
   
CONSULTING METALLURGICAL ENGINEERS AND TESTING LABORATORY 

ANDERSON & ASSOCIATES, INC. – 919 F.M. ROAD 1959  - HOUSTON, TX 77034-5425  -  (281) 481-5840  -  FAX (281) 481-9115 

NDERSON& 
SSOCIATES 

PRIVILEGED and CONFIDENTIAL – SUBJECT to ATTORNEY-CLIENT 
PRIVILEGE 

February 7, 2023 

TC Energy 
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Attn: Brian Yeung
By Email

Re: 220439 TC Energy - Metallurgical Analysis of NPS-36 KS10 
MP-14 Pipeline 

Dear Mr. Yeung: 

Pursuant to your request, this report details the findings of the metallurgical investigation of the 

Keystone Pipeline rupture near MP-14 in Washington County, Kansas. 

GENERAL NOMENCLATURE 

The identification and location of specific features of the pipe are made in reference to top dead 

center (TDC).  Clockwise position is established when viewed in the direction of flow.  Positions 

of features are referenced interchangeably using both degrees and inches from TDC, using the 

conversion 1° = 0.314”.   

BACKGROUND INFORMATION 

It was reported that on December 7, 2022, TC Energy experienced an in-service failure of the 

36” Keystone Pipeline Phase 2 (KS10 segment) near the Mill Creek crossing at MP-14 in 

Washington County, Kansas.  The pipeline was reportedly a 36” nominal diameter with a 0.465” 

nominal wall thickness, API 5L grade X70 PSL 2 material.  The failure was reported at a girth 

weld joining a 0.515” wall thickness pup to a 30° elbow with a thickness of ~0.80”.  The material 
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test reports (MTR) for the pups and elbow are provided in Appendices A and B, respectively. 

The failed section of pipe was received at Anderson & Associates on December 19, 2022, and 

the metallurgical investigation began on January 9, 2023.  The pipe section is shown after 

removal from its transport crate below in Figure 1. 

Figure 1 – Pipe section shown as-received after un-boxing.  Girth weld identifications and flow 
direction (red arrow) were as noted. 

VISUAL EXAMINATION 

General Condition 

The visual examination was conducted in the as-received condition and after abrasive grit 

blasting removal of the external coating.  The external coating appeared consistent with a green 

colored fusion bonded epoxy (FBE).  The coating appeared to be in good condition, with two 

isolated instances of “fresh” damage identified.    The coating on each end of the pipe sample 

had been removed, likely during the excavation in preparation to liberate the sample from the 

line.  In order from upstream to downstream, the pipe sample consisted of the following sections: 

 A short ligament of spiral welded line pipe joined via girth weld (GWD) 13510 to a

longitudinally seam welded pup.  An analysis of GWD 13510 was not included in the

test protocol.

 The pup section was joined to the upstream side of a 30° elbow via GWD 13520.

GWD 13530 GWD 13520 GWD 13510 

DS US 
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 The downstream end of the elbow was joined to a longitudinally seam welded pup section

via GWD 13530.  The orientation of the seam weld of the pup with respect to TDC was

122° clockwise.

The overall length of the pipe sample was 13’, 11.25”.  The outer diameter (OD) of the pipe was 

measured in one-foot increments along the length beginning at the upstream side using a pi-tape. 

The measurements are summarized in Table 1.    

Table 1 – Pipe Diameter 
Position from 
US End (ft) Diameter (in) 

0 36.050
1 36.025
2 36.059
3 36.078
4 36.075
5 36.125

Wrinkle (5.5) 36.508 
6 36.120
7 36.035
8 35.956
9 35.880
10 35.860
11 36.128 (FBE)
12 36.110
13 36.100

13.9375 36.083

Features of Interest 

There were two major features of interest that were visually identified – the first being a 

circumferentially oriented crack located coincidentally with the toe of the girth weld on the pup 

side of GWD 13530 as shown in Figure 2.  There was a protective pad that was duct taped to the 

pipe covering the crack when it was received.  After the protective pad was removed, it was 

observed that black sharpie marking indicated the visual extent of the crack to span from 333° 
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to 54°, a total of approximately 81° (~25.43”).  The crack appeared to be located entirely on the 

pipe-side of the girth weld.  There were two sections of rubber hosing placed in the crack space, 

presumably installed in the field to prevent the mating fracture surfaces from contacting each 

other during transport.  The FBE coating on the pipe-side of GWD 13530 exhibited parallel 

cracking at the terminal ends of the fracture as shown in Figure 3. 

The second feature of interest was what initially described as a “bulge”, but upon examination 

appeared more consistent with a wrinkle (pipe buckle), was located on the intrados (bottom side) 

of the upstream pup adjacent to GWD 13520 as shown in Figure 4.  The wrinkle was 

approximately centered upon bottom dead center and spanned approximately 180°. 

 

 

 

 

 

 

 

 

Redactions made by TC Energy



ANDERSON & ASSOCIATES, INC. CONFIDENTIAL – SUBJECT to ATTORNEY-CLIENT PRIVILEGE 
220439 TC Energy - Metallurgical Analysis of NPS-36 KS10 MP-14 Pipeline Incident 

 Page 5 of 86 

 

FOIA, USC 552(b)(4), and CEII CONFIDENTIAL TREATMENT REQUESTED 

 
(a) 

 
(b) 

Figure 2 – (a) Photograph showing the condition of GWD 13530 as it was received.  The leak 
location was protected with a yellow pad and secured in place with duct tape. (b) Photograph 
showing rupture in the pipe at GWD 13530 after removing the protective covering.  There were 
sections of rubber hosing installed in the rupture location, presumably to protect the fracture 
faces from mechanical contact. 
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Figure 3 – View of parallel cracking in the FBE coating on the pipe-side of GWD 13530 at the 
counter-clockwise terminal end of the crack. Protective rubber hosing installed in the crack 
surfaces to prevent contact. 
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Figure 4 – View of the bulge (wrinkle) on the intrados side of the US pup adjacent to GWD 
13520. 
 

 
 

Following the initial visual inspection, the pipe was transported to AAA Blastcoat in Houston, 

Texas for the purposes of removing the FBE coating via abrasive grit blasting.  Approximately 

9” either side of GWD 13530 and approximately 180° around the circumference were masked 

off to prevent contamination of the fracture with the abrasive media.  Removal of the FBE 

coating was necessary for subsequent non-destructive analyses that were to be performed by 

Applus RTD.  A photograph showing the freshly grit blasted pipe is shown in Figure 5. 

With the FBE coating removed, stamped identification was located on the intrados side of the 

elbow fitting.  The identification on the elbow fitting was as follows: 
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Figure 5 – View of the pipe after grit blasting to remove the FBE coating in preparation for 
NDT. 
 

NON-DESTRUCTIVE TESTING 

Applus RTD was contracted to perform a series of non-destructive testing (NDT).  Included in 

the scope of work was the following examinations on the girth welds: radiographic testing (RT), 

phased array ultrasonic testing (PAUT), ultrasonic wall thickness testing, magnetic particle 

inspection (MPI) on both OD and inner diameter (ID) of the girth welds, time of flight diffraction 

(TOFD), and inverse wave field extrapolation (IWEX).  The entirety of the OD and ID surfaces 

were also mapped via laser scanning and wall thickness measurements were taken ultrasonically.   

