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Abstract

A mode of cracking termed Type IIIa has been found to occur at the welds of ½CrMoV pipework systems in the UK. This cracking mechanism is not as well documented as the more familiar Type IV cracking, which occurs on these and other ferritic steel systems, but is likely to increase in importance as plant ages. This paper summarises the available information about the initiation and development of Type IIIa cracks and brings up to date recent work on carbon diffusion local to welds, which is believed to play a role in the susceptibility to this form of cracking.   

1 Introduction

The majority of large power generating units constructed in the UK in the 1960s and 1970s utilised BS3604 Grade 660 (½%chromium, ½%molybdenum, ¼%vanadium) steel welded with BS2493 2CrMoB (2¼%chromium, 1%molybdenum) weld metal for the high temperature pipework systems. Many of these units continue in operation today. Innogy for example currently owns and operates, or provides technical support to, approximately 11,500 MW of coal-fired plant in the UK with ½CrMoV steam systems welded with 2CrMo weld metal, operating typically at 568(C/175bar. The oldest units have now been in service for 200,000 hrs. 

While the presence of vanadium carbide precipitates provides excellent creep strength, ½CrMoV steels have historically suffered from a number of welding related problems. Up until 2001 the following three principal cracking mechanisms affecting large CrMoV welds, which have been reviewed and compared elsewhere [1], had been identified: 


Reheat Cracking


Type IV Cracking


Type IIIa Cracking

In contrast to the first two mechanisms, relatively little has been published about Type IIIa cracking, and the opportunity is taken here to summarise and update information provided in 1998 [2].

2 Type IIIa Cracking

2.1
Definition

The term “IIIa” arises from a modification of the classification system first introduced by Schüller et al [3]. Under this system a crack lying within the heat affected zone (HAZ) close to the weld fusion line was termed a Type III crack. This however did not distinguish between individual cracking mechanisms, allowing for confusion between reheat cracking, arising in this location early in life, and creep cracking occurring later in service. These cracking mechanisms are metallurgically distinct. Reheat cracking is associated with coarse grained microstructure and caused by the creep strain absorbed during the decay of residual welding stress exhausting low local ductility. Creep cracking in more ductile microstructure can occur later in life as a result of long range system loads. The term IIIa was adopted for this latter form of cracking.

In terms of cracking morphology, reheat cracking and Type IIIa cracking appear to exhibit directly opposite characteristics. Reheat cracking initiates and grows fastest in the coarsest grain structures and is often seen to be inhibited in fine grained structure. Type IIIa cracking in contrast initiates in fine grain structure and has been observed to arrest in coarse grained structure. Significant levels of Type IIIa cracking are confined to welds which have been made with fully refined HAZ structures. 

The driving force for reheat cracking, residual welding stress, will eventually disappear in service, but the system loads giving rise to Type IIIa will not. Reheat cracking can therefore be expected to diminish in importance with time in service, whereas Type IIIa cracking can be expected to increase. In this respect Type IIIa cracking can be regarded as similar to Type IV cracking.   

2.2
Cavitation and Micro-Crack Development

Type IIIa damage initiates close to the fusion line, as a distinct band of cavitation extending up to approximately 100 μm into the refined HAZ grain structure (Fig.1). Micro-cracks form within this band, each individually perpendicular to the longitudinal pipe axis, ie the direction of the pipework system stress. 

Because long range system stresses will inevitably contain a bending component the maximum stress will normally be at the outer surface of the pipe. The primary site of the observed damage initiation is however just below the surface. This is because most welds will have a capping bead with the fusion line intersecting the surface at an acute angle. Micro-crack initiation is easier below the capping bead, where the fusion line is more perpendicular to the stress and therefore more favourably orientated for cavitation alignment and micro-crack formation. 

2.3
Crack Growth

Micro-cracks eventually grow and link up to develop into macro-cracks, which follow the fusion line closely, while being displaced a few grains into the HAZ (Fig. 2). Type IIIa cracks appear to spend a greater proportion of their lives at smaller sizes than do Type IV cracks. 

