HAZ
will be subjected during welding in a weld simulator. This was
followed by PWHT where the influence of residual stress was
studied by applying a constant stress to such a weld-simulated
specimen in a creep testing machine. A sharp spiral was machined
along the length of the cylindrical specimen to simulate the
presence of a possible weld defect. In this way it is possible to
subject all portions of the simulated HAZ to the same stress
intensity. For the purpose of the investigation 1/2Cr-1/2Mo-1/4V steel
known to be susceptible to RHC was chosen. During testing a
constant tensile stress was maintained while the temperature was
increased to follow the thermal cycle prescribed for PWHT. It was
found that the new steel in all instances failed by RHC along the
grain boundaries in the high temperature heat affected zone. In the
case of the service exposed steel the creep strength of parent metal
was lower than that of new steel as a result of exposure to a steam
temperature of 540°C for about 15 years. Consequently, all of the
failures during testing occurred in a ductile manner by necking
outside the HAZ rather than by RHC. When service exposed steel is
welded to new material, it is expected that the creep strain
associated with stress relaxation will mostly be concentrated in the
parent steel outside the HAZ. Accordingly, it should probably not be
necessary to make any extra allowance for reheat cracking during
repair of steam pipes manufactured from 1/2Cr-1/2Mo-1/4V steel
other than that applicable for welding new steel.

V are required. The high temperature strength
properties are usually obtained by the precipitation of alloy carbides during the heat
treatment of the steel1. After operating for
many years the steel frequently suffers from
creep damage. During the slow high
temperature creep, small voids develop which,
if left unattended, coalesce into internal cracks
and finally lead to fracture. At the moment it is
usually considered necessary to replace such
creep-damaged sections when more than 50
voids per mm2 are present. The procedure used
to assess the presence of creep damage
involves in situ metallographic polishing and
etching of critical areas, then replicating the
metallographic structure on a polymer film that
can then be studied by microscopic
examination. Portions that are creep damaged
beyond the limit then have to be removed and
replaced by new steel. Such repair welding
then involves welding partially creep damaged
service exposed steel to new steel.
The welding of high temperature steam
pipes is technically demanding and involves
the choice of weld metal composition, suitable
welding parameters, as well as the pre-and
post-weld heat treatments that have to be
applied. Apart from hot and cold cracking that
are frequently encountered during and after
welding, reheat cracking (RHC) or stress relief
cracking2–5 is also sometimes a problem.
Reheat cracking occurs when a sound welded
joint is subjected to a stress-relieving post
weld heat treatment (PWHT). RHC is
associated with low ductility intergranular
fracture along the prior austenite grain
boundaries. RHC typically occurs in the high
temperature heat affected zone (HAZ) close to
the weld metal interface. In many instances
RHC is triggered by the presence of a weld
defect in a constrained weld subjected to high
tensile residual stresses.
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In steam plant a very high integrity is required
of components such as steam pipes and
headers that are subjected to temperatures up
to 600°C for many years. This requires alloy
steels with high creep strength. For this
purpose alloying elements such as Cr, Mo and
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The phenomenon of RHC is closely associated with
precipitation hardening, also known as secondary hardening
caused by the precipitation of alloy carbides during high
temperature tempering of steel that contains strong carbide
forming elements such as Cr, Mo, and V. During welding
these carbides are dissolved in the high temperature HAZ
and will again precipitate during the subsequent PWHT that
is used to relieve residual stress. This results in an increase
of the creep strength of the grain interior in comparison with
that of the grain boundaries. During PWHT the residual
stress is relieved by creep deformation. The creep
deformation although small will be concentrated in the grain
boundaries, which can then fail by creep exhaustion and
crack intergranularly in a ‘ductile’ fashion.
RHC will therefore be more pronounced in the high
temperature HAZ where grain growth as a result of the high
temperature excursion during welding produces a large
austenite grain size. In practice RHC can be controlled by
using cleaner steel with fewer tramp elements such as P, Sb
and Sn. The residual stress can be controlled by modifying
the welding procedure and by limiting the heat input during
welding to reduce grain growth. The problem of cracking
during PWHT could be a serious problem when sections of
service exposed and partially creep-damaged material are
welded.
The purpose of the present research was to establish the
susceptibility of service exposed steel to RHC in comparison
to that of new steel. For this purpose 1/2Cr-1/2Mo-1/4V steel
was chosen due to its known susceptibility to RHC.