Of particular importance for the metallurgical failure investigation were the results of the 

radiographic testing, PAUT and MPI, which would help guide the sectioning plan to extract the 

crack and subsequent metallographic sections from the pipe.  The radiographic report for GWD 

13530 indicated the presence of a “rejectable crack” spanning a total of approximately 47.73” 

(152°) of the circumference.  Radiographic examination of GWD 13520 showed several 

instances of porosity and slag inclusions, none of which were identified as rejectable per the 

Applus RTD radiography report.  There were numerous MPI indications identified around the 

circumference, both OD and ID on both GWD 13520 and 13530, most if not all were associated 

with the toe of the girth welds.  PAUT identified numerous toe lack-of-fusion and toe cracks on 

both GWD 13520 and 13530, most if not all were coincident with MPI indications.  Radiography, 

PAUT, UT wall thickness, TOFD, and IWEX reports have been delivered to TC Energy by 

Applus RTD, the NDT report is provided in Appendix C. 
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Crack Measurement 

The physical dimensions of the crack were documented prior to extraction from the pipe.  The 

dimensions were measured by first tracing the crack on to sheets of white tracing paper, then 

measuring the width of the transcribed crack using calipers in half-inch increments as shown in 

Figure 6.  Using this technique, the overall length of the crack on the OD was determined to be 

26.50”, and the maximum displacement (width) was measured to be 0.638”.  From these 

measurements it was found that the crack was not symmetric about TDC. 

 
Figure 6 – Traced image of the crack on the OD of GWD 13530 with width measurements 
acquired every 0.50”. 
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Crack Length  
(in) 

Crack Width 
(in) 

0 0.097 
0.50 0.158 
1.00 0.222 
1.50 0.233 
2.00 0.251 
2.50 0.340 
3.00 0.356 
3.50 0.225 
4.00 0.310 
4.50 0.397 
5.00 0.383 
5.50 0.471 
6.00 0.411 
6.50 0.410 
7.00 0.600 
7.50 0.606 
8.00 0.623 

TDC 
8.50 0.635 
9.00 0.638 
9.50 0.638 
10.00 0.426 
10.50 0.407 
11.00 0.372 
11.50 0.414 
12.00 0.426 
12.50 0.408 
13.00 0.400 
13.50 0.335 
14.00 0.339 
14.50 0.372 
15.00 0.507 
15.50 0.531 
16.00 0.596 
16.50 0.481 
17.00 0.473 
17.50 0.508 
18.00 0.489 
18.50 0.455 
19.00 0.551 
19.50 0.651 
20.00 0.643 
20.50 0.527 
21.00 0.464 
21.50 0.428 
22.00 0.482 
22.50 0.266 
23.00 0.326 
23.50 0.359 
24.00 0.300 
24.50 0.368 
25.00 0.352 
25.50 0.340 
26.00 0.373 
26.50 0.100 
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Following the completion of NDT inspections, the fracture on both the OD and ID was masked 

and a panel encompassing the fracture in GWD 13530 was removed using a plasma cutter.  The 

extracted panel is shown in Figure 7.  To facilitate trimming, the weld on the ID was examined 

using wet fluorescent magnetic particle inspection to assess the extent of ID crack extension.  As 

shown in Figures 8 and 9, there were linear indications on the pipe-side weld toe spanning nearly 

the entire length of the panel.  Consequently, initial trim cuts were conservative e.g., removing 

minimal material from the edges so to as inspect for any evidence of depth of the indications.  

Following several initial trim cuts with no evidence of visible extension of the indications 

through the thickness of the material, the decision was made to trim at the visible extent of the 

opened crack region.  The panel was then submerged in liquid nitrogen to facilitate freeze 

breaking the remaining ligaments.  The reassembled panel after breaking is shown in Figure 10. 

 
Figure 7 – View of the panel containing the ruptured section of GWD 13530 after removal from 
the pipe. 
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Figure 8 – (L) photograph showing the ID of GWD 13530 clockwise to the rupture (R) same 
portion of the weld using ultra-violet light after WFMP showing a crack-like indication at the 
toe (yellow arrow). 
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Figure 9 – (L) photograph showing the ID of the GWD 13530 counter-clockwise to the rupture 
(R) same portion of the weld using ultra-violet light after WFMP showing a crack-like indication 
at the toe (yellow arrow). 
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Figure 10 – View of the re-assembled freeze fractured panel from GWD 13530. Yellow scales 
are in inches. 
 

 

FRACTOGRAPHIC EXAMINATION 

Visual and Stereoscopic Examination 

After freeze breaking the fractured region to expose the surfaces for detailed examination it was 

observed that there were three prominent elliptical or bow shaped crack features present on the 

fractured surface as shown on the DS side (pipe side) panel in Figure 11.  All the elliptical crack 

shaped features appeared flat, coincident with the weld toe, and appeared to originate at or near 

the ID surface.  The largest, shown in Figure 12 was symmetrical in profile and spanned 

approximately 8.70” and was centered approximately 4.5” (14.3°) clockwise from TDC.  The 

second largest elliptical crack feature shown in Figure 13 measured approximately 4” in length 

and was asymmetrical in the depth profile (tear drop shaped) and the deepest portion was located 

approximately 4.25” (13.5°) counterclockwise from TDC.  The elliptical crack feature with the 

Elbow 

Pipe 
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smallest profile shown in Figure 14 also had an asymmetric depth profile and the deepest portion 

was located approximately 13” (41.4°) clockwise from TDC.   

Separating Cracks 2 and 3 from Crack 1 were two regions exhibiting a shear morphology 

(fracture surfaces oriented at ~45°).  Examination of the Upstream fracture side (weld side) 

showed that these two shear regions appeared coincident with discontinuities in the continuous 

root pass that appeared consistent with weld repairs.  Further evidence observed indicating these 

two regions were coincident with weld repairs were grind marks observed as shown in Figures 

15 and 16.  It was further observed that the weld bead in these two shear regions was thicker in 

comparison to the original root pass. 

 
Figure 11 – View of the GWD 13530 downstream (pipe side) of the exposed fracture.  The yellow 
arrows identify the three elliptical crack features, TDC is marked with the dashed yellow line. 
 

 
 
 
 

 

TDC 

Crack 1 
Crack 2 

Crack 3 
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(a) 

 
(b) 

Figure 12 – (a) Magnified view of Crack 1 (b) Crack 1 depth profile measured with calipers. 
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(a) 

 
(b) 

Figure 13 – (a) Magnified view of Crack 2 (b) Crack 2 depth profile measured with calipers. 
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(a) 

 
(b) 

Figure 14 – (a) Magnified view of Crack 3 (b) Crack 3 depth profile measured with calipers. 
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Figure 15 – Photograph showing the ID region of the rupture coincident with the shear lip 
separating GWD 13530 Cracks 1 and 2.  The arrow identifies grind marks identified on the bevel 
of the elbow. 
 

 
Figure 16 – Photograph showing the ID region of the crack coincident with the shear lip 
separating GWD 13530 Cracks 1 and 3.  The arrows identify grind marks on the remnant pipe 
ligament (top) and elbow bevel (bottom). 
 

 

Elbow 

Elbow 
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The elliptical crack regions were sectioned out using dry saw cuts and cleaned using a 

combination of a dilute Citrinox solution (2%) and an ultrasonic bath.  One elliptical crack 

section (Sample 1-1) was not initially cleaned so that the chemical composition of the surface 

scale could be examined in the SEM.  The remaining sections were initially examined using a 

low magnification digital microscope (Keyence VHX-6000).  The general features common to 

the three elliptical cracks were as follows: 

 Each appeared to initiate at or near the ID surface and had multiple, radially oriented 

crack initiation features (ratchet marks). 

