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on the mechanical properties of weldments in grade 91
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Abstract The creep resistant steel, grade 91, is in widespread
use for steam plants. However, poor cross–weld creep strength
of welded joints compared with that of the parent material has
become a major concern for many operators. Creep cracking
in themore refined regions of the heat affected zone, known as
type IV cracking, is the main failure mechanism associated
with poor cross–weld creep performance. The effect of
unplanned or unusual heat treatments (HTs) or lack of HT
during fabrication of boiler components on the mechanical
performance of weldments in P91 has been investigated.
Reduced pressure electron beamwelding equipment was used
to produce through thickness melt runs in 28-mm pipe, in
order to produce a HAZ that is free of reheated regions. The
HTs investigated were shown to have a negligible effect on the
cross–weld creep rupture life at 630 °C. The implications of
these findings for industry are discussed.
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1 Introduction

The creep resistant steel, X10CrMoVNb9-1, more commonly
referred to as American Society of Mechanical Engineers
(ASME)/American Society of Testing metals (ASTM) grade
91 (P91 for pressure vessels and pipes), originally developed
in the 1970s at Oak Ridge National Laboratory, targeting fast

breeder (generation IV) nuclear steam generator applications
[1], has since become a popular choice for steam plant in fossil
power stations and oil refineries. The improved high temper-
ature strength and creep resistance of the parent steel over
predecessor alloys, such as ½Cr½Mo¼V, 1CrMo, 2¼Cr1Mo
and 12CrMoV (X20) grades, allowed the use of thinner com-
ponents, helping to reduce system stresses, particularly those
due to thermal cycles during operation.

Issues surrounding grade 91 and other creep strength en-
hanced ferritic (CSEF) steels have come to the forefront in
recent years, after high profile failures, particularly in fossil
power applications, e.g. ruptures of longitudinal seam welds in
USA and Japan, and header-tube stub weld cracking in the UK
[2]. Such steels depend on careful heat treatment to generate
their superior creep properties, and much care must be taken
during the steel-making and fabrication phases. The parent
material (PM) supply condition has been an issue, and studies
into the effect of unusual heat treatments (HTs), on creep
properties in particular, have been carried out [3–5].

However, the poor cross–weld creep strength of welded joints
compared with that of the parent material has become a major
concern for many operators who have installed materials on the
basis of the PM properties without adequate provision for the
lesser performance of welded joints. Unfortunately, it seems that
the detrimental impact of welding on cross–weld creep strength
is worse for the more recent and advanced steels that possess the
highest parent creep strengths, i.e. theweld strength factor, which
describes the rupture stress of weldments relative to that of the
parent material, is worse [6, 7]; see Fig. 1, with the heat affected
zone (HAZ) becoming progressively creep-weak as the applied
stress is reduced. Over the last 20 years, data has been produced
illustrating parent and weldment creep performance, helping to
explain the unexpected failure and cracking of plant that has
been carefully fabricated. This has raised awareness, and indi-
rectly led to questions being raised about how variations during
fabrication, and in particular post-weld heat treatment (PWHT)
parameters, affect subsequent cross–weld performance.
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High temperature weldment failures are often located in the
HAZ produced by welding. In particular, it is the inter-critical
(IC) and fine grain (FG) regions of the HAZ that are known to
be ‘creep-weak’. Microstructural damage results in void nucle-
ation, growth and linkage and culminates with distinctive type
IV cracking. The propensity of such cracking is a function of
temperature and stress [12, 13]. For these reasons, multipliers
known as weld strength reduction factors were introduced into
the widely usedASME codes for CSEF steels. In ASME I 2008
PG27.2, this is incorporated via the efficiency factor ‘E’, which
has a value dependent on the weld configuration (seamless or
seam welded) and the presence of ligaments (see code section
for further details). This meant that at temperatures above
482 °C, the material thickness requirement for seam-welded
constructions has effectively doubled, thereby negating, to a
large extent, the advantages of such steels; see Fig. 2.