This is illustrated in Fig. 3 which compares the recorded through-wall dimensions of repaired Type IV and IIIa cracks found up to 1998 (micro-cracks are not included). Since the number of cracks found in a given size range should be inversely proportional to the time growing cracks spend in that size range, the figure provides evidence of relative growth rate through the wall for the two cracking mechanisms. In comparing Type IIIa with Type IV it can be seen that, except at the smallest size (<5% through-wall), both varieties of crack exhibit the same size profile. 

A through-wall extent of 5% corresponds to ~3mm on a typical main steam butt weld and is approximately equivalent to the weld bead dimension along the fusion line. A preponderance of Type IIIa cracks at this size implies that a barrier exists to growth beyond one weld bead. At larger sizes Fig. 3 indicates that there is little discernible difference between Type IIIa and Type IV cracks. While there are more Type IV cracks than Type IIIa cracks, the distributions look very similar. 

Because of the capping bead effect, Type IIIa cracks may grow to a substantial through-wall size before breaking out to the surface. Approximately two thirds of Type IIIa cracks recorded by Innogy were still subsurface when discovered, the largest of these reaching 64% through-wall extent. Again, in this respect they are similar to Type IV cracks.

2.4
Numbers of Cracks

Coal-fired plant operated by, or technically supported by, Innogy contain approximately 7600 large welds in their various ½CrMoV systems which had operated up to 2001. Weld repairs for Type IV or IIIa cracks or pre-crack damage had been carried out on ~5% of the weld population. Type IV cracks have been the more common of the two defect types, accounting for two thirds of repairs for cracks (Fig. 4). Type IIIa cracks have however gradually increased in significance with time. One reason for this is Type IIIa cracking tends to be more prevalent in plain butt welds. These welds have historically been regarded as having the least susceptibility to cracking and widespread inspections have generally been delayed until relatively later in service. 

3 Causes of Type IIIa Cracking
3.1
Carbon Diffusion

Until recently little attention has been paid to the underlying metallurgical causes of Type IIIa cracking, the tacit assumption being that these were similar to the causes of Type IV cracking. There are however clear metallurgical differences between the two  failure locations. Whereas it can be argued that the Type IV zone will inevitably have low creep strength, as a result of the weld thermal cycles at the outer edge of the HAZ, this is not true of the Type IIIa zone. In the condition in which the weld enters service the HAZ immediately adjacent to the weld fusion line should have creep strength comparable to that of the weld metal, even in welds with fully grain refined HAZ structures. It is difficult to explain why any weld should fail in the Type IIIa region in preference to the Type IV region, without an additional weakening factor being present in the Type IIIa zone. 

The additional factor appears to be carbon migration from the parent into the weld metal, a process which starts during post weld heat treatment and continues with operation at service temperature. 

3.2
Evidence From Operating Plant

An exercise which compared the chemical analysis of ½CrMoV steam pipe samples taken some distance away from welds, with samples taken immediately adjacent to welds, showed clear evidence of lower carbon levels near the welds (Fig. 5). The same effect persisted even when samples from the same individual pipe section were compared. It was eventually concluded that the samples taken near the welds had been taken within a region affected by carbon depletion resulting from diffusion into the weld metal.

An early confirmation that welds suffering from Type IIIa cracking also exhibited carbon depletion near the fusion line [4] was followed by a demonstration that the depletion could extend well beyond the HAZ and some way into the parent pipe material [5]. The latter work showed that the maximum level of carbon in the weld metal and the minimum level of carbon in the parent were largely established by the post weld heat treatment. During subsequent ageing, while these maximum and minimum values remained relatively constant, the widths of the carbon enriched and carbon depleted zones increased with time. A typical carbon profile, in this case from an artificially aged specimen, is shown in Fig. 6. 

These studies utilised a neutron microprobe to measure the carbon levels, but the scale and extent of carbon depletion was so great that the present author was subsequently able to demonstrate the effect using industrial measuring techniques (carbon by combustion followed by infra red detection of CO2). Using this particular technique measurements were confined to the depletion zone on the parent side of the interface. 