 Each showed evidence of progressive cracking in the form of multiple crack arrest 

features; 10 - 15 clearly distinguishable arrest lines were identified on Cracks 1 and 2.  

There was evidence observed that the crack arrest features were coincident with 

individual weld passes as shown in Figure 18. 

 
Figure 17 – Low magnification view of the center region of GWD13530 Crack 1 showing 
multiple crack arrest lines throughout the elliptical crack feature.  Several of the most clearly 
defined arrest lines are identified with yellow arrows. 
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Figure 18 – Oblique view of the weld-side metallographic section prepared through GWD 13530 
Crack 2 showing coincidence between crack arrest lines (yellow arrows) and individual weld 
passes (highlighted with yellow dashed lines). 
 

 
Figure 19 – Low magnification view of GWD 13530 Crack 3.  This crack was unique amongst 
the fatigue cracks as it exhibited multiple advancing crack fronts, the peaks of the two advancing 
fronts are identified with yellow arrows. 
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SEM/EDS Examination 

The sectioned portions of each elliptical crack features on the DS (pipe side) were examined in 

the scanning electron microscope (SEM) using both backscatter electron contrast (BES) and 

secondary electron imaging (SEI), the latter being more sensitive to surface topography.  The 

DS fracture surfaces were selected for examination to mitigate the need to trim potentially salient 

weld features on the US (elbow side).  All samples except for Sample 1-1 were cleaned using a 

combination of a 2% Citrinox solution and an ultrasonic bath.  Sample 1-1 was examined “as-

is” so that the chemistry of the scale product on the surface could be examined using energy 

dispersive x-ray spectroscopy (EDS).  EDS is a qualitative chemical analysis technique that can 

accurately identify elements present on a surface but cannot identify compounds and only 

provides a semi-quantitative chemical composition.  The results of the EDS analysis, shown in 

Figure 21 showed primarily carbon, sulfur, silicon, aluminum, calcium, and oxygen; elements 

typically found in both crude oil and soil. 

 

 
Figure 20 – Low magnification digital photograph showing GWD 13530 Sample 1-1 before 
cleaning.  EDS examination shown in Figure 21 was taken from the region encompassed by the 
yellow box. 
 

 

 

Figure 21 ID

Redactions made by TC Energy



ANDERSON & ASSOCIATES, INC. CONFIDENTIAL – SUBJECT to ATTORNEY-CLIENT PRIVILEGE 
220439 TC Energy - Metallurgical Analysis of NPS-36 KS10 MP-14 Pipeline Incident 

 Page 23 of 86 

 

FOIA, USC 552(b)(4), and CEII CONFIDENTIAL TREATMENT REQUESTED 

 
(a) 

 
(b) 

Figure 21 – (a) Low magnification view of GWD 13530 Sample 1-1 before cleaning with the 
area examined with EDS encompassed within the yellow box (b) Corresponding EDS spectrum 
showing high concentrations of non-native elements (sulfur, calcium, and oxygen).  The non-
native elements identified via EDS appeared consistent with exposure to crude oil and soil. 
 

ID 
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GWD 13530 Crack 1 - Sample 1-2  

The central region of Crack 1 identified as “Sample 1-2” is shown after cleaning in low 

magnification in Figure 22.  The full thickness of the fracture was examined, fractographs 

included in this report were selected as representative of the features of interest.  Examination of 

the ID region of the crack at low magnifications showed a flat, featureless morphology except 

for several radially oriented ratchet marks, one of which is shown in Figure 23.  Also present in 

this fractograph was a prominent change in fracture orientation at the ID surface, the geometry 

of which appeared to mirror the geometry of the weld toe.  Figure 24 shows the fracture 

morphology near the ID to have been consumed by oxidation and no distinct identifying features 

were present.  The region of the fracture encompassing the mid-wall to OD surface offered more 

detail at low magnification, with several distinct crack arrest lines identified as shown in Figure 

25.  The crack arrest lines were more closely spaced nearer the OD surface, yet individually 

distinct.  As shown in Figure 26, there were thin bands of micro-void coalescence (MVC) or 

dimpled rupture between some of the crack arrest lines.  Much of the space between the crack 

arrest lines appeared brittle, and no evidence of striations (incremental cyclical crack growth) 

was observed, shown representatively in Figure 29.  The shear overload region shown in Figure 

30 was observed to consisted of characteristic micro-void coalescence (MVC), consistent with a 

ductile overload. 

 
Figure 22 – Low magnification view of Crack 1 on GWD 13530, the yellow boxes indicate 
locations examined in the SEM. 
 

Figures 25 - 29 

Figures 23 - 24 
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Figure 23 – Low magnification SEM fractograph showing the ID region of GWD 13530 Crack 
1.  Dashed lines identify a change in fracture orientation at the ID.  The change in fracture 
orientation appeared consistent with the geometry of the weld toe.  The yellow arrow identifies 
a ratchet mark. 
 

 
Figure 24 – Higher magnification SEM fractograph showing the fracture morphology of GWD 
13530 Crack 1 near the ID surface.  The fracture surface near the ID had been consumed by 
oxidation and fine-scale features were not discernable. 
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Figure 25 – Low magnification SEM fractograph of GWD 13530 Crack 1 showing multiple 
crack arrest lines on the elliptical crack region near the transition to final overload. 
 

 
Figure 26 – Higher magnification SEM fractograph of GWD 13530 Crack 1 showing a band of 
dimpled rupture associated with a crack arrest line nearer the shear overload region. 
 

Shear Overload 
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Figure 27 – High magnification SEM fractograph of GWD 13530 Crack 1 showing the transition 
from ductile tearing (dimpled morphology) and flat, brittle appearing fracture. 
 

 
Figure 28 – High magnification SEM fractograph of GWD 13530 Crack 1 showing the flat 
fracture morphology observed between crack arrest lines.  Also seen was secondary cracking 
normal to the fracture plane (yellow arrow), a feature consistent with fatigue crack propagation. 
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Figure 29 – High magnification SEM fractograph showing a dimpled morphology in the shear 
overload region of GWD 13530 Crack 1. 
 

GWD 13530 Crack 2 - Sample 2-2 

A low magnification stereophotograph of Sample 2-2 is shown in Figure 30.  This sample was 

unique among those examined in this investigation as it exhibited a narrow band of transgranular 

cleavage fracture near the ID surface as shown in Figures 31 - 33.  Transgranular cleavage is a 

brittle fracture morphology indicating sudden, unstable crack growth (colloquially referred to as 

a brittle pop).   

Crack arrest lines nearer the transition from progressive cracking to sudden overload were well 

defined, and like Sample 1-2, there was a narrow band of dimple rupture coincident with the 

arrest lines. 
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Figure 30 – Low magnification view of the deepest portion of GWD 13530 Crack 2.  There was 
a narrow band of brittle fracture morphology near the ID, the yellow box identifies the region 
examined in the SEM. 
 

 
Figure 31 – Low magnification SEM fractograph of GWD 13530 Crack 2 showing the thin band 
of transgranular cleavage fracture near the ID. 
 

Figures 31 - 33 
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Figure 32 – Higher magnification SEM fractograph of GWD 13530 Crack 2 showing detail of 
the brittle morphology.  The features appeared consistent with transgranular cleavage. 
 

 
Figure 33 – High magnification SEM fractograph of GWD 13530 Crack 2 showing typical 
transgranular cleavage morphology including river patterns and faceted surfaces. 
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GWD 13530 Crack 3 – Sample 3 - 2 

A low magnification stereophotograph of Sample 3-2 is shown in Figure 34.  This crack 

consisted of two separate advancing cracks that had coalesced as evidenced by the two distinct 

elliptical “humps”. 