There is very few data available concerning the performance
of joints that have been prepared in a non-standard fashion due

to repair, absence of PWHT or excess PWHT. An understand-
ing of how performance is altered is important, in order to avoid
cracking or failures during start-up or low temperature hydro-
testing of plant. It is equally important to understand what the
effect will be on the creep performance during extended high-
temperature (550–650 °C) service.

This report describes an investigation into the effect of
various sub-critical (T < A1) HTs on the performance of
weldments in P91. Each HT condition represents a circum-
stance of possible concern during fabrication.

2 Experimental details

2.1 Fabrication of welded joints

Reduced pressure electron beam (RPEB) weldments were pro-
duced in 28-mm thick P91, with an outer diameter of 285 mm.
The primary reason for using an autogenous RPEB welding
process was to create straight and continuous HAZ regions as
can be seen in Fig. 3, free of reheated zones, to make the testing
of particular regions and subsequent inspection of the micro-
structure more straightforward.

Furthermore, RPEB represents a high-productivity, high-
quality process of interest for fabrication of thick-section welds.
Early experiments were carried out in the 1990s on 150-mm
thick sections, and this process has also been used successfully
to weld the advanced experimental 9 % Cr rotor steel FB2 [14].
The RPEB gun was developed at TWI Ltd. to provide a more
robust and economically viable solution for industry over con-
ventional electron beam (EB) technology. Further details of the
development of this technology have been documented else-
where [15, 16].

An approximate cooling time between 800 and 500 °C of 11 s
was estimated by finite element modelling using heat transfer

Fig. 2 Schematic showing the
calculated pipe thickness (t)
according to ASME I 2007 and
2008, highlighting the difference
that a weld strength reduction
factor (included in the efficiency
term, E) makes for seam-welded
vessels; (P=5 MPa, T=572 °C,
y=0.7, C=0, D=864 mm). See
PG27.2 for further details of
equation terms
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Fig. 1 Creep rupture strength of grade 91 and 92 parent steels and
weldments at 650 °C [8–11]
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elements. This compares to approximately 30 s for a typical
shielded metal arc filling pass (heat input of 2.5 kJ/mm, preheat
of 250 °C), estimated using EN1011-2 [17].

The pipe and fabrications were given different sub-critical
(T < Ac1) heat treatments to simulate various scenarios that
could arise during fabrication, as described in Table 1. The
PWHT was carried out at 760 °C for 3 h, with a heating and
cooling rate of 150 °C/h. Where a tempering treatment was
carried out, the same peak temperature and hold times were
used as for the PWHT but application was prior to welding,

i.e. only parent material was subject to tempering, and two
consecutive cycles were applied. This was used to emulate the
scenario where a repair was being made in a pipe already
subjected to PWHTs due to previous welding operations.

2.2 Inspection and mechanical testing

All of the welded pipe specimens were radiographed according
to BSEN 1435:1997 [19]. Micro-hardness (HV200g) traverses
were carried out on all welds after HT. Charpy specimens were
extracted from the mid-thickness position, and were notched
through-thickness, in the grain coarsened HAZ (GCHAZ)
(within 1 mm of the fusion line (FL)). Further specimens were
extracted from the weldmetal (WM) for HTs 3–5, with a centre
line through thickness notch. Testingwas carried out according
to ASTM E23-07 [20].

Fracture toughness tests and analyses were carried out
according to BS7448: Part 1 (19910 and Part 2 (1997) [21,
22]. Specimens measuring 20×10 mm (B×2B) and through
thickness notched in the GCHAZ were tested in triplicate. The
test temperature chosenwas 7 °C, which represents a fairly low
temperature relating to a hydro-pressure test or a low temper-
ature during start-up of steam plant. Additional HT2 specimens
were tested singularly at 15, 25 and 60 °C to understand the
transition temperature behaviour of the GCHAZ region.