Twelve welds taken out of service after various periods of operation were sectioned to provide thin slices of material for carbon analysis at increasing distance from the weld fusion line. Although the welds came from several different power stations and a wide range of ½CrMoV pipework systems, all showed a marked tendency of carbon level to decrease near the fusion line. This is illustrated for three of the welds in Fig. 7. The results are summarised in Fig. 8 where the normalised carbon level (actual carbon level measured divided by the background carbon level for that pipe) at 3mm from the fusion line is shown against the operating hours at which the welds were removed from service.

The results show that carbon movement is a general effect for welds of this type. Fig. 8 indicates that a weld operating for ~250000hrs at 568°C will lose about half its carbon level near the weld fusion line. 

3.3 The Effect of Carbon Loss on Creep Strength

Attempts were made to investigate any consequential reduction of creep strength in the depletion zones adjacent to welds [6][7]. Samples similar in size to those taken for carbon analysis were obtained for small scale creep testing. The results were ambiguous. While some difference in creep strength could be detected between samples from the depleted regions and those taken from undepleted regions, the effects were small, and much less than might be expected from the level of carbon difference present.

4 Carbon Diffusion Modelling and Detailed Analysis of Carbides

Following the work within Innogy described above, further studies were carried out by the Technical University of Graz under the auspices of the European Creep Collaborative Committee (Thematic Network “Weld-Creep”) Working Group 3.1. The main interest of the group was the application of TU Graz’s diffusion model to 9Cr-2Cr dissimilar metal welds. However, because of a lack of welds of this type with long term operating experience, the model was also applied to the 2CrMo-½CrMoV combination where ex-service samples obtained after long term operation were available.

The diffusion model was applied to the weld metal and parent pipe chemical compositions corresponding to the three welds shown in Fig. 7, with their respective operating histories [8]. The results for total carbon content on the parent sides of the welds showed excellent agreement in each case between the model prediction and the carbon by combustion measurements carried out independently. An example is shown in Fig. 9.     

The modelling work also predicted the individual carbide types contributing to the carbon depletion. It was predicted that both carbon depletion in the ½CrMoV parent and carbon enrichment in the 2CrMo weld metal was the result of dissolution and growth, respectively, of the M23C6 type carbides. Significantly, the VC carbides were largely unaffected, with the amount present in the ½CrMoV parent persisting at an almost constant level up to the fusion line.  This is shown in Fig. 10.

In the second part of their work [9] TU Graz carried out a detailed electron microscopy study to identify which carbides were actually present in the samples. Excellent agreement was again found between prediction and observation. 

5 Summary and Conclusions

Cracking in fully grain refined HAZ structure immediately adjacent to the fusion line has been found to occur on welds in ½CrMoV pipework systems operating at high temperature in the UK. Termed Type IIIa, the cracking has increased in significance as power plant has aged.

It has been shown that substantial carbon diffusion occurs during service in welds on ½CrMoV pipework systems operating at high temperature. The diffusion, resulting in the develoment of a band of carbon depletion and a band of carbon enrichment in the ½CrMoV parent and 2CrMo weld respectively, gives rise to a sharp mismatch in carbon level at the weld fusion line. The carbon mismatch, which increases with time, will inevitably produce an associated mismatch in creep strength either side of the fusion line. This appears to be the most likely explanation for the emergence of Type IIIa cracking at this location. 

Although marked carbon loss has been measured in the parent adjacent to the fusion line in ex-service welds, it has not been possible to demonstrate a comparable loss of creep strength in the carbon depleted material. The electron microscope study carried out at the Technical University of Graz has provided an explanation for this anomaly, in that it has shown that the carbon diffusion is primarily affecting the coarser M23C6 type carbides while having limited affect on the finer VC carbides. It is the finer carbides which will be more likely to be controlling creep strength in the ½CrMoV pipe material. An increase in creep strength just within the weld metal may be the more significant contribution to the mismatch. There is no significant level of vanadium in this region and the carbon enriched layer here is associated with increased amounts of M23C6 carbides, the carbide type on which the 2CrMo weld metal creep strength is critically dependent. 