Like the other cracks examined, there were multiple distinct crack arrest lines.  The number of 

crack arrest lines appeared consistent (between 10 – 15).  At higher magnification the fracture 

morphology of Crack 3 appeared identical to that of Cracks 1 and 2. 

 
Figure 34 – Low magnification view of GWD 13530 Crack 3. 
 

 

Figures 35 - 36 
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Figure 35 – Low magnification SEM fractograph showing multiple crack arrest lines on GWD 
13530 Crack 3. 
 

 
Figure 36 – SEM fractograph showing crack arrest lines identified with yellow arrows in the 
central region of GWD 13530 Crack 3.  The morphology otherwise appeared flat and featureless. 
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METALLOGRAPHIC EXAMINATION 

Sections for metallographic examination were removed from both GWD 13530 and GWD 

13520.  All sections were cut and prepared in accordance with ASTM E3 and were 

photodocumented in both the “as polished” and etched conditions.  A 3% Nital solution was used 

to etch the microstructure.  Specific locations of sections removed from GWD 13530 are as 

follows: 

 Mated fracture metallographic specimens were removed from Samples 1-2, 2-2, and 3-

2, Shear 1-2, and Shear 1-3. 

 Weld side fracture of Sample 2-2. 

 Cross-weld sections from 55°, 76°, 82°, 139°, and 270°. 

 

The general microstructure of the pipe, heat affected zones, weld metal, and elbow was 

documented on all examined specimens.  The general impressions of each zone were as follows: 

 Figure 37 shows the pipe base metal to consist of finely banded, extremely fine-grained 

ferrite and pearlite (ASTM E112 grain size 10 or finer).  The banding in the 

microstructure is attributed to micro-segregation of carbide forming elements during the 

initial processing of the material and is aligned axially due to the rolling process.  The 

pipe was reportedly manufactured using thermomechanically controlled processing 

(TMCP) which encompasses the simultaneous hot working and heat treatment to produce 

higher strength steel. 
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(a) 

 
(b) 

Figure 37 – (a) 12.5x optical micrograph showing the general microstructure of the pipe to 
exhibit a finely-banded structure (b) 200x optical micrograph showing detail of the banded 
ferrite and pearlite microstructure, typical of a TMCP product.  Both micrographs etched with 
3% Nital. 
 

 

 The microstructure of the elbow consisted of a mixture of ferrite, acicular and 

proeutectoid ferrite, tempered martensite, and bainite; all of which are transformation 
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products that form in low-alloy steels upon rapid cooling (quenching) of a steel from 

austenitizing temperatures (generally > 1,600°F).  As shown in Figure 38a, there was 

slight decarburization at both the OD and ID surfaces of the elbow, most likely an artifact 

of heat treatment and appeared inconsequential in terms of the overall performance.  The 

concentration of proeutectoid ferrite and bainite was higher nearer the surfaces (Figure 

38b) of the elbow, likely reflecting the slightly lower carbon concentration.  As shown in 

Figure 39, the microstructure at mid-wall appeared homogenous, consisting of tempered 

martensite and bainite. 
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(a) 

 
(b) 

Figure 38 – (a) 12.5x optical micrograph showing the ID region of the elbow with a thin band 
of light etching microstructure at the ID surface characteristic of decarburization (b) 500x 
optical micrograph showing the microstructure of the elbow at the ID to consist of ferrite and 
pearlite with some bainite.  Both micrographs shown etched with 3% Nital. 
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(a) 

 
(b) 

Figure 39 – (a) 12.5x optical micrograph showing the elbow microstructure at mid-wall to 
appear homogenous. (b) 500x optical micrograph showing the microstructure at mid-wall to 
consist of tempered martensite and bainite.  Both micrographs shown etched with 3% Nital. 
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 The microstructures of the weld and heat affected zones (HAZ) on both the pipe (Figure 

40) and elbow side (Figure 41) were also examined.  Based on the physical characteristics 

it was evident that the girth welds were not post weld heat treated (PWHT).  Specific 

evidence observed supporting this conclusion was the weld microstructure appearing “as-

welded” or “as-cast” consisting of large columnar grains comprised of acicular ferrite 

and carbide.  The weld root and lower hot passes appeared heavily tempered from the 

heat of subsequent weld passes.  The cap passes did not exhibit any evidence of 

tempering.  The HAZ on both elbow and pipe sides exhibited coarse and fine-grained 

microstructures (CGHAZ and FGHAZ, respectively), which are typically developed 

during welding and are attributed to the temperature profile (coarse-grained 

microstructure sees higher temperature). 
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(a) 

 
(b) 

Figure 40 – Pipe side weld and heat affected zone structures at the OD. (a) 12.5x (b) 100x, 3% 
Nital etch. Coarse-grained HAZ (CGHAZ) 
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(a) 

 
(b) 

Figure 41 – Elbow-side weld and HAZ structures (a) 12.5x (b) 100x. 3% Nital etch. 
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GWD 13530 Sample 1-2 

The mated cross-section from Sample 1-2 is shown below in Figure 42.  The fracture propagated 

linearly through nearly the entire thickness of the pipe side, intersecting both HAZ and weld 

microstructures.  There was no evidence observed that the fatigue crack propagated through the 

full thickness of the pipe and/or weld.  The angular feature at the ID toe of the girth weld on the 

pipe side identified visually and in the SEM was also evident in cross-section.  

Metallographically the angular feature at the toe of the girth weld appeared to parallel the fusion 

line and was approximately 200 µm in length.  It was evident that the fatigue crack originated 

from this feature as there was no additional or secondary cracking observed. 

 
Figure 42 – Overall view of the metallographic section prepared through GWD 13530 Crack 1. 
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Figure 43 – Photomontage of optical micrographs showing GWD 13530 Crack 1 propagation 
through multiple microstructural features.  Originally photographed at 12.5x, 3% Nital etch. 
 

 

 

Figures 45 - 45 
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Figure 44 – Optical micrograph showing the root pass of the GWD 13530 adjacent to the 
fracture.  A prominent lip was observed at the ID intersection of the crack, the profile of the lip 
appeared to parallel the fusion line.  12.5x, 3% Nital etch. 
 

 
Figure 45 – Higher magnification optical micrograph showing the ID toe lip feature on GWD 
13530, Crack 1.  The lip appeared coincident with the fusion line of the weld and was 
approximately 200 µm in length.  50x, 3% Nital etch. 
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GWD 13530 Sample 439-2-2 

The mated cross-section from Sample 2-2 is shown below in Figure 46.  As with Crack 1, Crack 

2 propagated linearly through pipe-side of the weld and originated at the ID toe.  Higher 

magnification examination showed some transgranular branching of the brittle crack in the 

CGHAZ region as shown in Figures 48 - 49.  There was no evidence observed that the fatigue 

crack propagated through the full thickness of the pipe and/or weld.  The angular feature at the 

ID toe of the girth weld on the pipe side identified visually and in the SEM was also evident in 

cross-section.  It was evident that the fatigue crack originated from this feature as there was no 

additional cracking observed. 

 
 

 
Figure 46 – Overall view of the metallographic section prepared through GWD 13530 Crack 2. 
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.  
Figure 47 – Photomontage of optical micrograph showing the full cross-section of GWD 13530 
Crack 2.  Originally photographed at 12.5x, 3% Nital etch. 
 

 
Figure 48 – Optical micrograph showing the pipe-side weld and HAZ associated with the brittle 
pop in GWD 13530 Crack 2.  12.5x, 3% Nital etch. 
 

