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Introduction

This paper addresses the modelling of microstructure in welds of ferritic and austenitic steels.  The compositions of ferritic steels considered here lie in the range of C-Mn, through low alloy steels to Fe-12 Cr steels.  These alloys are used for pressure vessels, boiler shells, and pipework in the nuclear and fossil fuel fired power generation industry.  The austenitic steels are utilised in the superheater and re-heater sections of steam generation plant in fossil-fired power generation and for core components in the nuclear industry.

Microstructural modelling exercises to be covered in this paper are as follows.

1) Type IV cracking and grain boundary composition analysis of C-Mn, low alloy, and high alloy, ferritic steels.

2) Grain boundary composition analysis in 316L austenitic steel weld heat affected zones (HAZs).

3) Thermodynamic Modelling of weld metal in Fe-12 Cr ferritic steel weldments.

Emphasis will be placed on the modelling procedures used and the results obtained in the context of current and future practical applications in the high temperature materials industries. Much of the modelling described is aimed at understanding of grain boundary segregation effects, since many weld failures observed in high temperature plant are inter-granular.  A summary of grain boundary segregation mechanisms is given for clarification at the beginning of the paper.

Grain Boundary Segregation Mechanisms

There are two major mechanisms whereby misfitting atoms can segregate to grain boundaries in crystalline solids.  These are equilibrium segregation (ES) and non-equilibrium segregation (NES) [1].  A schematic picture of the driving forces and resulting grain boundary segregant concentration profile is given in Fig. 1.  The overall scale of grain boundary segregation is never more than a few hundred nanometres.  

Fig. 1  Schematic Illustration of Grain Boundary Segregation Mechanisms
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Equilibrium segregation is based on classical Gibbs theory.  Misfitting atoms find a lower free energy state on the atomically disordered plane of the boundary, and consequently diffuse towards this plane.  There is a temperature window with the high temperature cut-off occurring because of the loss of driving force due to the lattice vibrations making it more energetically attractive for misfitting atoms to remain in lattice sites.  The low temperature cut-off is caused by the lack of diffusion to allow transport of the atoms to the boundary.  The concentration profile produced by ES is essentially monolayer and has a traditional top hat shape.

Non-equilibrium segregation results from inequalities in the point defect concentration between the grain boundaries and the grain centres when some non-equilibrium processing is applied, such as quenching after welding.  The lower point defect concentration produced on the grain boundary because of its high point defect sink efficiency causes a flux of point defects, usually vacancies, outwards from the grain centres to the boundaries.  Misfitting atoms will show a preferential attraction to these vacancies and some of them will be dragged towards the boundary with the migrating vacancies.  This vacancy assisted flow of misfitting atoms causes an accumulation of misfitting atoms in the grain boundary locality. This is much more spread out than the ES profile and the affected region can be hundreds of nanometres on either side of the boundary.  Factors making this effect worse are quenches from high temperatures and fast cooling rates, although there is a proviso here in that too fast a quench never allows the NES to accumulate.  Typical critical quench rates are 0.1-1.0 K s-1.

Site competition describes the system where different misfitting atoms compete for sites once they arrive at the grain boundary.  This is quantified by a grain boundary binding energy which has to be considered in relation to the grain boundary binding energies for the other misfitting atoms in the system.

Co-segregation applies to the competition which misfitting atoms see in relation to other atoms as they attach themselves to the vacancies on their way towards the grain boundaries.  Obviously this only applies to the NES mechanism.

Example 1  Type IV Cracking and GB segregation in Ferritic Steel Welds

A typical multi-pass MIG weld ferritic steels microstructure is shown schematically in Fig. 2. 

