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[bookmark: _Toc126671846]Executive Summary
The UKOPA weld quality project was carried out to investigate girth weld quality in old (pre 1972) UK pipelines. The UKOPA weld quality project was presented at the IPC conference in September 2016, and a request for support from US operators was made. The Canadian gas pipeline operator ATCO responded and provided weld inspection and material test results from weld samples taken pipelines constructed in the 1950s and 1960s to supplement UKOPA’s work.
This report summarises the results of the weld inspection and material test results provided by ATCO. 
[bookmark: _Toc126671847]Conclusions
The weld inspection and material test results provided by ATCO were similar to the results obtained in the UKOPA weld quality project. 
The ATCO weld quality test results confirmed that the welds had adequate strength ductility and toughness, and there was no evidence of in-service material degradation. For the purposes of a weld quality assessment, all of the welds would be considered to be of good quality.  
The comparison has provided UKOPA with a unique opportunity to compare the weld quality of pre-1972 UK pipelines with those constructed in Canada from the same era and to the same US standard. 
This provides further validation of the hypothesis that girth welds on UK pipelines constructed prior to 1972 meet the then accepted international standards, and these standards remain acceptable for current operation.

Appendix 2 ATCO Weld Sample Test Results	Page 1 of 15	
[bookmark: _Toc126671848]Introduction
The UKOPA weld quality project was carried out to investigate girth weld quality in old (pre 1972) UK pipelines. This project was initiated as more than 50% of the pipelines by length included in the UKOPA database were constructed prior to 1972, and in many cases original construction records are not available. The simple approach for the assessment of the quality of pipeline girth welds for which construction quality and inspection records are not available is to assume that girth welds in pipelines constructed prior to 1972 are poor quality, and after this date are good quality. This approach means that a large number of pipeline girth welds on UK pipelines are assumed to be to be poor quality in integrity assessments involving dents, fatigue and ground movement. The consequence of this is that further investigations to confirm girth weld quality involving detailed non-destructive testing (NDT) and destructive testing of samples to measure material properties are required. 
[bookmark: _Toc126671849]Background to Pipeline Welding in the UK
In the 1960s, pipeline construction and welding expertise in the UK was very limited. Early UK pipelines were constructed using American construction companies using American standards. The primary international welding workmanship standard, API 1104 [1] was implemented in 1953. This US standard effectively set the quality of pipeline field girth welds internationally. In the UK, the formal requirement for 100% radiographic inspection of girth welds was introduced in 1969, with full implementation of this requirement generally taken as 1972. This requirement is accepted as resulting in the change in weld quality to current standards, and girth welds fabricated post 1972 are considered to be good quality. 
However, as a result of the international use of API 1104 [1] by the pipeline construction industry, it is unlikely that welds fabricated prior to 1972 are of poor quality. The UKOPA weld quality project was carried out to investigate and confirm the quality of girth welds fabricated before 1972.
[bookmark: _Toc126671850]Weld Quality Testing Carried out by ATCO for the UKOPA Weld Quality Project
The UKOPA weld quality project was carried out to investigate girth weld quality in old (pre 1972) UK pipelines. 
The UKOPA weld quality project was presented at the IPC conference in September 2016 [2], and a request for support from US operators was made. The Canadian gas pipeline operator ATCO responded, saying they were involved in a programme of gas pipeline replacement, and would extract and test samples to supplement UKOPA’s work.
[bookmark: _Toc126671851]Girth Weld Quality Investigations Carried out by ATCO for UKOPA
The Canadian pipeline operator ATCO planned a programme of replacement of a number of natural gas pipelines in Calgary and Edmonton commencing in 2018, and offered to extract, inspect and test a number of pipeline girth welds which were originally constructed in the 1950s and 1960s to US standards in place at the time. The samples offered by ATCO were complimentary to the work carried out in the UKOPA weld quality project and provided the opportunity to compare historic girth welds fabricated in the UK to the API 1104 [1] standard with pipeline girth welds fabricated in Canada to the same standard and in the same period. This comparison allowed confirmation of the results and conclusions of the UKOPA weld quality project.  
[bookmark: _Toc126671852]Description of ATCO Weld Quality Testing 
ATCO provided UKOPA with the list of pipelines to be replaced. UKOPA identified samples and provided a scope of work addressing inspection and material investigation. ATCO the tested 9 samples and provided results to UKOPA. Sample details and inspection results are given in Table 1.
	ATCO Sample Number
	Ref Number
	Grade
	Comm Date
	Defects Notes

