Chapter 6

Design of Weld Metal Avoiding
Post—Weld Heat Treatment

Low—carbon creep—resisting steels used in the construction of power plant or in the petrochemi-
cal industry generally contain chromium, molybdenum, niobium or vanadium as the significant
alloying additions. These elements either provide oxidation and corrosion protection (for ex-
ample, chromium) or on tempering they form stable carbides which impede creep deformation.
The steels have major applications in the fabrication of pressure vessels, boiler steam pipes,
steam generating and handling equipment, high pressure tubes with thick walls, turbine ro-
tors, superheater tubes, coal to methane conversion plants and petrochemical reactors for the
treatment of heavy oils and tar sands bitumen [116]. The steels might typically be used within
the temperature range 480-600 °C, the service stresses being of the order of 15-40 MPa. The
required microstructure is produced by austenitisation followed by tempering at a temperature
which is above that encountered during service. A typical tempering heat treatment may there-
fore involve temperatures in the range 650-750°C, for some 4-20 h, depending on the detailed
chemical composition and also the section size.

Further heat treatments are required following welding operations. The heat introduced
during welding has a significant influence on the solid metal in the close proximity of the weld.
Microstructures may be created in this heat—affected zone, which are hard (martensitic) and
untempered. Furthermore, residual stresses arise from the shrinkage of the weld as it cools from
the liquid state. Omne purpose of a post—weld heat treatment is to ameliorate both of these
changes due to welding.

There are many components of a power plant where it is incredibly difficult to introduce post—
weld heat treatments, primarily because of the large scale of the plant involved, but also due to
the tight packing of components. One such case is the boiler which contains a myriad of pipes,
as illustrated in Fig. 6.1. To reduce the costs of implementing post—weld heat treatments in

such circumstances, Mitsubishi Heavy Industries in Japan has developed a new steel, designated
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HCM2S, which replaces the classical 2%CrflMo alloy [117]. The latter requires post—weld heat
treatment whereas the former, due to its lower hardness in all microstructural conditions, does
not. The development of the new steel does not entirely resolve the difficulties since the weld
metal used to fill the gaps between plates to be joined also requires heat—treatment. The purpose
of the work presented in this Chapter was therefore to design, using the methodologies described

in earlier Chapters, a welding alloy which itself does not require post—weld heat treatment.

Figure 6.1: Complex shapes of boiler tubes used in power plant. The arrow shows two boiler
tubes joined together with a supporting plate.

6.1 Novel Cr—-W-V-Nb Steel (HCM2S)

This material was developed in 1993 [118] for the construction of boilers, with the aim of avoid-
ing post—weld heat treatments. This essentially requires a relatively low hardness following an
austenitisation treatment of the kind which might occur in the heat—affected zone of a weld, with-
out compromising the creep properties. Conventional 2%Cr71Mo wt% steel contains a carbon
concentration of 0.1 wt% or more; it needs post—weld heat treatment to restore the ductility and
decrease the hardness in the heat—affected zone. The hardness of QiCr—lMo steel is attributed
mainly to its carbon and molybdenum concentrations, whereas the chromium serves primarily
to provide limited oxidation and corrosion resistance. Molybdenum serves to form a carbide

which enhances creep strength.
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Therefore, the idea behind the new steel HCM2S was to reduce the carbon concentration,
to replace molybdenum with tungsten (which remains in solid solution) and to enhance creep
strength using small concentrations of niobium and vanadium, both of which are strong carbide
formers [119], Table 6.1. The gross microstructure following heat treatment is essentially the

same as that of QiCrflMo, consisting of tempered bainite Fig. 6.2.
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Figure 6.2: Tempered microstructure of as—received HCM2S steel tube. The tube is tempered
at 770°C for 1 hour after air cooling from 1050°C (1 h). The sample is etched using 2% nital.

The flow chart illustrating the development of HCM2S steel is shown in Fig. 6.3. Due to
the lower carbon concentration in HCM2S, the maximum hardness obtained for typical cooling
rates is reduced to about 300 HV which is some 50 HV lower than 2%CrflMo steel, Fig. 6.4.
Insensitivity to cooling rate at higher cooling rates is desirable in welding. The excellent creep
strength of HCM2S is due to the substitution of tungsten for molybdenum, with slight additions
of boron together with the precipitation of vanadium and niobium carbide. Here the solid
solution strengthening is due to tungsten and the precipitation strengthening due to vanadium
and niobium. The addition of boron has the effect of stabilising M23Cgs and My3(C, B)g on grain
boundaries, thereby retarding the recrystallisation of grains during service [120]. A comparison
of the creep resistance of HCM2S against conventional 2%Cr71Mo steels is shown in Fig. 6.5.
HCM2S has the composition 1.6W-0.1Mo-0.25V-0.06Nb wt% with 0.06 wt% average carbon

content.
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Figure 6.3: Development philosophy of HCM2S steel [117]. PWHT corresponds to post—weld
heat treatment.