Fig. 2 Typical microstructural regions in MIG or submerged arc multi-pass weld
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The weld metal consists of a series of layers resulting from the multi-pass method used by welders working in a direction perpendicular to the page. Between the parent metal and the weld metal, there are essentially three zones, comprising the so-called heat affected zone.  At the edge of the weld metal there exists a coarse grained region that is created by grain growth resulting from the very high temperatures seen by the metal as the weld bead is deposited. Moving away from the weld metal further there is a fine grain size region resulting from recrystallisation occurring during heating to intermediate temperatures that are insufficiently high for grain growth.  Finally, near to the parent metal there is a region that has been heated to temperatures below Ac1 and is therefore over-tempered but not re-transformed.  This layer can be relatively soft  (Fig.3) [2].

Fig. 3  Hardness Variation across Weld and HAZ as shown in Fig. 1, showing the soft zone.


Type IV cracking is observed in the coarse grained part of the HAZ along the grain boundaries in regions where there is relatively high residual stress.  It is most commonly associated with high alloy ferritic/martensitic steels like P91, E911, P92 (NF616), HT9, and HCM 12A (see Table 1). There have been no studies of grain boundary composition in coarse grain HAZ structures for these steels but there have been studies of C-Mn and low alloy steels [3,4,5,6] (see Table 1).

Table 1 Ferritic Steel Alloy Compositions (Fe bal., wt%)

	Alloy
	C
	Si
	Mn
	Cr
	Mo
	W
	Co
	V
	Nb
	B
	N
	Ni
	Cu
	P

	P91
	.1
	.4
	.45
	9.0
	1.0
	
	-
	.2
	.08
	   -
	.05
	.2
	  -
	

	E911
	.1
	.2
	.4
	9.0
	1.0
	1.0
	  -
	.2
	.08
	   -
	.07
	.2
	  -
	

	P92 (NF616)
	.07
	.06
	.45
	9.0
	.5
	1.8
	
	.2
	.05
	.004
	.06
	.06
	  -
	

	HT9
	.2
	.4
	.6
	12.0
	1.0
	.5
	  -
	.25
	  -
	   -
	  -
	.5
	  -
	

	HCM12A
	.11
	.1
	.6
	12.0
	.4
	2.0
	  -
	.2
	.05
	.003
	.06
	.32
	1.0
	

	C-Mn
	.05
	.43
	1.53
	  -
	.5
	  -
	  -
	  -
	  -
	   -
	  -
	.16
	.27
	

	BW87A
	.12
	.3
	1.35
	.55
	.3
	  -
	  -
	.1
	  -
	  -
	  -
	  -
	  -
	.05


In these studies the grain boundary composition has been measured by field emission gun transmission electron microscopy ( FEGTEM), Auger electron spectroscopy (AES), or indirectly from Charpy measurements, and predicted by modelling the non-equilibrium and equilibrium segregation contributions expected from the total heat treatment.

In the first of the studies [3] the amounts of P and Mn intergranular segregation to prior austenite boundaries during welding, post weld heat treatment, and service have been predicted (Fig.4).   

Fig. 4  Contributions to Phosphorus and Manganese Prior Austenite Grain Boundary Segregation from the post weld heat treatment and service in coarse grained region of welds (P45 and Mn 45).


These results show the contributions from the various stages of the welding treatment: the quench from the temperature close to melting; the hold at 6000C; the cool to 3000C; the hold at 3000C; and finally the cool to room temperature.  Non-equilibrium segregation is primarily caused by the quenching operations and is high for Mn, whereas the post weld heat treatment contributes substantial segregation via the equilibrium mechanism.  P seems to be most susceptible to this effect in this steel.  During segregation, allowances are made for the fact that P and Mn will be dissolving in other phases during these complex heat treatments. The commercial phase equilibria software MTDATA is used to calculate the appropriate available concentrations for the start of the segregation calculations.  Site competition (sc) for the sites on the grain boundary between P, Mn and Fe are considered as well as co-segregation (cs), which is the competition between P, Mn and Fe for the point defects that transport the solute to the boundary via the non-equilibrium mechanism. The predictions are supported by FEGTEM observations of the prior austenite boundaries (Fig. 5) and interestingly the concentration profile shapes fit well with the predictions in that P shows a sharp, monolayer type profile appropriate to ES and the Mn profile is typical of an NES shape, which is more spread out.  