Cross–weld stress rupture tests were performed in accor-
dance with BS EN 10291 (2000) [23]. Specimens were ma-
chined with a 10-mm gauge diameter and M16 threaded ends.
They were tested, under constant load at 630 °C. The temper-
ature was chosen primarily in order to achieve type IV failures
within reasonable time frames without departing to far from
expected service temperatures (580–610 °C).

Parent HAZ Weld
Fig. 3 HAZ of RPEB weld
(condition-HT1) etched in dilute
Kallings #2

Table 1 Heat treatment details

HT Condition Total
H–J*

Condition simulated

1 As-welded 0 No PWHT (unintentional)/
procedure without PWHT

2 Parent tempered
prior to welding,
no PWHT

21.51 A ‘cold’ repair in parent material
that has already been subjected
to the conventional PWHT
twice previously

3 PWHT 21.20 A conventionally welded
component without repair

4 Parent tempered
prior to welding +
PWHT

21.61 Conventional repair (with PWHT)
in parent material subjected to
the conventional PWHT twice
previously.

5 PWHT×2 21.51 Accidental/unavoidable repetition
of PWHT, e.g. for a partial
excavation repair

*H–J calculated for parent steel = Tx [20+Log10t], where T temperature
(in Kelvin) and t time (in hours) at temperature. Equivalent times at
temperature for the heating and cooling cycles were calculated according
to Gulvin et al., 1973 [18]
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3 Results

3.1 Initial assessment

No major flaws or defects were detected that could have
warranted the welds unusable for test purposes. The micro-
structures appeared to be fully martensitic but tempered to
differing degrees according to the type of HTapplied, as shown
in Fig. 4. The width of the melt zone at mid-thickness was
estimated to be 3.25–3.50 mm. The width of the visible HAZ
was measured to be 2.15–2.23 mm. The weld metal composi-
tion in the as-welded condition was determined to be very
close to that of the parent material, but with some reduction
of Mn and N noted, see Table 2. Hardness across the weld was
clearly reduced by PWHT (HTs 3, 4 and 5), see Fig. 5. How-
ever, there was much less of a distinction in the parent material,
for which, HV10 kilogram measurements ranged between 227
and 204 HV10 for all heat treatment conditions.

3.2 Charpy impact energy

The HAZ Charpy transition curves for all heat treatments
investigated are presented in Fig. 6, alongside published weld

metal data for commercially available manual metal arc
(MMA) P91welding consumables and simulated, homogenous
HAZ specimens. The results can be placed roughly in two
groups; those that relate to as-welded specimens (HTs 1 and
2), and those that received some form of PWHT. The as-welded
specimens were found to possess lower Charpy toughness at
test temperatures above −50 °C. At temperatures of concern
during typical start up and pressure testing, i.e. 0 °C and above,
all HAZ values were above 90 J, and above typical values
reported forMMAP91weldmetals tested at 20 °C after PWHT
[25]. The Charpy transition temperature of the HAZ was lower
than that of the weld metal. Even so, at 20 °C, Charpy impact
values for the RPEB weld metal were still above most values
reported for weld metal deposits.

All HAZ Charpy values obtained at temperatures that could
be of concern during hydro-testing and start up were relatively
high compared with standard code requirements (typically 27
and 40 J at 20 °C), and also compared with typical reported
values for matching P91weld metals deposited byMMA. This
data suggest that it is the weld metal that remains the main
concern for Charpy impact toughness in P91 weldments. Con-
trary to the high impact energy values obtained for specimens
notched in the HAZ of cross–weld specimens, simulated

HT1 - AW HT2 - TAW HT3 - PWHT HT4 PWHTx2 HT5 T+PWHT

2mm
2mm 2mm

2mm 2mm

Fig. 4 Macro images of RPEB
welds following any subsequent
heat treatment applied

