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1.0 INTRODUCTION 

 

Seven samples of 8-inch diameter 4-sidecut from the Chevron USA, Inc. (CUSA) El Segundo 

refinery #4 Crude Unit were submitted by CUSA and the Chemical Safety and Hazard 

Investigation Board (CSB) for metallurgical evaluation.  It was reported that the sampled line 

had been constructed of Schedule 40 carbon steel in the 1970’s and was removed from service as 

a precaution following the August 6, 2012 incident at the CUSA Richmond refinery sister unit.  

The purpose of this evaluation was to compare the condition of the El Segundo 8-inch 4-sidecut 

samples to those from the CUSA Richmond refinery described in Anamet, Inc. Report No. 

5004-7920 B. 

 

The samples were evaluated by the following laboratory procedures: 

 

1) Visual and macroscopic examination 

2) Chemical analysis 

3) Tensile testing 

4) Metallography 

5) Energy dispersive X-ray spectroscopy 

6) X-ray diffraction 

 

Based on the results of this evaluation, sulfidation corrosion had generally affected the CUSA El 

Segundo samples to a similar extent as the CUSA Richmond samples had been generally 

affected.  In contrast with the Richmond samples, the thinnest measured pipe wall was 0.128-

inch, found in sample ELS-1, which was removed from a location comparable to downstream 

from the rupture location in the Richmond 4-sidecut.  The well recognized correlation between 

greater sulfidation corrosion rates and silicon concentrations below 0.10-wt% was also observed 

with these samples. 
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2.0 EVALUATION
1
 

 

2.1 Visual Examination 

 

Sample identifications are listed in Table 1 along with a short description.  The locations from 

which the samples were removed from the 4-sidecut are shown in Appendix A.  The location and 

30° down slope of sample ELS-5 corresponded closely with the ruptured section of Richmond 

8-inch 4-sidecut.  The samples are shown in the as-received condition in Figure 1 through Figure 

4. 

 

Combinations of adherent scale and loose rust were present on the outside surfaces of all the 

samples, consistent with the service life and reported exposed outdoor storage of the samples 

after the removal from service.  Various combinations of dark gray to black scale were present 

on the inside surfaces.  Near flame cut ends, this scale was mostly absent.  In some samples, a 

rust red tint was present, an indication of rust formation during storage.  The appearance of the 

inside scale was similar to that observed in the Richmond samples. 

 

No evidence of pipe deformation or rupture was present, with the exception of a small dent on 

the outside surface of sample ELS-2.  Disturbance of the scale indicated that the dent occurred 

recently, likely during removal of the line from service.  An apparent difference in wall thickness 

was observed between pipe spools in sample ELS-4 and ELS-5.  Metallography, described in 

Section 2.4, demonstrated a difference in wall thickness attributable to sulfidation corrosion in 

these two locations. 

 

Wall thickness measurements were made with dial calipers after removing loose scale from the 

inside and outside surfaces at the section locations indicated in Figure 1 through Figure 4.  The 

samples were not clearly marked with respect to vertical orientation, so in most cases the 

measurements were made at arbitrary locations spaced 90° around the pipe circumference. 

Measured wall thickness values are listed in Table 2.  The thinnest pipe wall listed in Table 2 is 

0.134-inch, found in specimen ELS-1.  This sample was in a location comparable to downstream 

from the ruptured section of 4-sidecut in the Richmond refinery.  The nominal wall thickness of 

8-inch Schedule 40 pipe is 0.322-inch. 

 

The average of all wall thickness values listed in Table 2 is 0.196-in.  Wall thickness values from 

the Richmond 8-inch 4-sidecut samples are listed in Table 3, reproduced here from Anamet 

report 5004.7920 B.
2
  To compare the general extent to which sulfidation corrosion had affected 

the El Segundo 8-inch 4-sidecut and the Richmond 8-inch 4-sidecut, the average value of 

thickness values in Table 3 was calculated.  The thickness values in the shaded rows of Table 3 

were discarded to avoid over sampling of the ruptured section, to include only pipe thickness 

values, and to represent the same number of thickness readings as were used for the El Segundo 

average thickness calculation.  The resulting average thickness for the Richmond samples was 

0.220-inch.  The similarity of the average thickness values is not surprising given the similarity 

                                                 
1
 The magnifications of the optical and scanning electron micrographs in this report are approximate and should not 

be used as a basis for dimensional analyses unless otherwise indicated. 
2
 Anamet Report No. 5004.7920 B, FINAL REPORT:  METALLURGICAL EVALUATION OF SAMPLES 

FROM THE CHEVRON U.S.A. INC., RICHMOND #4 CRUDE UNIT 8-INCH AND 12-INCH 4-SIDECUT 

PIPING INVOLVED IN THE AUGUST 6, 2012, HYDROCARBON RELEASE AND FIRE, Prepared for The 

Chemical Safety and Hazard Investigation Board (CSB), February 5, 2013. 
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of the materials of construction, similarity of the service conditions, and similarity of the time in 

service between the El Segundo and Richmond 8-inch 4-sidecut piping. 