Experimental
There is a large number of tests that could be used to
evaluate the RHC tendencies of steel2. In theory such a test
should reproduce the range of thermal cycles to which the
various portions of the HAZ are exposed during welding, and
subject the steel to the same residual stress conditions during
PWHT, and also introduce the presence of weld defects that

will initiate RHC. The ideal would of course be to use an
actual weld. Such tests have generally been unpredictable
and show a high degree of scatter. This is due to the
difficulty of reproducing and controlling the residual stress
distribution and the presence of possible weld defects.
For the purpose of the present research the spiral notch
test developed by Lundin6 was used. The test involves
subjecting a cylindrical specimen, clamped at the ends by
water-cooled copper clamps, to resistive heating by passing a
high amperage electrical current through the specimen. In
such a weld simulator it is possible to control the heating and
cooling at the centre of the specimen to reproduce the thermal
history of the high temperature HAZ. Due to the parabolic
temperature gradient along the length of the specimen, the
steel further away from the centre will be heated to lower
peak temperatures and thus be representative of the other
portions of the HAZ.
Specimens were subjected to a peak temperature of
1300°C in the centre during weld simulation. The thermal
cycle is shown in Figure 1 (left-hand side) and corresponded
to a heat input of about 1kJ/mm during welding. This
represents a fairly low heat input recommended for repair
welding. Standard creep testing specimens were machined
from the thermally simulated steel. A spiral notch was also
machined along the length of the specimen to subject all
portions of the simulated HAZ to the same stress intensity. A
schematic diagram of such a sample is shown in Figure 2.
These specimens were then tested in a Denison creep testing
machine by subjecting them to a constant stress to simulate
the presence of residual stress after welding. The stress
applied varied from 30%, 40%, and 60% up to 70% of the
yield strength. During the subsequent PWHT the stress was
maintained to ensure that the specimen would fail. These
stress levels are much higher than the stress level used for
design purposes. An alloy susceptible to RHC will then result
in a low ductility intergranular fracture where-as a high
ductility failure can be expected when the susceptibility to
RHC is low. During testing the specimens were subjected to a

Figure 1—Schematic representation of thermal cycle used for weld simulation and the temperature-stress cycle used for simulating reheat cracking
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temperature cycle that followed that prescribed for PWHT,
which in the present case involves heating at a rate of 50ºC
per hour to a maximum temperature of 650ºC where it is
maintained. Figure 1 (right-hand side) shows the stress and
temperature cycle used during the simulated PWHT cycle.
To prevent oxidation the testing was done in a 5% H2 +
95% Ar atmosphere. The creep strain and the temperature
during testing were measured and recorded. In each instance
the testing was terminated when the specimen fractured. One
half of the fractured surface was preserved for examination
by scanning electron microscopy (SEM). The other half was
longitudinally sectioned to measure the hardness and to
evaluate the metallographic structure along the length of the
specimen.
The chemical composition for the material used is given
in Table I.

Results
The results from the spiral notch tests on the new and service
exposed 1/2Cr-1/2Mo-1/4V are shown in Table II. At the lowest
stress level only the service exposed steel failed. In all
instances failure occurred during the period when the
temperature was still increasing. Figures 3 and 4, respectively
show the temperature at which failure occurred and the
elongation associated with the failure. From the SEM studies
two very different failure modes were observed for the new
and service exposed steel. These are shown in Figures 5
and 6.
From Table II it can be seen that all the new material
failed in the coarse grain high temperature HAZ area of the
sample, indicative of RHC susceptibility. The service exposed
material failed in a ductile fashion by necking in the base
metal. Figures 7 to 10 show the microstructure of fractured
specimens in the vicinity of the high temperature HAZ as
revealed by polishing and etching with nital.
Hardness profiles were determined from the same
samples used for metallography. A load of 300 g was used to
determine the Vickers micro-hardness. Figure 11 shows the
profile that starts at the centre of the HAZ, extending through
to the parent steel.

Discussion
From the spiral notch tests it is quite clear that there is a
distinct difference between the behaviour of the new and
service exposed steel. New steel underwent less elongation
The Journal of The South African Institute of Mining and Metallurgy

Table I

Chemical analysis for new and service exposed 1/2
Cr-1/2 Mo-1/4 V material
Element

New Material

Carbon
Chromium
Nickel
Manganese
Molybdenum
Vanadium
Sulphur
Phosphorus
Silicon
Titanium
Copper
Cobalt
Niobium
Tin
Tungsten

0.14
0.46
0.08
0.51
0.51
0.28
0.01
0.008
0.12
0.01
0.09
0.01
0.005
0.01
0.005

service exposed material
(± 130 000 h at 540°C)
0.19
0.53
0.16
0.54
0.54
0.31
0.012
0.014
0.24
0.01
0.15
0.02
0.005
0.02
0.005