Figures 48 - 49 

Figures 50 - 51 
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Figure 49 – Higher magnification optical micrograph showing the coarse-grained HAZ on the 
pipe side of GWD 13530 Crack 2 associated with the brittle pop.  100x, 3% Nital etch. 
 

 
Figure 50 – Optical micrograph showing the pipe-side of the fracture on GWD 13530 Crack 2.  
There was an anomaly noted with the toe of the weld that appeared consistent with lack-of-
fusion.  12.5x, 3% Nital etch. 
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Figure 51 – Higher magnification optical micrograph showing the ID weld anomaly profile on 
the pipe side of GWD 13530 Crack 2.  100x, 3% Nital etch. 
 
 
  
 
 
 
GWD 13530 Sample 439-3-2 

The metallographic section prepared through the deepest portion of Crack 3 is shown in Figure 

52.  Similar to the other two fatigue cracks, Crack 3 initiated at the ID toe of the weld, propagated 

approximately 0.191” into the pipe side HAZ and then experienced a shear overload event. 
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Figure 52 – Overall view of the metallographic section prepared through GWD 13530 Crack 3. 
 

 
Figure 53 – Photomontage of optical micrographs showing the complete wall thickness profile 
of the pipe through GWD 13530 Crack 3.  Originally photographed at 12.5x, 3% Nital etch. 
 

Figures 54 - 55 
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Figure 54 – Higher magnification optical micrograph showing the ID initiation region of GWD 
13530 Crack 3.  12.5x, 3% Nital etch. 
 

 
Figure 55 – Higher magnification optical micrograph showing detail of the root anomaly 
identified on the pipe-side of the GWD 13530 Crack 3.  The anomaly appeared to fit the profile 
of the toe of the root pass.  200x, 3% Nital etch. 
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GWD 13530 Sample 439-139° 

A metallographic section was removed across GWD 13530 at 139° from TDC, a location that 

was coincident with a PAUT indicated feature.  As shown in Figures 57 – 58, there was an 

indication consistent with a lack-of-fusion (LOF) defect identified at the toe of the girth weld on 

the pipe side. 

 
Figure 56 – Overall view of the sample from GWD 13530 removed 139° from TDC.  The feature 
was consistent with the location of Applus PAUT Indication 2 reported for GWD 13530. 
 

 

 

 

Figures 57 - 58 
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(a) 

 
(b) 

Figure 57 – Optical micrographs showing a scale-filled, approximately 200µm long LOF at the 
pipe-side weld toe of GWD 13530.  The upward curvature of the defect at the terminal end may 
be due to the onset of fatigue cracking.  Both micrographs taken at 100x, (a) as-polished (b) 3% 
Nital etch. 
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Figure 58 – High magnification optical micrograph showing dense, tightly adhered oxide scale 
consistent in appearance with magnetite lining the defect surfaces on the LOF on GWD 13530.  
500x, 3% Nital etch. 
 
 
 
Sample 439-270° 

The macro-section prepared across GWD 13530 from the 270° position is shown overall in 

Figure 59.  A small linear indication approximately 200µm in length coincident with the toe of 

the weld on the ID of the pipe side was identified.  Upon closer examination it was observed that 

the indication was filled with a dense, tightly adhered oxide scale and appeared to parallel the 

fusion line.  SEM/EDS examination show in Figure 62 of the scale adhered to the indication 

consisted primarily of iron, oxygen, manganese and silicon.  These features indicated that this 

feature was most likely a LOF defect originating at the time of welding. 
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Figure 59 – Overall view of the sample from GWD 13530 removed 270° from TDC. 
 

 

 

 

Figures 60 - 61 
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(a) 

 
(b) 

Figure 60 – Optical micrographs showing a scale-filled, approximately 200µm long LOF defect 
at the pipe-side weld toe of GWD 13530.  Both micrographs taken at 100x, (a) as-polished (b) 
3% Nital etch. 
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Figure 61 – High magnification optical micrograph showing tightly adhered oxide scale to the 
defect surfaces indicating the feature to be a LOF defect on GWD 13530.  500x, 3% Nital etch. 
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(a) 

 
(b) 

Figure 62 – (a) Backscatter electron micrograph showing the LOF defect at the ID toe of Sample 
439-270° from GWD 13530 (b) EDS spectrum collected from the scale adhered to the surfaces 
of the LOF defect.   
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GWD 13530 Shear Regions 1-2 and 1-3 

 
The mated cross sections through Shear 1-2 and Shear 1-3 are shown in Figures 63 and 64, 

respectively.  Both samples exhibited substantial necking (localized reduction of thickness) on 

the pipe side of the weld, evidencing that the pipe underwent plastic deformation prior to 

rupturing.  The metallurgical macrostructure of these two specimens differed largely from the 

other mated cross sections in that there was evidence that the root on the ID had been re-welded 

from the ID, evidenced by the fact that the HAZ from the root overlapped the hot passes.  This 

finding is consistent with the visual observations made in these areas that the appearance of the 

weld bead on the ID (width and ripple coarseness) in comparison to the bulk of the ID root. 

 
Figure 63 – Overall view of the metallographic section prepared through GWD 13530 Shear 1 
– 2 region showing characteristic ductile shear fracture morphology on the pipe side.  No 
evidence of progressive cracking was observed in this specimen. 
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Figure 64 – Overall view of the metallographic section prepared through GWD 13530 Shear 1 
– 3 region showing characteristic ductile shear fracture morphology on the pipe side.  No 
evidence of progressive cracking was observed in this specimen. 
 

GWD 13520 
 
Cross-girth weld sections from GWD 13520 were removed from 4°, 80°, and 312° relative to 

TDC and were metallographically prepared and documented in the same manner as the intact 

sections removed from GWD 13530.  The samples from 4° and 80° were coincident with 

rejectable indications reported by Applus RTD in the PAUT report (Feature Numbers 1 and 2, 

respectively).  As shown in Figures 65 - 71 samples removed from the 4° and 80° locations both 

exhibited a lack-of-fusion feature at the ID toe of the girth weld, but unlike GWD 13530, the 

lack-of-fusion was located on the elbow-side toe.  The sample at 4° also exhibited an ~500µm 

diameter porosity on the pipe-side fusion line as well as root pass lack-of-fusion defect 

coincident with the gas porosity.  The most salient feature observed on the 4° sample was crack 

approximately 750µm in length originating from the lack-of-fusion feature.  Both toe LOF 

defects were identified by Applus RTD during the PAUT examination.  The sample removed 

from GWD 13520 at 312° exhibited evidence of having been weld repaired at the ID as shown 

in Figure 72. 
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Figure 65 – Overall view of the metallographic specimen prepared from GWD 13520 at 4° from 
TDC.  Two notable features were identified, the first was a small gas porosity/LOF defect on the 
pipe-side fusion line and the second was a small linear crack originating from lack-of-fusion at 
the ID toe of the weld on the elbow side. 
 

 
Figure 66 – Optical micrograph showing the combination gas porosity and LOF defect 
identified on the GWD 13520 specimen at 4° from TDC.  The defect was located between the 
root pass and first hot pass.  50x, 3% Nital etch. 
 

 

Figure 66 
Figures 67 - 70 
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(a) 

 
(b) 

Figure 67 – Optical micrographs showing a linear crack originating from a LOF defect at the 
ID toe of GWD 13520 on the elbow side (a) as-polished (b) 3% Nital etch.  Both micrographs 
photographed at 12.5x. 
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Figure 68 – Higher magnification optical micrograph showing the linear crack originating from 
LOF at the ID toe of GWD 13520 on the elbow side.  50x, 3% Nital etch. 
 