 

Uneven or wavy wall loss, similar to that observed in the Richmond 4-sidecut samples, was 

investigated by cleaning specimens from the El Segundo 8-inch 4-sidecut by immersion in a 25% 

solution of Oakite® 33 and water.  Alternating cycles of immersion in the solution and wire 

brushing the inside and outside surface scale removed the majority of the scales present.  

Photographs of the inside surfaces after cleaning are shown in Figure 5 through Figure 7.  

Uneven or wavy wall loss was present on all specimens examined except ELS-4-2, ELS-6 and 

ELS-7.  Thickness measurements indicated in the figures were performed using a pointed anvil 

micrometer at locations selected to demonstrate the range of thickness associated with uneven 

wall loss on the cleaned specimens.  The thinnest wall thickness measured was 0.128-inch on the 

cleaned specimen from ELS-1. 

 

 

2.2 Chemical Analysis 

 

Quantitative chemical analysis by optical emission spectroscopy (OES) and LECO combustion 

was performed on specimens sectioned from the samples.  Analysis by OES was performed on 

the outside surface of the specimens after grinding down to bright metal.  The locations from 

which specimens were sectioned are indicated in Figure 1 through Figure 4.  Specimens were 

sectioned from two spools of pipe in each of samples ELS-4 and ELS-5, as indicated in Figure 

2b and Figure 3a, respectively.  The results are listed in Table 4 through Table 6.  The chemical 

composition requirements for ASTM A 106 and ASTM A 53 Grade B carbon steel pipe are 

listed in Table 7.  The important difference between these two standards with respect to 

sulfidation corrosion is ASTM A 106 specifies the acceptable range of silicon concentration, 

while ASTM A 53 does not. 

 

 

2.3 Tensile Testing 

 

Tensile specimens were machined from samples ELS-1, ELS-3, ELS-5, and ELS-6, sectioned 

from the locations indicated in Figure 1 through Figure 3.  Testing was performed in accordance 

with ASTM E 370.  Specimen gage length and width were 2.00-inches and 0.50-inches, 

respectively.  Specimen gage thickness was determined by the steel remaining after machining 

the outside surface flat and removal of all visible evidence of gray scale from the inside surface.  

Results are listed in Table 8.  The tensile and yield strength  requirements for ASTM A 106 and 

ASTM A 53, Grade B, pipe are listed in Table 9.  The tested specimens met the stated 

requirements. 

 

 

2.4 Metallography 

 

Metallography was performed on longitudinal specimens prepared from each sample.  The 

locations of the sections in each sample are indicated in Figure 1 through Figure 4, and 

representative micrographs of the interface between the inside surface and the inside scale are 

shown in Figure 8 through Figure 14.  In each specimen, the light gray scale was consistent with 

iron sulfide formed by sulfidation corrosion of carbon steel. 
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Photographs of the specimens prepared through circumferential welds in samples ELS-4 and 

ELS-5 are shown in Figure 10.  More extensive thinning of ELS-4-2 compared to ELS-4-1, and 

ELS-5-1 compared to ELS-5-2, correlates with the silicon concentrations of each of the pipe 

spools listed in Table 5.  In Figure 10b, the outside surface of ELS-5-1 was offset from the 

outside surface of ELS-5-2 by 0.068-inch.  To investigate the cause of the offset, additional 

sections were cut at 90° increments from the section shown in Figure 10b.  Photographs of the 

sections are shown in Figure 11.  The outside surfaces of ELS-5-1 and ELS-5-2 were nominally 

coplanar in the additional sections, which indicates the outside diameter of ELS-5-1 was around 

0.070-inch larger than the spool ELS-5-2, and the two spools were not exactly coaxial. 

 

 

2.5 Energy Dispersive X-ray Spectroscopy 

 

Specimens of scale scraped from the inside surface of each sample were analyzed by energy 

dispersive X-ray spectroscopy
3
 (EDS).  Semi-quantitative analysis was performed on the oxygen 

(O), sulfur (S), and iron (Fe) peaks, ignoring the low intensity peaks for various other elements.  

The results, shown in Figure 15 through Figure 17, were consistent with the elemental 

composition of iron sulfide scale formed by sulfidation corrosion of carbon steel. 

 

 

2.6 X-Ray Diffraction 

 

Scale specimens were scraped from the inside surface of samples ELS-4 and ELS-5 using a 

stainless steel spatula.  The outer layers of the scale were generally friable and easily removed.  