	162-10
	1
	API 5L Grade B
	1948
	Porosity and internal undercut

	162-16
	2
	X42
	1948
	Internal undercut, porosity, slag

	163 - 10
	3
	X42
	1979
	None noted

	164-6
	4
	API 5L Grade B
	1969
	None noted

	190-12
	5
	Grade A
	1954
	Incomplete penetration, slag, hollow bead, porosity. Lack of fusion, internal undercut

	219 Golden Spike

	6
	API 5L Grade G
	1950
	Incomplete penetration, slag and porosity

	16x7.9 - 16x8.7- Pembina

	7
	X46
	1958
	Incomplete penetration, internal concavity

	12x6.32 Jumping Pound
	8
	ASTMA1-6Gr. C
	1950
	Slag and porosity throughout entire weld

	8 x4.8 – Western Coop Fertilizer
	9
	Grade B
	1964
	Incomplete penetration and porosity


[bookmark: _Ref126609047]Table 1 ATCO samples Details and Inspection Results
Sample inspection details are given in Appendix 1, mechanical test data is given in Appendix 2.
A summary of the work carried out is:
· Results for 9 samples have been provided by ATCO.
· Sample 3 is 1979, other samples are 1948 – 1969.
· Destructive tests carried out on the parent metal and heat affected zone (HAZ).
· Tensile Tests (Strength and Ductility), Impact Tests (Toughness), Hardness Tests and Chemical Analysis carried out.

[bookmark: _Toc126671853]Results
The girth welds were fully inspected, and quality confirmed against historical and current weld quality standards. The results of inspection confirmed that the quality of the majority of the girth weld samples was acceptable. A subset of samples, including welds in which defects were identified, were selected for material investigation. The results of the material investigation confirmed that all of the samples tested had good mechanical properties, confirming that the welds had adequate strength, ductility and toughness.  No evidence of in-service material degradation was seen, and no signs of fatigue or crack initiation was observed, despite the presence of weld defects which could act as stress concentrators. 
A full description of the weld samples is given in Appendix 1, and the weld quality test results are given in Appendix 2.
[bookmark: _Toc126671854]Conclusions
The weld inspection and material test results provided by ATCO were similar to the results obtained in the UKOPA weld quality project. 
The ATCO weld quality test results confirmed that the welds had adequate strength ductility and toughness, and there was no evidence of in-service material degradation. For the purposes of a weld quality assessment, all of the welds would be considered to be of good quality.  
The comparison has provided UKOPA with a unique opportunity to compare the weld quality of pre-1972 UK pipelines with those constructed in Canada from the same era and to the same US standard. 
This provides further validation of the hypothesis that girth welds on UK pipelines constructed prior to 1972 meet the then accepted international standards, and these standards remain acceptable for current operation.
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[bookmark: _Hlk24298816][bookmark: _Toc126671856]Appendix 1 ATCO Weld Sample Inspection Details
Sample 1 – 162-10in
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Sample 2 - 162-16in
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Sample  - 162-16in
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	Undercut
	Slag


Sample 5 -190-12in
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Sample 5 -190-12in
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	Slag
	Incomplete penetration
	Incomplete fusion


Sample 6 - 219 – Golden Spike
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	Slag
	Incomplete penetration


Sample 7 - 16 x 7.9 mm to 16 x 8.7 mm Pembina Transmission
[image: A white moth on a fabric surface

Description automatically generated with low confidence]
Incomplete penetration


Sample 8 - 12 x 6.4 Jumping Pound
	[image: ]
	[image: ]

	Porosity


Sample 9 - 8 x 4.8 Western Coop Fertilizer
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Porosity

[bookmark: _Toc126671857]Appendix 2 ATCO Weld Sample Test Results
[bookmark: _Toc126671858]A2.1 Summary of Test Results
	ATCO Sample Number
	Grade
	Comments on parent metal composition
	Comments on weld composition
	Commission Date
	Parent Metal CE
	Weld Metal CE