Table 2 Analysis of P91 sample. TWI analysis numbers S/09/8, S/10/108, O/N 10/10, O/N 09/02

Specimen Composition wt%

C Si Mn P S Cr Mo Ni Al Co Cu Nb Sn V N O

Parent HT3 0.13 0.27 0.47 0.015 0.004 7.9 0.97 0.11 0.02 0.01 0.11 0.07 0.007 0.22 0.044 –

Weld HT2 0.13 0.26 0.42 0.015 0.005 8.1 0.98 0.11 0.02 0.01 0.11 0.08 0.007 0.22 0.035 0.002

W<0.05 %, Ti<0.005, As<0.01, Pb <0.002
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homogenous HAZ specimens have been found to have much
lower impact energies at 20 °C [24]. Simulated specimen data
therefore appears a more reliable way of judging HAZ tough-
ness, particularly in view of the fracture toughness results
presented next.

3.3 Fracture toughness

The fracture toughness test is more representative of the slow
strain rates expected in plant during start-up. It samples only a
very localised region at a fatigue pre-crack tip, and provides a
quantitative estimate of crack initiation toughness, which can
be used in an engineering critical assessment, in order to
determine a tolerable flaw size.

The fracture toughness (J) values calculated from crack
mouth opening displacement (CMOD) at 7 °C are shown in
Fig. 7. A marked distinction was observed between the results
for as-welded and PWHT specimens. Also plotted are the
Charpy impact values estimated for HAZ and WM at 7 °C
based on the data set shown in Fig. 6.

For the as-welded specimens, J values ranged from 16–41 k
J/square metre. The PWHT specimen results were consider-
ably higher, ranging from 300-579 k J/square metre. The force-
extension curves for additional tests at higher temperatures,
carried out for HT2, revealed that there was no sign of brittle
fracture behaviour, at test temperatures above 15 °C. This can
be seen in the force-displacement plots for HAZ fracture
toughness tests carried out at different temperatures (Fig. 8).

The results show that PWHT is effective in improving
resistance to low-energy failures during start up of steam
plant, and that any weld procedure for repair must be carefully
designed in order to allow adequate tempering and stress relief
within the HAZ. However, tests performed for HT2 (TAW)
specimens at higher temperature indicate that only a small

increase in temperature will significantly reduce the risk of
brittle fracture. At 25 °C and above, there appears to be little
risk of a brittle fracture in the HAZ.

3.4 Creep rupture strength

Creep stress rupture results are summarised in Figs. 9 and 10.
The cross–weld data for all tested specimens was found to be
lower than that reported in parent steel data. The test data was
also compared to the analysis of Yaguchi et al. [28] who
proposed a parametric relationship based on the LMP param-
eter for a large dataset of P91cross-weld tests. Comparison
with this analysis indicates that the cross weld strength is on
the low side for all specimens. There was no indication that a
particular HT resulted in a consistently less creep-resistant
weldment.

At 130MPa, fractures were located between 7.0 and 13.0mm
from the weld FL, and had an appearance similar to that of a
failed elevated temperature cross–weld tensile specimen
(Fig. 11). At the relatively high stress of 110 MPa, there was
some evidence that failures were spanning the FG, IC and over
tempered regions of the HAZ. At stresses below 110 MPa, the
fracture appearance wasmarkedly different, with amuch smaller
reduction in area; type IV cracks appeared within the HAZ,
located between 1.29 and 1.98 mm away from the adjacent
FL. These observations indicate that at higher stresses, the failure
mode was still controlled by dislocation glide as much as the
case during tensile testing. At stresses below 110-MPa diffusion-
controlled creep causes type IV failures regardless of HT details.