C Si Mn P S Ni Cr | Mo w v Nb B Al N
0.06 | 0.20 | 0.47 | 0.006 | 0.002 | 0.10 | 2.27 | 0.09 | 1.50 | 0.23 | 0.05 | 0.004 | 0.009 | 0.008

Table 6.1: Chemical composition (in wt%) of HCM2S base metal [119, 117].

6.1.1 Welding of HCM2S Steel

Some research has already been done at Sumitomo Metal Industries in Japan to attempt the
welding of HCM2S steel. Their weld metal chemical compositions are shown in Table 6.2. The
heat input used in the gas tungsten arc welding (GTAW) process is 1.85 kJ mm~! and in shielded
metal arc welding (SMAW) 1.5 kJ mm !, with an interpass temperature of 225 °C in each case.
The maximum as—welded yield strength (YS) of the weld metal is reported to be 877 MPa
(Table 6.3) and the Vickers hardness is stated to be in the range 300 to 350. The weld metals
clearly have good mechanical properties and the creep rupture strength of the weld joint falls
within the scatter band of the base metal at 500 °C, 600°C and 650°C [119].

One weld joint made using the Sumitomo welding electrode and the manual metal arc weld-
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Figure 6.4: Hardness variation in QiCrflMo and low CfZ}ICr—l.56W—V—Nb steel cooled from
the austenitisation temperature. The average cooling rate is that measured in the temperature
range 800°C and 300 °C. The 2iCrflMo steel is austenitised at 950 °C for 0.5 h and low C—
24Cr-1.56W-V-Nb is at 1050°C for 0.5 h [121].
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Figure 6.5: The allowable stresses in ZiCrflMo and HCM2S steels at different service temper-
atures [122].

ing process was provided by National Power, UK. The base plates joined in the process are

both 2%Cr71Mo plates, as shown in Fig. 6.6. The microstructures are as expected, a banded
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Process C Si Mn P S Ni Cr Mo A%% A" Nb B Al
GTAW 0.04 | 0.50 | 0.49 | 0.002 | 0.005 | 0.49 | 2.19 | 0.10 | 1.59 | 0.24 | 0.033 | 0.001 | 0.008
SMAW 0.06 | 0.41 | 0.80 | 0.004 | 0.002 | 0.99 | 2.25 | 0.10 | 1.58 | 0.32 | 0.040 | 0.001 —

Table 6.2: Chemical composition (in wt%) of as-deposited weld metal [119].

Process PWHT 0.2% YS (MPa) | UTS(MPa) | Elongation (%) | Reduction in area (%)
GTAW As-welded 775 856 20.8 82.2
SMAW As-welded 877 978 19.8 50.2
SMAW 715°C x 1h 623 755 21.0 72.0

Table 6.3: Mechanical properties of as—deposited metal [119].

structure in the base plates and a columnar prior austenite grain structure in the weld metal.
There is also a clear heat—affected zone. The much more important point is that tests revealed
a mean weld metal hardness of 338 HV, with values in the range 306-368 HV. This was con-
sidered unacceptable in the context of welding without post—weld heat treatment. Note that
the hardness is less than that obtained in the as—welded condition for a QiCrflMo weld metal
(410 HV) but is not low enough to avoid post-weld heat treatment. The task therefore was to
design a heat-resistant weld metal having an as—welded hardness less than 300 HV (preferably
less than 250 HV).

6.2 Adaptation of Neural Network Weld—Database

A significant difficulty arose during the first attempts at designing the new tungsten—containing
weld metal to meet the engineering requirements described above. The problem is illustrated
in Fig. 6.7a which was calculated using the input variables described in Table 6.5, and an early
version of the neural network model due to Cool et al. [27]. The figure shows that the addition
of tungsten causes a decrease in the yield strength of the as—deposited weld. This is surprising,
since the only role of tungsten in the as—deposited condition is to contribute to solid solution
strengthening.

The difficulty arises because the original work [27] was based on a limited weld metal database
which included alloys with tungsten, but only for the 9Cr-1Mo type metal. In that system,
tungsten promotes the formation of é—ferrite which weakens the microstructure [123]. The
network has learnt this trend and in the absence of knowledge about the influence of tungsten
on low—alloy steels, the network simply extrapolates the tungsten influence from the 9Cr-1Mo
type alloys to the low—alloy weld metals.

There is, of course, no possibility of d—ferrite in the final microstructure for the lean alloys

considered here. This was verified here using phase diagram calculations [124]. The calculations
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