The strength mismatch will continue to develop with time at service temperature, increasing the risk of Type IIIa crack initiation at this location. In contrast it can be argued that the Type IV zone, which enters service with low creep strength, is not likely to become significantly less strong with time. The implication is that Type IIIa cracks will become relatively more numerous as plant ages further.  
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Fig. 1.
Type IIIa cavitation and the initial stages of micro-cracking adjacent to the fusion line.
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Fig. 2.
Type IIIa crack in a ½CrMoV plain butt weld.
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Fig. 3.
The through-wall size distributions of Type IV and IIIa cracks found on coal-fired plant.
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Fig. 4.
Relative Incidence of Type IV and IIIa Cracks  (Innogy 2001)
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Fig. 5.
Comparison of carbon level in samples taken close to welds with samples taken remote form welds, and with analyses from test certificates. 
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Fig. 6.  Carbon distribution across the fusion line obtained by neutron microprobe (from Ref. 5). Sample aged for 884 hours at 642°C after welding.

[image: image6.wmf]0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

-12

-10

-8

-6

-4

-2

0

2

Distance from the Fusion Line 

(mm)

Carbon (wt%)

Measured Carbon

Background

(Weld)

Background

(Parent)


Fig. 7.  Carbon profiles for three ex-service welds in ½CrMoV pipe.
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Fig. 8.  Variation of carbon level (3mm from the fusion line) with hours in service (nominally at 568°C). 
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Fig. 9.  Comparison of  measured carbon level (WDX) with TU Graz model prediction after 180,000 hours service (from Ref. 8). The open squares are carbon by combustion measurements for the same weld.  
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Fig. 10. Predictions of individual carbide types for the weld shown in Fig. 9 (from Ref. 8). 
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		Near Welds		1.24						0.09

		Near Welds		1.15						0.1

		Near Welds		1.26						0.08

		Near Welds		1.24						0.09

		Near Welds		1.2						0.11

		Near Welds		1.27						0.09

		Near Welds		1.19						0.11

		Near Welds		1.27						0.12

		Near Welds		1.24						0.09

		Remote		1.18								0.13

		Remote		1.31								0.11

		Remote		1.26								0.12

		Remote		1.28								0.11

		Remote		1.14								0.12

		Remote		1.32								0.14

		Remote		1.23								0.14

		Remote		1.14								0.12

		Remote		1.35								0.13

		Remote		1.26								0.12333

		Remote		1.35								0.14

		Remote		1.19								0.13

		Drax		1.27										0.14

		Drax		1.14										0.14

		Drax		1.29										0.14

		Drax		1.06										0.14

		Drax		1.38										0.13

		Drax		1.24										0.1305

		Drax		1.24										0.13

		Drax		1.24										0.1295

		Drax		1.22										0.13

		Drax		1.24										0.13

		Drax		1.04										0.13

		Drax		1.08										0.13

		Drax		1.47										0.12

		Drax		1.33										0.12

		Drax		1.3										0.12

		Drax		1.29										0.1205

		Drax		1.29										0.1195

		Drax		1.28										0.12

		Drax		1.26										0.1205

		Drax		1.26										0.1195

		Drax		1.25										0.12

		Drax		1.23										0.12

		Drax		1.15										0.1205

		Drax		1.15										0.1195

		Drax		1.12										0.1205

		Drax		1.12										0.1195

		Drax		1.1										0.1205

		Drax		1.1										0.1195

		Drax		1.07										0.12

		Drax		1.05										0.12

		Drax		1.32										0.11

		Drax		1.22										0.11

		Drax		1.23										0.11

		Drax		1.13										0.11

		Drax		1.09										0.11
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		Parent Cavitation and Carbon Profiles for ATB U7 SHW26B & BW36