 

 
Figure 69 – High magnification optical micrograph showing tightly adhered oxide scale to the 
surfaces, positively identifying the feature as LOF.  500x, 3% Nital etch. 
 

Redactions made by TC Energy



ANDERSON & ASSOCIATES, INC. CONFIDENTIAL – SUBJECT to ATTORNEY-CLIENT PRIVILEGE 
220439 TC Energy - Metallurgical Analysis of NPS-36 KS10 MP-14 Pipeline Incident 

 Page 62 of 86 

 

FOIA, USC 552(b)(4), and CEII CONFIDENTIAL TREATMENT REQUESTED 

 
Figure 70 – High magnification optical micrograph showing the tip of the crack originating 
from LOF on GWD 13520.  There was no evidence of plastic deformation associated with the 
crack tip, and the crack propagated transgranularly, consistent with a fatigue crack.  500x, 3% 
Nital etch. 
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(a) 

 
(b) 

Figure 71 – (a) Overall view of the as-polished metallographic section taken from GWD 13520 
at 80° clockwise from TDC (b) lack-of-fusion defect identified at the ID toe of the girth weld on 
the elbow side, 12.5x, as-polished. 
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Figure 72 – Overall view of the metallographic specimen prepared from GWD 13520, 312° from 
TDC.  This metallographic section indicated the ID root had been repaired, evidenced by the 
overlay of the ID HAZ on the intermediate hot passes. 
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MECHANICAL TESTING 

Tensile Testing 

Tensile testing of the pipe body and elbow materials was conducted in accordance with API 5L 

and MSS SP-75-2004.  Cross girth weld tensile testing was conducted in accordance with API 

1104.  Tensile testing consisted of both full wall thickness and sub-size round test specimens.  

The results of the tests are summarized in the following tables.  The tensile datasheets for the 

full-wall thickness pipe and elbow body specimens are included as Appendix D and the tensile 

datasheets for all sub-size tensile specimens are included as Appendix E. 

 

 
 
 
 

 
1 ASME IX (2010) QW-153.1 “In order to pass the tension test, the specimen shall have a tensile strength that is 
not less than (a) the minimum specified tensile strength of the base metal (b) the minimum specified tensile 
strength of the weaker of the two, if base metals of different minimum tensile strengths are used…” 
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2 API 5L minimum elongation calculated by 𝑒 ൌ 625,000

஺௖௫బ.మ

௎்ௌబ.వ
 

3 “X-SW” = cross seam-weld 
4 MSS SP-75-2004 Section 8.4 states yield strength can be determined using either 0.2% offset or 0.5% EUL 
method. 
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5 API 5L minimum elongation calculated by 𝑒 ൌ 625,000

஺௖௫బ.మ

௎்ௌబ.వ
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CVN Impact Testing 

Sets of full-size, transverse oriented Charpy V-Notch (CVN) impact specimens was removed 

from each of the following locations of the upstream and downstream pup sections – base metal 

90° from the seam weld, seam weld HAZ (FL + 1mm)8, and seam weld centerline in accordance 

with API 5L.  The specimens were prepared and tested in accordance with ASTM A370 at -5°C.  

The results demonstrate the pipe met the minimum absorbed energy requirement of 40 ft-lbs for 

API 5L grade X70 PSL 2 pipe. 

 
6 CANDAOIL Forge LTD Material Test Report 6235 
7 MSS SP-75-2004 Section 8.4 states yield strength can be determined using either 0.2% offset or 0.5% EUL 
method. 

8 HAZ notch location (FL+1mm) measured at mid-wall. 
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Redactions made by TC Energy

Redacted by TC Energy



ANDERSON & ASSOCIATES, INC. CONFIDENTIAL – SUBJECT to ATTORNEY-CLIENT PRIVILEGE 
220439 TC Energy - Metallurgical Analysis of NPS-36 KS10 MP-14 Pipeline Incident 

 Page 71 of 86 

 

FOIA, USC 552(b)(4), and CEII CONFIDENTIAL TREATMENT REQUESTED 

 

 

 

Girth Weld CVN Impact Testing 

Sets of longitudinally oriented, full-size CVN specimens were removed from both GWD 13530 

and 13520.  Three sets of three CVN specimens were notched in the girth weld HAZ (FL+1mm)9, 

and three sets of three CVN specimens were notched in the weld centerline.  Specimens were 

 
9 HAZ notch location (FL+1mm) measured at mid-wall. 
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tested at -5°C.  All tested specimens met the minimum requirements for impact toughness in API 

1104 (21st Edition).  It should be noted however that the edition of API 1104 that these welds 

would have been fabricated to (API 1104 20th Edition) did not require CVN impact testing.  

Photographs of the scribed notch locations are included as Appendix G. 
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CTOD Testing 

Six Bx2B SE(B) CTOD specimens were removed from each girth weld following the guidelines 

of API 1104 understanding that the entire girth weld was not available for testing.  The first 

number corresponds to the girth weld, 20 for girth weld 13520, and 30 for girth weld 13530. 

The SE(B) CTOD specimens were compression stress relieved per ISO 15653:2018 Annex C.2.  

All specimens pre-cracked at room temperature and tested per ISO 15653:2018 at 20°C.  All but 

one tested specimen (439-20-16) met the minimum required CTOD value (0.005in) set forth in 

API 1104 (20th Edition).  The datasheets are included as Appendix H, notch locations and post-

test fracture pictures are provided as Appendix I.  The results are summarized as follows: 
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Girth Weld 13520 

Specimen Zone 
CTOD  
[inches] Validity 

439-20-6 Pipe HAZ δm=0.020 Valid 
439-20-16 Pipe HAZ δu=0.0047 Valid 
439-20-30 Pipe HAZ δm=0.013 Valid 
439-20-63 Weld δm=0.0069 Valid 
439-20-82 Weld δm=0.0084 Valid 
439-20-310 Weld δm=0.017 Valid 

 

Girth Weld 13530 

Specimen Zone 
CTOD  
[inches] Validity 

439-30-207 Pipe HAZ δm=0.023 Valid 
439-30-235 Pipe HAZ δm=0.028 Valid 
439-30-256 Pipe HAZ δm=0.024 Valid 
439-30-131 Weld δm=0.0068 Valid 
439-30-132 Weld δm=0.0089 Valid 
439-30-206 Weld δm=0.0087 Valid 

 

Microhardness Testing 

A Vickers microhardness survey (HV10) was conducted metallographically prepared cross-

sections from GWDs 13530 and 13520 in accordance with the protocol submitted by TC Energy.  

Results were converted to appropriate Rockwell B [HRB] and Rockwell C [HRC] scales per 

ASTM E140 for ease of interpretation.  The results of the hardness tests on GWD 13530 showed 

the hardness to be uniform across the base metal, pipe-side HAZ, weld, elbow-side HAZ, and 

elbow.  There were local hard-spots identified, however they appeared to be remote from the 

failure location on the elbow-HAZ associated with the cap pass.  The hardness results from GWD 

13520 were similar to those from GWD 13530, the notable difference being the hardness of 

sample GWD 13520-312° (ID weld repair), being consistently higher than the hardness at the 

OD and mid-wall.   The results of the microhardness tests for both welds are summarized in 

Figures 73 – 76 below. 
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Figure 73 – Vickers microhardness survey on metallographic specimen GWD 13530 Crack 2. 
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Figure 74 – Vickers microhardness survey on metallographic specimen GWD 13530-76°. 
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Figure 75 – Vickers microhardness survey on metallographic specimen GWD 13520-80°. 
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Figure 76 – Vickers microhardness survey on metallographic specimen GWD 13520-312°. 
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Chemical Analysis 

Coupons from the DS and UP pups, DS and US ends of the elbow fitting, and the center of each 

girth weld were removed and submitted for a detailed chemical composition determination via 

optical emission spectroscopy (OES) per ASTM A751.  The chemical compositions were 

compared to the specifications for API 5L grade X70 PSL 2, MSS-SP-75, and the reported 

welding electrodes.  Additional coupons consisting of repaired and “original” welds from the ID 

roots of both GWD 13530 and 13520 were remove.  The results of the chemical analyses are 

summarized below. 