	1
	API 5L Grade B
	High Sulphur
	High Molybdenum, lower silicon
	1948
	0.322
	0.302

	2
	X42
	High Sulphur
	High Molybdenum
	1948
	0.321
	0.271

	3
	X42
	Meets Spec.
	Lower Silicon
	1979
	0.300
	0.247

	4
	API 5L Grade B
	Meets Spec.
	High Chromium, Low Molybdenum
	1969
	0.371
	0.369

	5
	Grade A
	Meets Spec.
	Low Chromium, Low Molybdenum
	1954
	0.345
	0.188

	6
	API 5L Grade B
	High Carbon, High Sulphur
	Low Molybdenum
	1950
	0.400
	0.225

	7
	X46
	High Carbon
	Low Chromium, Low Molybdenum
	1958
	0.395
	0.149

	8
	ASTM A106 Gr. C
	High Carbon
	Low Chromium, Low Molybdenum
	1950
	0.471
	0.224

	9
	Grade B
	High Carbon
	Low Chromium, Low Molybdenum
	1964
	0.364
	0.263


Table 2 Summary of Chemical Test Results on Weld and Parent Metal
	ATCO Sample Number
	Average Parent HV
	Average HAZ HV
	Average Weld HAZ

	1
	172.33
	171.33
	211.33

	2
	147.33
	200.00
	221.00

	3
	182.67
	181.33
	177.33

	4
	143.00
	153.00
	164.00

	5
	156.67
	174.33
	175.33

	6
	158.33
	176.67
	168.33

	7
	168.33
	181.00
	168.67

	8
	178.33
	208.67
	195.67

	9
	161.00
	153.33
	153.33


Table 3 Hardness Test Results
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Figure 1 Charpy Test Results
	ATCO Sample Number
	Average Parent (J)
	Average
Weld (J)
	Individual Pass?
	Average Pass?

	1
	3.3
	61.0
	Y
	Y

	2
	36.7
	78.0
	Y
	Y

	3
	42.0
	23.0
	Y
	Y

	4
	76.0
	25.3
	Y
	Y

	5
	71.0
	53.0
	Y
	Y

	6
	10.0
	
	
	

	7
	3.8
	55.7
	Y
	Y

	8
	33.3
	26.7
	Y
	Y

	9
	28.3
	31.7
	Y
	Y


Table 4 Charpy Test Results
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Figure 2 Comparison of % Elongation to Failure
	Sample ID
	% Elongation to Failure

	1
	33

	2
	38

	3
	32

	4
	39

	5
	39

	6
	25

	7
	26

	8
	29

	9
	31

	Average
	32.4


Table 5 Comparison of % Elongation to Failure


	ATCO Sample Number
	Grade
	Min Specified UTS
	Observed UTS - Parent
	Observed
UTS - Weld
	Failure Location

	1
	Grade B
	415
	423
	465
	Parent

	2
	X42
	415
	466
	477
	Parent

	3
	X42
	415
	551
	527
	Weld

	4
	API 5L Grade B
	414
	505
	489
	Parent

	5
	Grade A
	331
	493
	498
	Parent

	6
	API 5L Grade B
	414
	535
	
	

	7
	X46
	434
	477
	498
	Weld

	8
	ASTM A106 Gr. C
	483
	582
	501
	Weld

	9
	Grade B
	414
	472
	493
	Parent


Table 6 Tensile Test Results
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Figure 3 Tensile Test Results
[bookmark: _Toc126671859]A2.2 ATCO Test Results 
The weld samples material test results provided by ATCO are given in the file below, which is provided as an attachment to this report.
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Photomacrograph of weld 162-10in cross section displaying porosity indication at 32.5 inch position.
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Photomacrograph of weld 162-16in cross section displaying undercut indication at 2 inch position
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Photomacrograph of weld 190-12in cross section displaying slag indication at 13 inch position.
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ATCO Weld Sample  Material Test Results.xlsx


ATCO Weld Sample Material Test Results.xlsx
Summary of key results

		UKOPA Weld Quality Project - Summary of Key Results





		Sample Information								Compositional Analysis and Weldability Assessment										Impact Test Assessment				Hardness Assessment		Tensile Strength Assessment								Additional Comments

		ATCO Sample Number		Grade		Commission Date		Defects Noted		Comments on parent metal composition		Comments on weld composition		Parent Metal CE (AWS Formula)		Weld Metal CE (AWS Formula)		Weldability Assessment		Passes (All individual values)		Passes (Average value)		Hardness Pass?		Tensile Location		UTS Value		UTS Pass?		Comments on failure

		1		API 5L Grade B		1948		Porosity and Internal undercut		High Sulphur		High Molybdenum, lower silicon		0.322		0.302		Excellent		N				Y		Parent Metal		423		Y		Failure in Parent, not WELD for cross weld pull test (see Mechanical Test Results sheet)		Impact test failed, this result considered anomalous as all other results are within accepted values.