								SHW26B				BW36

								Carbon		Cavs		Carbon		Cavs

				0		0

				1		1		0.076				0.081

				2		2

				3		3				335				316

				4		4		0.076		327		0.076		285

				5		5				310				247

				6		6				260				217

				7		7				280				243

				8		8		0.089		293		0.085		195

				9		9				260				164

				10		10				222				143

				11		11				200				116

				12		12				75				105

				13		13				68				86

				14		14				82				79

				15		15				85				80

				16		16		0.102		68		0.101		87

				17		17				48				87

				18		18				50				83

				19		19				43				85

				20		20				53				78

				21		21				56				74

				22		22				48				72

				23		23				48				75

				24		24				38				50

				25		25				47				45

				26		26		0.112		48		0.106		64

				27		27				47				67

				28		28				50				52

				29		29				52				56

				30		30				32				48

				31		31				38				55

				32		32				43				49

				33		33				73				57

				34		34				67				55

				35		35

				36		36

				37		37

				38		38

				39		39

				40		40		0.117				0.118

				41		41

				42		42

				43		43

				44		44

				45		45

				46		46

				47		47

				48		48

				49		49

				50		50

				51		51

				52		52

				53		53

				54		54

				55		55

				56		56

				57		57

				58		58

				59		59

				60		60		0.123				0.113

				61		61

				62		62

				63		63

				64		64

				65		65

				66		66

				67		67

				68		68

				69		69

				70		70

				71		71

				72		72

				73		73

				74		74

				75		75

				76		76

				77		77

				78		78

				79		79

				80		80		0.119				0.117

		Summary transferred from Lotus						Normalised

						LM (565°C)		C at 3mm

				0				1

		EGG3HRH17Yinlet		19500		20.3550490043		0.892

		EGG3HRH17Youtlet		19500		20.3550490043		0.827

		EGG3HRH17Zoutlet		180120		21.1641609043		0.71

		ATB7BW14		89700		20.9104400673		0.782

		ATB7BW42		109200		20.982030571		0.569

		ATB9FM1RH		105300		20.9687949751		0.662

		DCA1HRHA1		106500		20.9729189713		0.732

		EGG4D2		176800		21.1573901344		0.652

		DRX3HPB2/8		123000		21.0253404834		0.627

		WBAHPB2/7		183000		21.1699340132		0.573

		ATB7SHW26B		130500		21.0468816088		0.639

		ATB7BW36		130500		21.0468816088		0.726

		Return to Square Root Plot For Mininmum Values (0.5 - 3.5mm from FL)

		Nigel Roberts Results vs Operation

						Normalised Values (take parent as 0.11% from Nigel Robert's Report)

								MinC (565)		MinC (642)		MinC (660)		MinC (680)

				0		0		1		1		1		1

		EGG3HRH17Yinlet		19500		139.6424004377		0.802

		EGG3HRH17Youtlet		19500		139.6424004377		0.796

		EGG3HRH17Zoutlet		180120		424.4054665058		0.664

		ATB7BW14		89700		299.4995826374		0.782

		ATB7BW42		109200		330.4542328372		0.475

		ATB9FM1RH		105300		324.4996147918		0.619

		DCA1HRHA1		106500		326.3433774416		0.683

		EGG4D2		176800		420.4759208326		0.647

		DRX3HPB2/8		123000		350.713558335		0.603

		WBAHPB2/7		183000		427.7849927241		0.458

		ATB7SHW26B		130500		361.2478373638		0.639

		ATB7BW36		130500		361.2478373638		0.71

		NR specimen		1500		38.7298334621				0.709

		NR specimen		3000		54.7722557505				0.736

		NR specimen		6000		77.4596669241				0.555

		NR specimen		500		22.360679775						0.609

		NR specimen		1000		31.6227766017						0.6

		NR specimen		2000		44.72135955						0.509

		NR specimen		250		15.8113883008								0.545

		NR specimen		500		22.360679775								0.645

		NR specimen		1000		31.6227766017								0.572

		NB Data from adjusted graph below (for Normalised C Level = 0.6)

				Time		Ln (hrs)		1/T(°K)																						Time		Ln (hrs)		1/T(°K)

		(1-0.6)/m squared		596		6.3902406671		0.001049317																						596		6.3902406671		0.001049317				SUMMARY OUTPUT																						SUMMARY OUTPUT

				1042		6.9488972223		0.001071811																						1042		6.9488972223		0.001071811