3.5 Hardness testing of creep test specimens

Hardness data for the HT1 condition after creep testing is
presented in Fig. 12 alongside hardness data for as-fabricated
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HT conditions 1, 3 and 5, including the cumulative time–
temperature parameter (usually designated as H–J for heat
treatment and L–M for creep testing) applied after welding.
The Figure shows a softening response for PWHT and creep
testing. However, it is also evident that the magnitudes of the
time temperature parameters, calculated in the same way, do
not necessarily correspond to the hardness ranking. In this
case, it was found that a H–J parameter of 21.51 for HT 5
(PWHT×2) resulted in higher parent metal hardness than a
creep specimen of L–M parameter 19.97. The increased soft-
ening observed in the creep specimens can be attributed to the
application of stress, which has been linked with faster stress
relaxation and precipitate growth in grade 91 steel [29, 30].

4 Discussion

Broadly, the results can be separated into two groups: those
from specimens that featured a heat treatment after welding of
any sort, i.e. HT3, 4 and 5, and those from specimens that did
not. The groups are easily distinguished in the microstruc-
tures, hardness plots and toughness data. However, the creep
data do not exhibit any marked distinctions between HTs.

4.1 The effect of HT on cross-weld creep performance

In terms of creep rupture performance, the effect of the HTs
investigated appears to be minimal, and the characteristics of

Fig. 6 Charpy impact data for a
HAZ and bWM. Simulated HAZ
[24], MMAWM after PWHT
[25] and PM data [26] are
presented for comparison
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failures very similar, i.e. corresponding to the FG/inter-critical
HAZ (ICHAZ) type IV region below 110 MPa. In this region,
the welding thermal cycle produces the finest grain structure,
and the peak temperatures are high enough to cause relatively
rapid precipitate coarsening of the MX precipitates. This is in
contrast to the GCHAZ, where temperatures are high enough to
cause more complete dissolution of precipitates. In the
FGHAZ, where temperatures are between approximately 930
and 1,100 °C (for heating rates due to welding thermal cycles)
[31], complete reversion to austenite is achieved. At the heating
rates involved, one may expect some partial dissolution of the
M23C6 and growth of MX precipitates in this region. In the
ICHAZ, at temperatures of between approximately 840–
930 °C, only partial reversion to austenite is achieved and
MX precipitates coarsened to a lesser extent. The remaining
martensite tempers quickly, and an increased driving force for
diffusion depletes it of important alloying elements such as
carbon and nitrogen which are more soluble in austenite. Sim-
ilarly, the martensite is enriched with ferrite stabilisers such as

Mo and V [32, 33]. This causes a localised imbalance in
chemistry, and the phase boundary provides a site for large
precipitates to form during the cooling part of the thermal cycle.
The combination of the fine-grained microstructure that pro-
motes diffusion and the prematurely aged, less coherent pre-
cipitates, caused by the welding thermal cycle create a creep-
weak region in the HAZ. Prior or subsequent heat treatments of
the parent or weldment only serve to coarsen the existing
precipitates in these regions. However, the main growth stage
for the important MX precipitates occurs during steel-making
when the tempering treatment is applied. Further tempering
treatments at similar temperatures, therefore, do not cause
significant coarsening, as the growth of precipitates is logarith-
mic with respect to time. Somewhat longer hold times at similar
subcritical HT temperatures have been shown to affect the
precipitates and creep performance significantly in parent
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materials [3–5]. It is therefore likely that more prolonged heat
treatment times (>9h at 760 °C) may start to have more notice-
able deleterious effects on the weldment.

4.2 The effect of heat treatment on toughness

The super-critical (>A3) or inter-critical (>A1, <A3) heating of
the HAZ during the welding thermal cycle produces a fresh
martensitic microstructure which is harder and less tough than
the parent steel. Applying a heat treatment after welding serves
to temper these regions and improve the toughness [34]. Tem-
pering the parent steel prior to welding has little effect on the
toughness of the supercritical HAZ regions as the martensite
microstructure is reformed during the welding thermal cycle.
Increasing the number of PWHT cycles has a diminishing

effect due to the tempering response of the initially brittle
martensitic microstructure being logarithmic with respect to
time. The Charpy impact values for RPEBweldmetal are good
when compared with typical values for various consumables
(See Fig. 6b). This is most likely due to lower oxygen content
in the weld metal as a consequence of welding in a vacuum.
Otherwise, the rafted structure that is often associated with
autogenous welds that can result in some elongated structures
at the centre line is not preferable for Charpy impact
performance.