		2		X42		1948		Internal undercut, porosity, and slag		High Sulphur		High Molybdenum		0.321		0.271		Excellent		Y				Y		Parent Metal		466		Y		Failure in Parent, not WELD for cross weld pull test (see Mechanical Test Results sheet)

		3		X42		1979		None noted		Meets Spec.		Lower Silicon		0.300		0.247		Excellent		Y				Y		Parent Metal		551		Y

		4		API 5L Grade B		1969		None Noted		Meets Spec.		High Chromium, Low Molybdenum		0.371		0.369		Very Good		Y				Y		Parent Metal		505		Y		Failure in Parent, not WELD for cross weld pull test (see Mechanical Test Results sheet)

		5		Grade A		1954		Incomplete penetration, slag, hollow bead, porosity, lack of fusion, and internal undercut		Meets Spec.		Low Chromium, Low Molybdenum		0.345		0.188		Excellent		Y				Y		Parent Metal		493		Y		Failure in Parent, not WELD for cross weld pull test (see Mechanical Test Results sheet)

		6		API 5L Grade B		1950		Incomplete penetration, slag, and porosity		High Carbon, High Sulphur		Low Molybdenum		0.400		0.225		Very Good		Y				Y		Parent Metal		535		Y				Cross Weld Pull Test not completed.

		7		X46		1958		Incomplete penetration and Internal concavity		High Carbon		Low Chromium, Low Molybdenum		0.395		0.149		Very Good		N				Y		Parent Metal		477		Y

		8		ASTM A106 Gr. C		1950		Slag and porosity throughout entire weld		High Carbon		Low Chromium, Low Molybdenum		0.471		0.224		Fair		Y				Y		Parent Metal		582		Y

		9		Grade B		1964		Incomplete penetration and porosity		High Carbon		Low Chromium, Low Molybdenum		0.364		0.263		Very Good		Y				Y		Parent Metal		472		Y		Failure in Parent, not WELD for cross weld pull test (see Mechanical Test Results sheet)























Mechanical Test results

		Hardness Test Results



		ATCO Sample Number		Parent Hardness Values												HAZ Hardness Values																																								Weld Hardness Values																								Average Parent HV		Averge HAZ HV		Average Weld HAZ				Hardness Pass?

		1		183		165		169		164						173		179		162		159		173		160		156		157		168		159		163		153		151		153		151		152										210		211		213		170		171		168		154		154										170.25		164.88		195.00				Y		227

		2		146		155		141		148						196		218		186		178		180		179		176		178		183		182		175		172		173		160		162		162										228		213		222		185		187		187		172		170										147.50		186.38		207.00				Y		227

		3		183		182		183		185						172		190		182		189		189		176		186		183																										177		176		179		171		178																183.25		183.38		176.20				Y		227

		4		141		141		147		147						151		156		152		154		158		158		142		152		165		155		166		170		163		171		168		178										163		169		160		175		183		182		149		152										144.00		152.88		170.00				Y		227

		5		148		172		150		150						168		179		176		169		171		164		168		167		168		168		167		169		174		167		164		166										178		172		176		167		167		156		161		161										155.00		170.25		172.00				Y		227

		6		163		156		156		152		154		163		162		190		178		171		166		178		172		177		180		181		170		159		161		158		165		164		170		178		186		177		166		169		170		179		164		168		173		171		174		168		171		173		156.75		174.25		169.60				Y		227

		7		171		173		161		166						180		187		176		162		168		165		146		161		187		1990		170		161		153		157		160		151										165		173		168		157		151		158		159		157										167.75		168.13		162.80				Y		227

		8		184		179		172		179						200		226		200		198		198		195		188		186		214		202		205		198		198		187		194		202										196		190		201		191		191		178		173		173										178.50		198.88		193.80				Y		227