Element DS Pup 
[weight %] 

US Pup 
[weight %] 

API 5L grade  
X70 PSL 2 
[weight %] 

Carbon 0.060 0.059 0.22 max 
Manganese 1.57 1.55 1.65 max 
Phosphorus 0.016 0.016 0.025 

Sulfur 0.003 0.003 0.015 
Silicon 0.25 0.25 - 
Nickel 0.03 0.03 h 

Molybdenum <0.01 <0.01 h 
Chromium 0.19 0.19 h 

Copper 0.02 0.02 h 
Aluminum 0.029 0.029 - 
Vanadium 0.003 0.039 g 
Titanium 0.021 0.021 0.06 max 
Niobium 0.046 0.044 - 
Cobalt <0.005 <0.005 l 
Boron <0.0005 <0.0005 - 

Zirconium <0.01 <0.01 - 
Tungsten <0.01 <0.01 - 

Tin <0.005 <0.005 - 
Arsenic <0.002 <0.002 - 

Antimony 0.004 0.003 - 
Calcium 0.0023 <0.0005 - 
CEPcm 0.159 0.158 0.25 max 
Iron Balance Balance Balance 

g) Unless otherwise agreed: Nb + V + Ti ≤ 0.15% 
h) Unless otherwise agreed: Cu ≤ 0.50%, Ni ≤ 0.50%, Cr ≤ 0.50%, and Mo ≤ 0.50% 
l) No intentional additions of B, B ≤ 0.001% 
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Element DS Elbow 
[weight %] 

US Elbow 
[weight %] 

MSS-SP-75 
Composition 
[weight %] 

Carbon 0.13 0.14 0.30 max 
Manganese 1.35 1.14 1.60 max 
Phosphorus 0.012 0.010 0.035 max 

Sulfur 0.002 0.012 0.035 max 
Silicon 0.32 0.23 0.50 max 
Nickel 0.03 0.05 0.50 max* 

Molybdenum 0.01 0.01 0.13 max* 
Chromium 0.23 0.18 0.25 max* 

Copper 0.04 0.09 0.50 max 
Aluminum 0.035 0.026 - 
Vanadium 0.050 0.039 0.13 max 
Titanium 0.003 <0.002 0.05 max 
Niobium <0.002 <0.002 0.10 max 
Cobalt 0.005 0.005 - 
Boron <0.0005 <0.0005 - 

Zirconium <0.01 <0.01 - 
Tungsten <0.01 <0.01 - 

Tin <0.005 0.007 - 
Arsenic <0.002 0.002 - 

Antimony <0.002 <0.002 - 
Calcium <0.0005 <0.0005 - 

Iron Balance Balance Balance 
* ∑ (Cu, Ni, Mo) ≤ 1% 
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Element 
GWD 13520 

Center 
[weight %] 

GWD 13530 
Center 

[weight %] 

E81T1-Ni1 
Composition 
[weight %]10 

Carbon 0.058 0.070 0.03 
Manganese 1.25 1.26 1.15 
Phosphorus 0.009 0.009 0.008 

Sulfur 0.007 0.007 0.008 
Silicon 0.42 0.44 0.41 
Nickel 0.91 0.81 0.91 

Molybdenum 0.01 0.01 - 
Chromium 0.05 0.07 - 

Copper 0.03 0.03 - 
Aluminum <0.005 0.006 - 
Vanadium 0.023 0.026 - 
Titanium 0.030 0.034 - 
Niobium 0.012 0.013 - 
Cobalt <0.005 <0.005 - 
Boron <0.0005 <0.0005 - 

Zirconium <0.01 <0.01 - 
Tungsten <0.01 <0.01 - 

Tin 0.007 0.006 - 
Arsenic <0.002 <0.002 - 

Antimony 0.004 <0.002 - 
Calcium <0.0005 <0.0005 - 

Iron Balance Balance Balance 
 

 

 

 

 

 

 

 

 
10 Composition from Pinnacle Alloys E81T1-Ni1 Data Sheet 0514REV0.  Typical deposit composition using 100% 
CO2. 
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Element 
GWD 13520 

Original Root 
[weight %] 

GWD 13520 
Repair Root 
[weight %] 

GWD 13530 
Original Root 

[weight %] 

GWD 13530 
Repair Root 
[weight %] 

E80S-Ni1 
Composition 
[weight %]11 

Carbon 0.089 0.070 0.13 0.062 0.10 
Manganese 0.70 1.11 1.04 0.95 1.10 
Phosphorus 0.009 0.010 0.011 0.010 0.01 

Sulfur 0.010 0.011 0.015 0.011 0.01 
Silicon 0.27 0.52 0.26 0.39 0.60 
Nickel 0.77 0.82 0.23 0.71 1.00 

Molybdenum 0.22 0.19 0.08 0.20 0.10 
Chromium 0.09 0.14 0.15 0.12 - 

Copper 0.19 0.23 0.12 0.22 0.12 
Aluminum 0.015 0.024 0.029 0.005 - 
Vanadium 0.003 0.004 0.027 0.005 - 
Titanium <0.002 0.006 0.002 0.003 - 
Niobium 0.002 0.005 <0.002 0.005 - 
Cobalt 0.007 0.007 0.005 0.006 - 
Boron 0.0005 0.0006 0.0005 0.0005 - 

Zirconium <0.01 <0.01 <0.01 <0.01 - 
Tungsten <0.01 <0.01 <0.01 <0.01 - 

Tin 0.007 0.006 0.007 0.007 - 
Arsenic 0.003 0.002 0.002 0.002 - 

Antimony 0.004 0.004 0.003 0.004 - 
Calcium 0.0023 0.0051 0.0013 0.0011 - 

Iron Balance Balance Balance Balance Balance 
 

DISCUSSION and CONCLUSIONS 

The cause of the rupture in GWD 13530 was attributed to fatigue (progressive) cracking.  There 

were three, circumferentially oriented individual fatigue cracks identified; the largest being 

centered approximately 4.5” clockwise from TDC.  The circumferential orientation of the cracks 

suggests a bending stress to be the driving mechanism.  The fatigue cracks originated from a 

lack-of-fusion region at the ID toe of the girth weld on the pipe-side.  The individual fatigue 

cracks propagated linearly through the pipe side of the weld, intersecting multiple 

microstructural features in the process.  There was no evidence observed that any of the fatigue 

cracks penetrated the full wall thickness, indicating the final overload and subsequent petroleum 

 
11 Composition from Pinnacle Alloys E80S-Ni1 Data Sheet 0514REV0.  Typical deposit composition. 
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release was an instantaneous event that occurred when the remaining ligament could no longer 

support the applied load.   

The primary evidence observed that identified the initiating feature/s as lack-of-fusion was the 

tightly adhered oxide scale lining the surfaces of the features.  Tightly adhered oxide scale 

(magnetite or Fe3O4) forms preferentially at higher temperatures, typically higher than 600°C.  