Table II

The applied stress and the position of failure
New material

1/2Cr-1/2Mo-1/4V
Service exposed material

356

High temperature HAZ

Base metal

305

High temperature HAZ

Base metal

204

High temperature HAZ

Base metal

153

No fracture

Base metal

Applied sress
(MPa)

1/2Cr-1/2Mo-1/4V
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Figure 2—Dimension of the ‘spiral notch test’ sample

than the service exposed steel and all test samples fractured
in the coarse grain high temperature HAZ area of the sample.
All of the service exposed samples also fractured at lower
temperatures than the corresponding new steel, indicative of
a lower short-term creep strength.
The fracture surfaces studied by SEM clearly show two
different fracture mechanisms that lead to failure during
testing. The new material failed by a brittle, intergranular
failure mechanism indicative of RHC at all loads tested.
Micro- ductility along the prior austenite grain boundaries
due to grain boundary slip was observed on the fracture
surfaces of the new material. The service exposed steel
specimens again all failed in a ductile manner by necking at
all loads tested.
After weld simulation the microstructure in the coarse
grain high temperature HAZ of both the new and the service
exposed steel was virtually identical. The grain size of the
simulated samples were larger than those expected after
actual welding. This is a common occurrence when weld
simulation is performed. PWHT of the HAZs in both
instances resulted in a tempered bainitic microstructure. Only
very minor changes were observed in the parent steel areas
after weld simulation. During simulation of new and service
exposed steel, the carbides in the coarse grain HAZ were
taken into solution. The cooling rate from the peak
temperature is too high for these carbides to reprecipitate.
During the subsequent PWHT these carbides reprecipitate
adding strength to the matrix. The parent steel carbides
outside the HAZ did not go through any significant changes
during PWHT. The carbides in new steel are still in the meta-
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stable state, contributing to creep strength. The carbides in
the service exposed steel have already either mostly or all
transformed to the more stable carbide type, resulting in a
lower creep strength1,7.
The hardness profiles also showed that after weld
simulation the hardness for new and service exposed
materials is similar in the HAZ. After PWHT an increase in
hardness was present in the HAZs of both new and service
exposed steel as a result of secondary hardening.

Conclusion

Figure 3—Temperature at which the 1/2Cr-1/2Mo-1/4V steel samples
fractured

It was found that 1/2Cr-1/2Mo-1/2V steel in the unexposed
condition is susceptible to reheat cracking after welding.
Referring to Figure 5, the microductility observed on the
grain boundaries indicates that the mechanism is not entirely
brittle. Even where the failure occurred intergranularly, the
mechanism is ‘ductile’ and due to grain boundary slip by
creep deformation along the grain boundaries. Some
precipitate-free or denuded zones in close proximity to the

Figure 4—Amount of elongation before the fracturing of 1/2Cr-1/2Mo1/4V steel samples during the simulated PWHT

Figure 6—Ductile fracture by microvoid coalescence of service exposed
1/2Cr-1/2Mo-1/4V material (tested at 204 MPa)

Figure 5—Intergranular fracture along prior austenite grain boundaries
of new 1/2Cr-1/2Mo-1/4V material (tested at 204 MPa). Note the evidence
of intergranular microductility as well as some microvoid coalescence
at some of the grain junctions
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Figure 7—Microstructure of new base material after PWHT (ferrite and
pearlite)—magnification 200x
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Figure 8—Microstructure of the high temperature HAZ of new material
after PWHT (tempered bainite)—magnification 200x

Figure 11—Hardness profile along samples of 1/2Cr-1/2Mo-1/4V after
weld simulation and PWHT respectively for new and service exposed
material

grain boundaries also play a role in the mechanism by which
‘cracking’ occurs.
For the test conditions the service exposed steel, which
fractured in the parent steel, was consequently not as
susceptible to reheat cracking. The carbides in the parent
steel of the service exposed steel are in the stable state and
have lower creep strength. The lower creep strength of the
service exposed parent steel protected the HAZ during PWHT
by absorbing the deformation that prevented the stress from
rising to values high enough to cause RHC. This is due to the
presence of large stable carbides that do not provide the same
creep strength as that of new material. The starting
microstructure before welding apparently plays a significant
role in the RHC susceptibility of the steel.
Figure 9—Microstructure of service exposed base material after PWHT
(Ferrite with a dispersion of spheroidized carbides)—magnification 200x
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Figure 10—High temperature HAZ of service exposed material after
PWHT (tempered bainite)— magnification 200x
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