		9		168		166		149		154						150		155		155		157		153		154		151		149		157		163		155		156																		152		155		153		143		140																159.25		153.00		148.60				Y		227





















		Tensile Test Results



														Parent Test												Cross Weld Test

		ATCO Sample Number		Grade		Min UTS		Min YS		Min % Elongation				Observed UTS		Observed % Elongation		UTS Pass?		% Elongation Pass?		Comments on failure				Observed UTS		Observed % Elongation		UTS Pass?		% Elongation Pass?		Comments on failure

		1		Grade B		415		289		23				423		33		Y		Y		Partial Cup & Cone				465		24		Y		Y		Partial Cup & Cone, Failure in Parent NOT weld

		2		X42		415		289		23				466		38		Y		Y		Partial Cup & Cone				477		23		Y		Y		Partial Cup & Cone, Failure in Parent NOT weld

		3		X42		415		289		23				551		32		Y		Y		Partial Cup & Cone				527		16		Y		N		Partial Cup & Cone, Failure in weld metal

		4		API 5L Grade B		414		241		23				505		39		Y		Y		Partial Cup & Cone				489		22		Y		N		Partial Cup & Cone, Failure in Parent NOT weld

		5		Grade A		331		207		28				493		39		Y		Y		Partial Cup & Cone				498		24		Y		N		Partial Cup & Cone, Failure in Parent NOT weld

		6		API 5L Grade B		414		241		23				535		25		Y		Y						Not Tested		Not Tested						Geometry did not allow for weld pull test

		7		X46		434		317		23				477		26		Y		Y		Partial Cup & Cone				498		13		Y		N		Partial Cup & Cone, Failure in weld metal

		8		ASTM A106 Gr. C		483		276		19				582		29		Y		Y		Partial Cup & Cone				501		5		Y		N		Partial Cup & Cone, Failure in weld metal

		9		Grade B		414		241		21				472		31		Y		Y		Partial Cup & Cone				493		19		Y		N		Partial Cup & Cone, Failure in Parent NOT weld





















		Impact Test Results (@ -10C)





		ATCO Sample Number		Minimum individual J value		Minimum Average J value		Tensile Sample Width (mm)		Correction factor

Tim Rudd: Tim Rudd:
NOT CURRENTLY USED IN CALCULATIONS, BUT IF NEEDED WAS OBTAINED FROM HERE:
http://www.standard.no/pagefiles/1157/m-630r2.pdf		Parent Impact Test Results (J)						Corrected Parent Impact Test Results						HAZ Impact Test Results (J)						Corrected HAZ Impact Test Results						Weld Metal Impact Test Results (J)						Corrected Weld Metal Impact Test Results						Average Parent Impact Test Value		Average Parent Corrected Values		Average HAZ Impact Test Value		Average HAZ Corrected Values		Average Weld Impact Test Value		Average Weld Corrected Values		Individual Impact Pass?		Average Impact Pass?				min		min required		average required

		1		18				7.5		1.33		3		4		3		4		5.3333333333		4		41		65		68		54.6666666667		86.6666666667		90.6666666667		31		77		75		41.3333333333		102.6666666667		100		3.33		4.44		58.00		77.33		61.00		81.33		N						41.3333333333		20		27

		2		18				9		1.11		35		37		38		38.8888888889		41.1111111111		42.2222222222		75		68		53		83.3333333333		75.5555555556		58.8888888889		84		75		75		93.3333333333		83.3333333333		83.3333333333		36.67		40.74		65.33		72.59		78.00		86.67		Y						83.3333333333		20		27

		3		18				3.33		3.00		45		39		42		135.1351351351		117.1171171171		126.1261261261		24		23		34		72.0720720721		69.0690690691		102.1021021021		23		24		22		69.0690690691		72.0720720721		66.0660660661		42.00		126.13		27.00		81.08		23.00		69.07		Y						66.0660660661		20		27

		4		18				6.67		1.50		89		79		60		133.4332833583		118.4407796102		89.9550224888		9		9		60		13.4932533733		13.4932533733		89.9550224888		35		27		14		52.4737631184		40.4797601199		20.9895052474		76.00		113.94		26.00		38.98		25.33		37.98		Y						20.9895052474		20		27

		5		18				6		1.67		73		79		61		121.6666666667		131.6666666667		101.6666666667		31		42		43		51.6666666667		70		71.6666666667		53		52		54		88.3333333333		86.6666666667		90		71.00		118.33		38.67		64.44		53.00		88.33		Y						86.6666666667		20		27