This temperature would likely have been achieved and or exceeded during welding operations. 

The presence of this magnetite scale indicates that the surfaces were exposed to an oxygen 

atmosphere while still at high temperature.   

The fatigue cracks in GWD 13530 appeared to progress via an unstable (brittle) crack extension 

mechanism consisting of a series of advance/arrest events.  There was evidence of dimpled 

rupture observed coincident with several of the arrest features, indicating there may have been 

ductile tearing preceding unstable crack extension.   

There was no evidence found to support a finding that the pipe material was deficient.  The 

microstructure of the pups consisted of finely banded, fine-grained ferrite and pearlite, typical of 

a low carbon, microalloyed steel used to fabricate high strength line pipe.  The bulk weld 

microstructure appeared sound, though there was intermittent interpass lack-of-fusion, gas 

porosity, and slag entrapment separate from the lack-of-fusion identified at the ID weld toes.  

The interpass defects were determined to be acceptable discontinuities per the inspection report 

prepared by Applus RTD.  The mechanical properties and chemical composition of the pipe met 

the minimum specifications for API 5L grade X70 PSL 2, though there is evidence that some of 

the HAZ hardness exceeded the maximum set forth for grade X70.  Similarly, cross-girth weld 

mechanical testing showed there were no deficiencies with the mechanical properties of GWD 

13530 and 13520 with respect to the minimums set forth in API 1104.  The exception to this was 

one HAZ notched CTOD specimen from GWD 13520 (439-20-16) that failed to meet the 

minimum CTOD value of 0.005in. 

The initiating features appeared consistent with lack-of-fusion at the ID toe approximately 

200µm in length.  Lack-of-fusion and cracking extending from the LOF was observed on both 
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GWD 13530 and 13520.  The toe cracking on GWD 13520 was associated with the elbow-side 

toe.  Of importance, all indications identified by PAUT were verified metallographically. 

In summary, the cause of this rupture was attributed to fatigue cracking.  The fatigue cracks 

propagated circumferentially from a series of ID intermittent weld-toe lack-of-fusion on the pipe-

side.  Fatigue cracking propagated until the final overload event that resulted in the rupture and 

subsequent spillage of the contents of the pipe.  There was no evidence that there was a leak 

prior to the rupture event e.g., fatigue cracking did not penetrate the full wall thickness. 

If you have any questions, or need any additional information, please let us know.  The samples 

from this investigation will be held until instructions for material disposition are provided by TC 

Energy.   

 

Respectfully submitted February 7, 2023. 

 
ANDERSON & ASSOCIATES, INC. 
Engineering Firm Registration # F-816 
 
 
______________________________ 
Andrés Rodela, Ph.D., P.E. 
Vice President of Engineering 
TX Lic. #127892 
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APPENDICES 
 
 
Appendix A – ILVA SPA Material Test Report 2010/00007605/01 (Pups) 
 
Appendix B – CANDAOIL Forge LTD. Material Test Report 6235 (Elbow) 
 
Appendix C – Applus RTD Non-Destructive Test Report 
 
Appendix D – Full wall thickness tensile datasheets 
 
Appendix E – Sub-size pipe body tensile datasheets 
 
Appendix F – Sub-size cross girth weld and all-weld tensile datasheets 
 
Appendix G - CVN notch location photographs 
 
Appendix H – CTOD datasheets 
 
Appendix I – CTOD notch location and fracture photographs 
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Appendix A  
 ILVA SPA Material Test Report 2010/00007605/01 (Pups) 
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Appendix B 
CANDAOIL Forge LTD. Material Test Report 6235 (Elbow) 

Redactions made by TC Energy
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Appendix C 
Applus RTD Non-Destructive Test Report 

Redactions made by TC Energy
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Appendix D 
 Full-Wall Thickness Tensile Datasheets 
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Appendix E 
Sub-size pipe body tensile datasheets 

 

Redactions made by TC Energy



ANDERSON & ASSOCIATES, INC.  CONFIDENTIAL – SUBJECT to ATTORNEY-CLIENT PRIVILEGE 
220439 TC Energy - Metallurgical Analysis of NPS-36 KS10 MP-14 
Pipeline Incident Report Appendices 

FOIA, USC 552(b)(4), and CEII CONFIDENTIAL TREATMENT REQUESTED 

Redactions made by TC Energy

Redacted by TC Energy



ANDERSON & ASSOCIATES, INC.  CONFIDENTIAL – SUBJECT to ATTORNEY-CLIENT PRIVILEGE 
220439 TC Energy - Metallurgical Analysis of NPS-36 KS10 MP-14 
Pipeline Incident Report Appendices 

FOIA, USC 552(b)(4), and CEII CONFIDENTIAL TREATMENT REQUESTED 

Redactions made by TC Energy

Redacted by TC Energy



ANDERSON & ASSOCIATES, INC.  CONFIDENTIAL – SUBJECT to ATTORNEY-CLIENT PRIVILEGE 
220439 TC Energy - Metallurgical Analysis of NPS-36 KS10 MP-14 
Pipeline Incident Report Appendices 

FOIA, USC 552(b)(4), and CEII CONFIDENTIAL TREATMENT REQUESTED 

Redactions made by TC Energy

Redacted by TC Energy



ANDERSON & ASSOCIATES, INC.  CONFIDENTIAL – SUBJECT to ATTORNEY-CLIENT PRIVILEGE 
220439 TC Energy - Metallurgical Analysis of NPS-36 KS10 MP-14 
Pipeline Incident Report Appendices 

FOIA, USC 552(b)(4), and CEII CONFIDENTIAL TREATMENT REQUESTED 

Redactions made by TC Energy

Redacted by TC Energy



ANDERSON & ASSOCIATES, INC.  CONFIDENTIAL – SUBJECT to ATTORNEY-CLIENT PRIVILEGE 
220439 TC Energy - Metallurgical Analysis of NPS-36 KS10 MP-14 
Pipeline Incident Report Appendices 

FOIA, USC 552(b)(4), and CEII CONFIDENTIAL TREATMENT REQUESTED 

Redactions made by TC Energy

Redacted by TC Energy



ANDERSON & ASSOCIATES, INC.  CONFIDENTIAL – SUBJECT to ATTORNEY-CLIENT PRIVILEGE 
220439 TC Energy - Metallurgical Analysis of NPS-36 KS10 MP-14 
Pipeline Incident Report Appendices 

FOIA, USC 552(b)(4), and CEII CONFIDENTIAL TREATMENT REQUESTED 

Redactions made by TC Energy

Redacted by TC Energy



ANDERSON & ASSOCIATES, INC.  CONFIDENTIAL – SUBJECT to ATTORNEY-CLIENT PRIVILEGE 
220439 TC Energy - Metallurgical Analysis of NPS-36 KS10 MP-14 
Pipeline Incident Report Appendices 

FOIA, USC 552(b)(4), and CEII CONFIDENTIAL TREATMENT REQUESTED 

Redactions made by TC Energy

Redacted by TC Energy



ANDERSON & ASSOCIATES, INC.  CONFIDENTIAL – SUBJECT to ATTORNEY-CLIENT PRIVILEGE 
220439 TC Energy - Metallurgical Analysis of NPS-36 KS10 MP-14 
Pipeline Incident Report Appendices 

 

FOIA, USC 552(b)(4), and CEII CONFIDENTIAL TREATMENT REQUESTED 

 
 
 
 
 
 
 
 

Appendix F 
Sub-Size Cross Girth Weld and All-Weld Tensile Datasheets 
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