4.3 RPEB welding

Although RPEBweldingwas usedmainly to produce a simple
HAZ microstructure more amenable to investigations for
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research purposes, it has also been demonstrated that the
process itself produces autogenous weldments in P91 steel
with Charpy and creep properties no worse than those pro-
duced by arc-welding. The fully martensitic nature of grade 91
steel over a wide range of cooling rates means that the high
cooling rate produced in this investigation does not cause
higher hardness and lower toughness than for an arc weld,
as would be expected for less hardened alloys whose
transformedmicrostructures will vary considerably depending
on the cooling rate. However, because only one pass is used
during welding, there is no opportunity for tempering or re-
transformation and refinement of the microstructure by way of
subsequent passes, and continuous regions of all microstruc-
tures associated with the HAZ are present. As is the case for
arc welds, PWHT appears to be particularly important for
obtaining good toughness.

Despite the continuous creep weak and low toughness
microstructural regions associated with RPEB weldments due
to the nature of autogenous welding, other advantages, partic-
ularly with regard to creep performance, have been reported
[35–37]. The results shown in Fig. 10 suggest that the welds
made in this project performed similarly if not better, in creep,
than conventional arc weldments in P91 tested by other inves-
tigators. Furthermore, one considerable advantage of this pro-
cess is that lower distortion and residual stress can be achieved
in thick sections (>100 mm) welds made in a single pass in
CSEF steels.

4.4 Industrial implications

The results obtained indicate that the effect of multiple tem-
pering treatments for CSEF steels, so long as they are within

the standard temperature ranges used for PWHT, represent
little risk to the integrity of components. This means that when
a weld is cut out and a section of pipe repaired, any additional
sub-critical heat treatment that the adjacent parent material
receives in the form of a PWHT of the repair weld has a
diminishing effect on the properties of the joint. This investi-
gation also indicates that adjacent joints, or unrepaired parts of
partial repairs, subjected to the PWHTof a repair weld, will not
suffer from significantly poorer creep strength or toughness.

The low fracture toughness of the GCHAZ in the as-
welded (HT1 and 2) specimens highlight that it is not only
the weld metal that is at risk of fracture during start up in grade
91 if PWHT is not applied. Therefore, any welding procedure
that does not include a PWHT should ensure that adequate
tempering is provided by the re-heating from subsequent
passes, to give the desired level of HAZ toughness. However,
the present study indicates that a high ambient temperature
(>15 °C) may be enough to avoid brittle behaviour in the HAZ
and this provides some encouragement towards the pursuit of
repairs without PWHT. The single pass autogenous process
used in this investigation does not create overlapping HAZ
regions, and therefore will contain more continuous low
toughness regions than in a conventional multi-pass arc weld,
more common to industry. However, RPEB does significantly
reduce the risk of hydrogen cracking removing the strict
requirement of pre-heat and post weld baking/PWHT associ-
ated with arc welding processes, which is possibly the most
important consideration of a conventional procedure after
PWHT. Post-heat, also known as ‘bake-out’ in the range of
200–300 °C can be used to aid the escape of hydrogen and
reduce the risk of hydrogen cracking in the absence of a
PWHT [38]. In this case, appropriate hydrogen control with
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respect to the H content of the consumables being used also
needs to be considered [39].

A further consideration for toughness, not explored in the
present investigation, is that of the FG and ICHAZ, at the
onset of type IV cracking in aged material. To avoid fracture
during start-up of material containing type IV cracks, knowl-
edge of the fracture toughness of this region after ageing
would be required.