		6		18				5		2.00		10		10		10		20		20		20		Not Tested												Not Tested												10.00		20.00										Y						0		20		27

		7		18				7.5		1.33		4		3.4		4		5.3333333333		4.5333333333		5.3333333333		79		66		38		105.3333333333		88		50.6666666667		53		64		50		70.6666666667		85.3333333333		66.6666666667		3.80		5.07		61.00		81.33		55.67		74.22		N						66.6666666667		20		27

		8		18				5		2.00		35		30		35		70		60		70		43		39		33		86		78		66		27		30		23		54		60		46		33.33		66.67		38.33		76.67		26.67		53.33		Y						46		20		27

		9		18				3.33		3.00		31		31		23		93.0930930931		93.0930930931		69.0690690691		30		37		37		90.0900900901		111.1111111111		111.1111111111		41		30		24		123.1231231231		90.0900900901		72.0720720721		28.33		85.09		34.67		104.10		31.67		95.10		Y						72.0720720721		20		27



















				Values in RED cells show features where there were cracks visible in the sample.



		Compositional Analysis Results





		ATCO Sample Number		Grade		Comments on parent metal composition		Comments on weld composition		Commission Date		Parent Metal CE (Dearden & O'Neill Formula)		Weld Metal CE (Dearden & O'Neill Formula)

		1		Grade B		High Sulphur		High Molybdenum, lower silicon		1948		0.29		0.29

		2		X42		High Sulphur		High Molybdenum		1948		0.29		0.25

		3		X42		Meets Spec.		Lower Silicon		1979		0.26		0.23

		4		API 5L Grade B		Meets Spec.		High Chromium, Low Molybdenum		1969		0.32		0.32

		5		Grade A		Meets Spec.		Low Chromium, Low Molybdenum		1954		0.29		0.16

		6		API 5L Grade B		High Carbon, High Sulphur		Low Molybdenum		1950		0.40		0.20

		7		X46		High Carbon		Low Chromium, Low Molybdenum		1958		0.39		0.14

		8		ASTM A106 Gr. C		High Carbon		Low Chromium, Low Molybdenum		1950		0.45		0.21

		9		Grade B		High Carbon		Low Chromium, Low Molybdenum		1964		0.36		0.24





















Please Note: Minimum absorbed energy 18J at design temperature, here -10C (CSA Z245.1)



Compositional Analysis

		Parent Metal (units in % weight)

		Metamet		ID		Cr		Cu		Mn		Mo		Ni		Ti		V		B		Nb		P		Si		C		S				CE - Using AWS Formula		CE - Using Dearden & O'Neill Formula

		Sample		162-10		0.172		0.33		0.53		0.03		0.08		0.002		0.002		0.002		0.004		0.01		0.212		0.13		0.03				0.3218		0.2864666667

		Sample		162-16		0.171		0.323		0.53		0.03		0.08		0.002		0.002		0.002		0.004		0.02		0.211		0.13		0.03				0.3209666667		0.2858

		Sample		163		0.02		0.05		0.664		0.008		0.01		0.002		0.006		0.002		0.02		0.002		0.23		0.14		0.002				0.2998		0.2614666667

		Sample		164		0.02		0.04		0.664		0.008		0.01		0.002		0.003		0.002		0.004		0.008		0.306		0.2		0.002				0.3712		0.3202

		Sample		190		0.034		0.293		0.485		0.007		0.07		0.002		0.002		0.002		0.004		0.01		0.311		0.18		0.03				0.3454666667		0.2936333333

		Sample		Golden Spike		0.04		0.084		0.76		0.007		0.04		0.004		0.005		0.0002		0.005		0.015		0.027		0.25		0.034				0.3998333333		0.3953333333

		Sample		150 - Pembina		0.041		0.08		0.871		0.007		0.03		0.002		0.002		0.002		0.004		0.009		0.001		0.232		0.024				0.3946666667		0.3945

		Sample		208 - Jumping Pound		0.044		0.16		0.809		0.01		0.12		0.002		0.002		0.002		0.004		0.029		0.136		0.284		0.021				0.4713666667		0.4487