Fig. 5  FEGTEM Schematic Profiles for Mn and P in C-Mn Steel
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This confirms the observation that Mn mainly segregates through an NES and P segregates through an ES mechanism in this case (see Fig. 4).  Finally the study shows the effect of temperature on expected segregation after 30 years service life (Fig.6).  This graph illustrates the contributions from site competition (sc) and cosegregation (cs) to the model predictions.

Fig. 6   Equilibrium Phosphorus Segregation after 30 years, using MTDATA, Site Competition and Co-segregation Models
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The second study of C-Mn steels [4] has surveyed the effect of different post weld heat treatment times at 6000C on P prior austenite grain boundary segregation and these results have been correlated with NES + ES model predictions (Fig.7). These results show that the trough in Charpy energy coincides, in the correct order for A, B, and C, with the times where maximum NES of P is expected.  No site competition or co-segregation is considered in this analysis.

Fig. 7  Charpy Impact Energy in a C-Mn Steel as a function of Post Weld Heat Treatment Time.  A, B, and C indicate the times where the peaks in modelled NES phosphorus segregation occurs for each of the three materials, A, B, and C.

[image: image4.png]IMPACT ENERGY, J

1401

1207

I}
o

@
o

w

N

10 102 103 104

AGING TIME at 800°C , min




The third study of C-Mn steels [5] is of boiler shell weld material BW87A (see Table 1 for composition).  The modelling incorporates NES and ES, site competition, and co-segregation, and attempts to allow for the thermal histories of the welds for a multiple pass welding treatment (Fig.8) simulated by a Gleeble technique.  

Fig. 8  Quenching Treatments assumed in Modelling of Grain Boundary Segregation in BW87A
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The experimental measurements of grain boundary (GB) composition after these treatments are made with AES or FEGTEM.  The AES measures segregation at prior austenite GBs and the FEGTEM shows the segregation at lath boundaries.  TNES controls the situation during the quench treatment shown in Fig.8. The difference in grain size leads to the prediction that: larger amounts of P segregation are expected in the large grain prior austenite GBs; whereas smaller segregation values are expected for the fine grain lath boundaries. The effect of grain size is shown on Fig.9 and it is clear that this fits with the above argument where the FEGTEM measurements have been taken from the fine grain regions and the AES measurements come from the larger grain prior austenite GBs. Long term service of the weld leads to GB segregation via ES mechanisms, and the predictions for this effect as a function of temperature and time are given in Fig. 10.

Fig. 9  Comparisons between Experimental Measurements of P Segregation Ratio (the ratio of the GB concentration to that of the matrix) and Model Predictions, showing the Effect of Grain Size.
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Fig. 10  Effect of Long Term Service on GB Segregation of Phosphorus, shown as a Function of Temperature 
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A fourth study [6] forecasts the site competition/cosegregation effect for C-Mo-P simulations in a 0.1C ½ Cr ½ Mo ¼ V steel. Indications of the results of NES and ES modelling showing the site competition effects as a function of temperature are shown in Fig. 11 and the effects of service lifetime as a function of temperature are shown in Fig.12.

Fig. 11  Grain Boundary Segregation as a function of Temperature in a Low Alloy Steel, showing the Effects of Site Competition
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Fig. 12 Forecast Grain Boundary Segregation of Phosphorus as a function of Service lifetime, showing the Effect of Temperature 
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In summary, all of these C-Mn and low alloy steel studies indicate that NES is the main cause of substantial GB segregation during the quenching stage of welding, and that the situation is altered by stress relieving treatments and service exposure at 500-650 C, where ES-related GB segregation mechanisms take over.

Example 2  GB composition analysis of weld heat affected zones of Type 316L austenitic steels.

This study [7] allows us to relate GB segregation kinetics to the real situation in the HAZ of a superheater weld of 316L stainless steel (Fig.13).  

Fig. 13  Mesh for Heat Transfer Modelling of Type 316 Superheater Weld, showing Nodes used in Predictions in Fig. 14
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