				4873		8.4914650428		0.001092896																						4873		8.4914650428		0.001092896				Regression Statistics																						Regression Statistics

				150815		11.9238091991		0.001193317																						150815		11.9238091991		0.001193317				Multiple R		0.9927170943																				Multiple R		0.9927170943

																																						R Square		0.9854872293																				R Square		0.9854872294

																																intercept		0.000888				Adjusted R Square		0.978230844																				Adjusted R Square		0.978230844

																																gradient		2.54 X 10^5				Standard Error		0.0000093736																				Standard Error		0.0000093736

																																						Observations		4																				Observations		4

				Apparent Q = gradient X 8.38 = 302kJmol-1																										Time		Log (hrs)		1/T(°K)				ANOVA																						ANOVA

																														596		2.77524626		0.001049317						df		SS		MS		F		Significance F														df		SS		MS		F		Significance F

				LINEST =		0.0001241328		0																						1042		3.017867719		0.001071811				Regression		1		0.0000000119		0.0000000119		135.8096605431		0.0072829057												Regression		1		0.0000000119		0.0000000119		135.8096607885		0.0072829057

																														4873		3.687796411		0.001092896				Residual		2		0.0000000002		0.0000000001																Residual		2		0.0000000002		0.0000000001

																														150815		5.178444538		0.001193317				Total		3		0.0000000121																		Total		3		0.0000000121

																																intercept		0.000888						Coefficients		Standard Error		t Stat		P-value		Lower 95%		Upper 95%		Lower 95.0%		Upper 95.0%								Coefficients		Standard Error		t Stat		P-value		Lower 95%		Upper 95%		Lower 95.0%		Upper 95.0%

																																gradient		5.84 X 10^5				Intercept		0.0008878918		0.0000189472		46.8614737541		0.0004550631		0.0008063687		0.0009694149		0.0008063687		0.0009694149						Intercept		0.0008878918		0.0000189472		46.861473783		0.0004550631		0.0008063687		0.0009694149		0.0008063687		0.0009694149

																																						X Variable 1		0.0000253529		0.0000021755		11.6537401955		0.0072829057		0.0000159924		0.0000347135		0.0000159924		0.0000347135						X Variable 1		0.0000583773		0.0000050093		11.653740206		0.0072829057		0.0000368239		0.0000799307		0.0000368239		0.0000799307

														565 m		565 c		642 m		642 c		660 m		660 c		680 m		680 c

														-0.0010332509		0		-0.0057333151		0		-0.0123858068		0		-0.0163810122		0

		Repeat using LINEST function

						Normalised Values (take parent as 0.11% from Nigel Robert's Report)

								MinC (565)		MinC (642)		MinC (660)		MinC (680)				565 Line																																						MinC (565)						565 Line

				0		0		1		1		1		1		0		1		0		1		0		1		0		1																						0		0		1		0		0		1

		EGG3HRH17Yinlet		19500		139.6424004377		0.802								-0.198		0.8557143583				0.1993861132				-0.7295837998				-1.2874838678																				EGG3HRH17Yinlet		19500		139.6424004377		0.802		-0.198		139.6424004377		0.8557143583

		EGG3HRH17Youtlet		19500		139.6424004377		0.796								-0.204		0.8557143583				0.1993861132				-0.7295837998				-1.2874838678																				EGG3HRH17Youtlet		19500		139.6424004377		0.796		-0.204		139.6424004377		0.8557143583

		EGG3HRH17Zoutlet		180120		424.4054665058		0.664								-0.336		0.5614826523				-1.4332502812				-4.2566041338				-5.9521911325																				EGG3HRH17Zoutlet		180120		424.4054665058		0.664		-0.336		424.4054665058		0.5614826523

		ATB7BW14		89700		299.4995826374		0.782								-0.218		0.6905417744				-0.7171254878				-2.7095439819				-3.9061063226																				ATB7BW14		89700		299.4995826374		0.782		-0.218		299.4995826374		0.6905417744

		ATB7BW42		109200		330.4542328372		0.475								-0.525		0.6585578529				-0.894598252				-3.0929423004				-4.4131748258																				ATB7BW42		109200		330.4542328372		0.475		-0.525		330.4542328372		0.6585578529

