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Figure 8. Comparison of HAZ Charpy transition curves for a cooling rate of 12 °C/s for steels 1,
2and 3.

Acceptable Cooling Rate Range After Welding — Weldability Criterion According to the
Set Level of Weld Zone Impact Toughness

One should consider the relative toughness threshold which is stipulated in the specification. In
order to get absolutely reliable results during weldability research it is reasonable to select the
temperature threshold Tso (100 J/cm?). This is a high barrier that needs to be met by means of
correct steel alloying and welding practice for pipes of large diameter.

Figure 9 shows curves of impact toughness change as a function of the cooling rate after
welding, this enables one to determine acceptable cooling rates and heat input ranges during
welding. Steel composition N°2 (Nb — Cr) has the widest range of acceptable cooling rates for
both field welding and mill longitudinal submerged arc welding.
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Figure 9. Determination of allowable cooling rate for maintenance of adequate HAZ impact
toughness at -30 °C for steels 1, 2 and 3 depending on energy requirement (USE, 50% or conditional).

Crack Strength Assessment — Weldability Criterion Based on Ductile Fracture Resistance
of the Weld Zone

At the present time, toughness requirements are based on fracture mechanics approaches that
utilise engineering calculations for determination of allowable defect sizes in the pipe, including
the HAZ and weld metal.

The analysis of the HAZ in a welded joint area with reduced toughness is of practical interest
due to the necessity to ensure the working capability of welded structures under conditions of
reduced temperatures, vibrational loads and other factors determining the demand for a particular
level of welded joint toughness.

Methods of crack tolerance analysis involve testing of both base metal and full-size welded joints
for determining the value of critical crack tip opening displacement — CTOD as per British
Standard BS 7448 - 1.

In actual practice when, testing the HAZ of welded joints, a large number of samples are rejected
due to the fact that the specimen fatigue crack, when grown, cannot always be located in the
correct HAZ microstructure. Crack front and fusion line curvature results in control of the
fatigue crack front location being very difficult. It often becomes impossible to estimate the
value of critical crack tip opening displacement of actual welded joints.
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The difficulties listed above are solved when &, (critical CTOD) value is determined on samples
with simulated HAZ microstructures. The sample, pre-heat treated for a specified welding
heating and cooling cycle along a complete section of test metal, ensures testing of
microstructures relevant to the applied welding cycle.

The critical 3. (CTOD) on samples of specified section thickness is determined according to the
formula in British Standard BS 7448-1 fracture mechanics toughness tests - Part 1: Method for
determination of KIC, critical CTOD and critical J values of metallic materials.

CTOD test results as well as impact test results can be correlated with microstructural changes
that are dependent on post-welding cooling rates and steel chemical composition, Figure 10.

In contrast to general requirements for impact toughness, the J. parameter is a material property
that can be used for “engineering” calculations.
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Figure 10. Influence of cooling rate on change of CTOD value, steel N° 3.

The CTOD value shall be 0.30 mm at the minimum design temperature of -10 °C for the base
metal and 0.15 mm for the HAZ.
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Tendency for Cold Cracking — Weldability Criteria for Low Heat Inputs, Carbon
Equivalent

The risk of cold cracking or delayed fracture occurrence depends on:

e Microstructure type and temperature during austenite transformation (less than 500 °C);
e Presence of diffusible hydrogen;
o The level and rate of strain increase occurring in welded joints.

All these factors are interrelated during the welding and cooling of welded joints. The study of
each factor in the cracking process is rather complicated and regression analysis of test results
sometimes leads to ambiguity.

Special techniques for determination of the tendency for cold cracking on simulation samples
(Charpy-type) with HAZ microstructures have been developed for examination and quantitative
assessment of each of these influences. A four-point bending specimen arrangement with varied
loading speeds (1.6 x 10 ... 1.6 x 108 m/s ) has been developed. It was defined, that after
welding thermal cycle simulation the average content of diffusion-active hydrogen was
1 cm®/100g, but this hydrogen became concentrated in the tension stress area. Kinetic analysis of
the effect indicated, that the hydrogen content in the top of the specimen can be more than an
order of magnitude higher, than in the unloaded part of specimen. The higher the testing rate, the
less hydrogen embrittling influence was exerted, because the time was not sufficient to allow
hydrogen concentration.

The susceptibility of the HAZ to delayed fracture has been assessed on the basis of failure stress
intensity factor value (N/mm®?). Specimens were tested at low loading rates (0.009 mm/min),
i.e. in delayed fracture conditions. A method of constrained preliminary electrolytic
hydrogenation has been used to examine the influence of high hydrogen concentration. After
weld heating simulation up to 1320 °C, the content of diffusible hydrogen could reach 3 -
4 cm3/100g.

The results from this type of test can be subjected to regression analysis, which allows
specification of a critical (acceptable) HAZ hardness for resistance to delayed cracking.

Such tests are relevant to review the standard Carbon Equivalent (CE) and Pcm formulae for
pipe steels with extremely low carbon content and the present-day practice of heavy wall pipe
root field joint welding.

CE=C+Mn/6 +(.....)
Pcm = C+Mn/20 + (....)

Research results from 1.P. Bardin TsNIIChermet indicate the expediency of adjusting the above
formula for the manganese coefficient. In proportion to carbon content reduction, the effect of
manganese influence decays as follows:

e Mn/25 for carbon 0.05 - 0.07%;
e Mn/30 for carbon less 0.05%.

These preliminary findings require further research and validation work before amendments to
allowable pipe steel chemical composition and welding practice in regulatory specifications can
be allowed.
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Conclusions

A simulation method for weldability assessment based on HAZ thermal cycling, is represented in
this paper, and displays a consistent approach to steel assessment. This method allows
determination of weldability parameters for various steel compositions without the influence of
processing factors often associated with tests on actual welded samples.

The simulation method is less metal-intensive, while allowing testing of sufficiently large
numbers of specimens, and testing types. Long-term experience shows that defined correlations
with the aid of welding thermal-cycle simulations, sufficiently reflects the behaviour of the HAZ
during actual welding. Experimental results obtained by such a test method, can be used for
developing regression models (predictive equations), which reflect the cooling rate after welding
and the influence of chemical composition on specified “weldability” criteria. While using the
simulation method, the cooling rate, closely matched with the value of heat input during welding,
is used as the basis for weldability criteria.
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