		Sample		212 - Western Coop Fertilizer		0.033		0.03		0.706		0.007		0.01		0.002		0.002		0.002		0.004		0.006		0.001		0.235		0.024				0.3639		0.3637333333

		Sample

		Sample

		Sample

		Sample

		Sample

		Sample

		Sample

		Sample

		Weld Metal

		Metamet		ID		Cr		Cu		Mn		Mo		Ni		Ti		V		B		Nb		P		Si		C		S				CE - Using AWS Formula		CE - Using Dearden & O'Neill Formula

		Sample		162-10		0.036		0.1		0.357		0.448		0.02		0.007		0.005		0.05		0.04		0.02		0.1		0.12		0.02				0.3019666667		0.2853

		Sample		162-16		0.031		0.08		0.35		0.458		0.01		0.007		0.005		0.04		0.04		0.02		0.11		0.09		0.02				0.2714666667		0.2531333333

		Sample		163		0.02		0.03		0.358		0.221		0.01		0.009		0.005		0.04		0.04		0.02		0.09		0.12		0.009				0.2465333333		0.2315333333

		Sample		164		0.42		0.04		0.717		0.06		0.01		0.006		0.008		0.04		0.04		0.02		0.292		0.1		0.02				0.3691		0.3204333333

		Sample		190		0.02		0.14		0.405		0.03		0.03		0.006		0.002		0.04		0.04		0.02		0.17		0.07		0.02				0.1875666667		0.1592333333

		Sample		Golden Spike		0.019		0.048		0.54		0.005		0.024		0.007		0.005		0.0002		0.005		0.02		0.15		0.099		0.022				0.2246		0.1996

		Sample		150 - Pembina		0.02		0.04		0.245		0.01		0.02		0.002		0.002		0.002		0.004		0.01		0.0757		0.085		0.026				0.14885		0.1362333333

		Sample		208 - Jumping Pound		0.03		0.09		0.426		0.11		0.07		0.002		0.002		0.002		0.004		0.02		0.094		0.098		0.024				0.2237333333		0.2080666667

		Sample		212 - Western Coop Fertilizer		0.02		0.03		0.444		0.008		0.01		0.008		0.002		0.002		0.004		0.007		0.16		0.154		0.02				0.2633333333		0.2366666667

		Sample

		Sample

		Sample

		Sample

		Sample

		Sample

		Sample

		Sample

		CE =  Carbon Equivalent



		AWS Formula: CE = C + ((Mn+Si)/6) + ((Cr + Mo + V)/5) + ((Ni + Cu)/15)

		Dearen & O'Neill Formula: CE = C + (Mn/6) + ((Cr + Mo + V)/5) + ((Ni + Cu)/15)



										Carbon equivalent (CE)		Weldability

										Up to 0.35		Excellent

										0.36–0.40		Very good

										0.41–0.45		Good

										0.46–0.50		Fair

										Over 0.50		Poor





Graphs



UTS Values (MPa)



Sample UTS Value	1	2	3	4	5	6	7	8	9	423	466	551	505	493	535	477	582	472	Minimum required UTS value	415	415	415	414	331	414	434	483	414	Atco Sample number





Sample UTS (MPa)









Hardness Values (HV)



Average Parent Metal Hardness	1	2	3	4	5	6	7	8	9	170.25	147.5	183.25	144	155	156.75	167.75	178.5	159.25	Average HAZ Hardness	164.875	186.375	183.375	152.875	170.25	174.25	168.125	198.875	153	Average Weld Hardness	195	207	176.2	170	172	169.6	162.80000000000001	193.8	148.6	Maximum permissible hardness	227	227	227	227	227	227	227	227	227	Atco Sample number





hardness Value (HV)









Impact Energy to Fracture (J)



Average Corrected Impact Test Values	1	2	3	4	5	6	7	8	9	81.333333333333329	86.666666666666671	69.069069069069073	37.98100949525238	88.333333333333329	74.222222222222214	53.333333333333336	95.09509509509509	Minimum Corrected Impact Test Values	41.333333333333329	83.333333333333343	66.066066066066057	20.989505247376314	86.666666666666671	0	66.666666666666657	46	72.072072072072075	Average impact energy required (27J)	27	27	27	27	27	27	27	27	27	Minimum impact energy required (20J)	20	20	20	20	20	20	20	20	20	Atco Sample number





Impact Energy (J) - Corrected for sample size
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