		ATB9FM1RH		105300		324.4996147918		0.619								-0.381		0.6647104676				-0.8604585503				-3.0191895514				-4.3156321548																				ATB9FM1RH		105300		324.4996147918		0.619		-0.381		324.4996147918		0.6647104676

		DCA1HRHA1		106500		326.3433774416		0.683								-0.317		0.6628053981				-0.8710294226				-3.0420260395				-4.3458348533																				DCA1HRHA1		106500		326.3433774416		0.683		-0.317		326.3433774416		0.6628053981

		EGG4D2		176800		420.4759208326		0.647								-0.353		0.5655428591				-1.4107209576				-4.2079335401				-5.8878211968																				EGG4D2		176800		420.4759208326		0.647		-0.353		420.4759208326		0.5655428591

		DRX3HPB2/8		123000		350.713558335		0.603								-0.397		0.6376248858				-1.0107513494				-3.3438703929				-4.7450430843																				DRX3HPB2/8		123000		350.713558335		0.603		-0.397		350.713558335		0.6376248858

		WBAHPB2/7		183000		427.7849927241		0.458								-0.542		0.5579907537				-1.45262617				-4.2984622928				-6.0075511927																				WBAHPB2/7		183000		427.7849927241		0.458		-0.542		427.7849927241		0.5579907537

		ATB7SHW26B		130500		361.2478373638		0.639								-0.361		0.6267403321				-1.0711476907				-3.4743459382				-4.9176052378																				ATB7SHW26B		130500		361.2478373638		0.639		-0.361		361.2478373638		0.6267403321

		ATB7BW36		130500		361.2478373638		0.71								-0.29		0.6267403321				-1.0711476907				-3.4743459382				-4.9176052378																				ATB7BW36		130500		361.2478373638		0.71		-0.29		361.2478373638		0.6267403321

		NR specimen		1500		38.7298334621				0.709										-0.291		0.7779496599				0.5202997634				0.3655661248																								500						500		0.4833745294

		NR specimen		3000		54.7722557505				0.736										-0.264		0.6859733975				0.3216014196				0.1027750093																				ATB7BW14		89700		299.4995826374		0.782		-0.218		299.4995826374				0.782

		NR specimen		6000		77.4596669241				0.555										-0.445		0.5558993199				0.0405995269				-0.2688677503																				ATB7BW42		109200		330.4542328372		0.475		-0.525		330.4542328372				0.475

		NR specimen		500		22.360679775						0.609												-0.391		0.7230449393				0.6337094314																				ATB9FM1RH		105300		324.4996147918		0.619		-0.381		324.4996147918				0.619

		NR specimen		1000		31.6227766017						0.6												-0.4		0.608326397				0.4819869101																				ATB7SHW26B		130500		361.2478373638		0.639		-0.361		361.2478373638				0.639

		NR specimen		2000		44.72135955						0.509												-0.491		0.4460898786				0.2674188628																				ATB7BW36		130500		361.2478373638		0.71		-0.29		361.2478373638				0.71

		NR specimen		250		15.8113883008								0.545														-0.455		0.7409934551																				EGG3HRH17Yinlet		19500		139.6424004377		0.802		-0.198		139.6424004377						0.802

		NR specimen		500		22.360679775								0.645														-0.355		0.6337094314																				EGG3HRH17Youtlet		19500		139.6424004377		0.796		-0.204		139.6424004377						0.796

		NR specimen		1000		31.6227766017								0.572														-0.428		0.4819869101																				EGG3HRH17Zoutlet		180120		424.4054665058		0.664		-0.336		424.4054665058						0.664