It has been shown that Charpy impact toughness does not
effectively highlight the low fracture toughness of the RPEB
GCHAZ region. Although a distinction between as-welded
and PWHTspecimens is observed above −60 °C, the absolute
Charpy impact values for specimens extracted from the joints
compare favourably with relevant specifications and construc-
tion codes for both conditions. By contrast, the fracture tough-
ness values measured at 7 °C are very low in the as-welded
condition. This reinforces the message that Charpy impact
testing should only be used for qualitative comparison. How-
ever, reported Charpy test results from homogeneous simulat-
ed GCHAZ specimens appear to give a better indication of
toughness more in line with the trend seen in fracture tough-
ness tests. The WM Charpy performance compares well
against fusion welds produced using consumables. The con-
tinuous rafted structure and centreline segregation of EB
welds limits the Charpy impact performance of the weld
metal, but de-oxidation through welding in a vacuum works
to improve performance through reduction of oxides.

4.5 Further considerations for welding grade 91

An important consideration during welding is the martensite
finish temperature (Mf) which is approximately 100 °C. Slow
cooling (to avoid thermal stresses) to this temperature, too, is
preferable prior to any PWHT, in order to reduce the amount
of non-tempered martensite that would otherwise form on
cooling from the PWHT temperature. For procedures without
PWHT, an inter-pass temperature of 100 °C may be explored
in order to ensure full transformation to martensite at every
stage of welding, in order to maximise tempering from sub-
sequent passes. Good hydrogen control and a post-heat or
bake-out are even more important when low interpass tem-
peratures are used. Additionally, it should be recognised that
stress corrosion cracking can occur if a component is left in the
as-welded state for some time in a humid air environment if
the hardness has not been reduced sufficiently [40, 41].

Interestingly, grade 91 is generally recognised as being
more resistant to the kind of fabrication cracking mentioned
above, and also to re-heat cracking, compared with, for ex-
ample 2CrMo steel often used in the same type of application
[42]. In some part, this may be due to the lower temperature
transformation behaviour of 9Cr steel. Transformation from
austenite to martensite, bainite or ferrite is associated with a
thermal expansion due to increased unit cell volume of these

phases. This acts to relieve some of the residual tensile stress-
es, due to shrinkage, in the weldment [43, 44]. The greatest
relief is achieved for the lower transformation start tempera-
tures, and when the transformation is complete, close to
ambient temperatures. The difference between residual stress-
es generated in 9CrMo and 2CrMo materials during simulated
welding thermal cycles has been studied by Jones and Alberry,
and their results clearly demonstrated the differences in resid-
ual stresses that can be generated for each material (Fig. 13)
and the implied risk of cracking due to various mechanisms
[45]. Even though the 9CrMo material is stronger at a given
temperature, lower residual stresses are developed.

5 Main conclusions

& Cross–weld creep rupture strength is not significantly
influenced by sub-critical pre or post-weld heat treatments
within the time and temperature ranges investigated,
which are valid for most fabrication and repair purposes.
The cross–weld creep strength of RPEB welds in P91 is
no worse than that reported for conventional fusion welds
made with filler metal.

& Tempering prior to welding had little effect on either the
HAZ toughness or cross–weld creep strength.

& The fracture toughness values at 7 °C revealed that the
HAZ region is an order of magnitude tougher after a
PWHTcompared with the as-welded condition, and there-
fore it is important to consider tempering of this region to
reduce the likelihood of brittle failure during start-up or
hydrotest or to revise start-up conditions accordingly.
Temperatures above 15 °C may be sufficient to avoid
brittle behaviour in the HAZ. Weld metal Charpy Impact

2CrMo
9CrMo
316 SS

Temperature during cooling, °C
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u
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Fig. 13 Development of stresses in restrained uniaxial specimens subject
to weld thermal cycles [43]
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values for the RPEB welds compare favourably against
values obtained from fusion welds made with filler metal.
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