																																																		EGG4D2		176800		420.4759208326		0.647		-0.353		420.4759208326						0.647

				Comparison of Rachel Hayes C measurements on WBA HPB2/7 with mine

				F.L.+ (mm)		SJB		Rachel

				1		0.081

				2		0.099

				5		0.106

				10		0.149

				21		0.168

				40		0.168

				80		0.161

				160		0.177

				1				0.11

				4.5				0.144

				6.5				0.15

				8.5				0.152

				12				0.164

				14				0.154

				90				0.171

				102.5				0.165

				104.5				0.16

				ATB7BW8 2nd Repair						Take background as 0.1204%

				FL+(mm)		C (%)		Normalised C

				0.5		0.082		0.6810631229

				4.07		0.1		0.8305647841

				19.07		0.118		0.9800664452

				40.93		0.12		0.9966777409

				58.93		0.12		0.9966777409

				76.91		0.123		1.0215946844

				95.91		0.119		0.988372093

				123.91		0.12		0.9966777409

				Interpolated value at 3mm = 0.0946% or 0.7858 normalised
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		Comparison of CrMoV Butt Welds																																														Carbon Level vs Operating Time at 565°C

										3mm - m		3mm - c		10mm - m		10mm - c

										-0.000914583		0		-0.0004618377		0

										C Level																																																																				C Level

		Weld		Hours		SQRT Hours				At 3mm		At 10mm				3mm line				10mm line																																																		Weld		Hours		SQRT Hours				At 3mm		3mm line
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		ATB7BW14		89700		299.4996				0.782		0.864		-0.218		0.726082745		-0.136		0.8616798049																																																		ATB7BW14		89700		299.4996				0.782		0.726082745

		ATB7BW42		109200		331				0.569		0.865		-0.431		0.6972730134		-0.135		0.8471317338																																																		ATB7BW42		109200		331				0.569		0.6972730134

		ATB9FM1RH		105300		324.4996				0.662		0.764		-0.338		0.703218169		-0.236		0.8501338634																																																		ATB9FM1RH		105300		324.4996				0.662		0.703218169

		DCA1HRHA1		106500		326.3434				0.732		0.821		-0.268		0.7015318607		-0.179		0.8492823271																																																		DCA1HRHA1		106500		326.3434				0.732		0.7015318607
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		WBA2HPB2/7		183000		427.785				0.573		0.842		-0.427		0.6087550937		-0.158		0.8024327757																																																		WBA2HPB2/7		183000		427.785				0.573		0.6087550937

		ATB7SHW26B		130500		361.2478				0.639		0.803		-0.361		0.6696088884		-0.197		0.8331621606																																																		ATB7SHW26B		130500		361.2478				0.639		0.6696088884
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		EGG3HRH17Zoutlet		180100		424.3819				0.71		0.782		-0.29		0.6118675113		-0.218		0.8040044555																																																		EGG3HRH17Zoutlet		180100		424.3819				0.71		0.6118675113

				250000		500										0.5427084794																																																								250000		500						0.5427084794

																																																																						ATB7BW8 post repair		56300		237.3								0.786

																																																																						ATB7BW8 2nd repair		146000		382.1								0.786
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		My Identifications:						FM1RH								FM1RH

						HRHA17YOutlet				HRHA17ZOutlet				HRHA17YOutlet				HRHA17ZOutlet

						Carbon wt% -Actual								Normalised (by most remote value)

						W1		W2		W3				W1		W2		W3

				Distance								Distance

				From FL (mm)								From FL (mm)

				0								0

				1.5				0.065				1.5				0.619047619

				3.5				0.071				3.5				0.6761904762

				13.4				0.085				13.4				0.8095238095

				19.9				0.091				19.9				0.8666666667

				31.4				0.103				31.4				0.980952381

				62.6				0.105				62.6				1

				0.5						0.071		0.5						0.6635514019

				4						0.078		4						0.7289719626

				7						0.079		7						0.738317757

				16						0.093		16						0.8691588785

				24						0.097		24						0.9065420561

				40						0.105		40						0.9813084112

				60						0.107		60						1

				80						0.107		80						1

				1		0.121						1		0.7960526316

				4		0.128						4		0.8421052632

				8		0.144						8		0.9473684211

				16		0.152						16		1

				24		0.154						24		1.0131578947

				40		0.156						40		1.0263157895																						For ECCC Information Day

				60		0.148						60		0.9736842105

				80		0.152						80		1
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