The scale closest to the steel surface was adherent, and scraping revealed a dark gray metallic 

luster.  Some rust was visible within the scale specimens, which were washed with toluene to 

remove residual hydrocarbons and allowed to dry.  Phase analysis by X-ray diffraction (XRD) 

was subcontracted to Evans Analytical Group (EAG) in Sunnyvale, CA, and the results are 

shown in Appendix B.  The results indicated iron sulfide was the majority species in each of the 

two specimens. 

 

 

3.0 DISCUSSION 

 

Sulfidation corrosion, also called sulfidic corrosion, is caused by the chemical reaction between 

iron and sulfur to form iron sulfide, generally at temperatures above 450°F.  In crude oil 

distillation, naturally occurring sulfur and sulfur compounds are available to react with steel 

components, particularly plain carbon steels.  The service conditions of the El Segundo #4 Crude 

Unit 4-sidecut piping were similar to the service conditions of the Richmond #4 Crude Unit 4-

sidecut piping, temperatures and pressures of about 640°F 58-psig, and in both cases the material 

of construction was Schedule 40 carbon steel.  Consequently, it is not surprising that the 

presence of thick sulfide scale on the inside surfaces of the pipe, and generally uniform wall 

thinning indicate that sulfidation corrosion was active during service of the El Segundo 4-

                                                 
3
 The EDS analysis method used here detects the presence of elements from boron (B) to uranium (U), atomic 

numbers from 5 to 92 in the periodic table.  EDS data alone are, however, insufficient to differentiate chemical 

compounds such as oxides, hydroxides, or carbonates or to characterize organic materials that consist of carbon (C), 

hydrogen (H), and nitrogen (N) only. 
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sidecut, and that the general extent of sulfidation corrosion was similar in both systems.  The 

obvious difference between the two 4-sidecut lines was that Richmond suffered more extensive 

corrosion in one component that resulted in rupture. 

 

Variables that affect sulfidation corrosion rates in crude oil distillation are the total sulfur content 

of the oil, the sulfur species present in the oil, temperature of the system, flow conditions, and 

the composition of the steel.  Industry experience has shown that sulfidation corrosion rates in 

carbon steel are known to increase with a decrease in silicon concentration below 0.10-wt%, and 

are relatively constant at silicon concentrations above 0.10-wt%, given all other variables remain 

the same.  A general trend of increased wall loss with a decrease in silicon concentration was 

observed for the El Segundo 8-inch 4-sidecut samples.  Although sulfidation corrosion rates of 

carbon steel can be low, over decades of service a difference in corrosion rate caused by 

variations in silicon concentration can lead to failure in low silicon components while higher 

silicon bearing components retain useful life.  Furthermore, if low silicon components happen to 

be located where other variables, such as flow or concentration of sulfur species, increase the 

corrosion rate, the combined affects can lead to much greater than expected wall loss. 

 

 

4.0 CONCLUSIONS
4
 

 

The following conclusions are based upon the submitted sample(s) and the evidence gathered: 

 

1. Sulfidation corrosion had affected the CUSA El Segundo samples to a similar extent as the 

CUSA Richmond samples had been affected. 

 

2. The thinnest pipe wall was 0.128-inch, measured in sample ELS-1 in a location comparable 

to downstream of where the Richmond 4-sidecut ruptured. 

 

3. The well recognized correlation between greater sulfidation corrosion rates and silicon 

concentrations below 0.10-wt% was observed with these samples. 

 

 

 

Prepared by:  Reviewed by: 

 

 

 
Sam McFadden, Ph.D. 

Associate Director of Laboratories 

 Ken Pytlewski, PE 

Director, Engineering and Laboratories 

                                                 
4
 The conclusions in this report are based upon the available information and evidence provided by the client and 

gathered by Anamet, within the scope of work authorized by the client, and they are hereby presented by Anamet to 

a reasonable degree of engineering and scientific certainty.  Anamet reserves the right to amend or supplement its 

conclusions or opinions presented in this report should additional data or information become available, or further 

work be approved by the client. 
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Table 1 

List of 4-Sidecut Samples Examined 

 

Identification 

 

Description 

ELS-1 One 12-inch long section of pipe, saw cut ends 

ELS-2 
Two 10-inch long sections of pipe joined by a 30° elbow, saw cut 

ends 

ELS-3 
One 20-inch long section of pipe joined to a 90° elbow, flame cut 

ends 

ELS-4 
Two 8-inch long sections of pipe joined to one leg of a tee, saw cut 

end on the pipe, flame cut ends on the tee 

ELS-5 
One 36-inch long section of pipe with welded pipe guides removed, 

joined to a 6-inch long section of pipe, flame cut ends 

ELS-6 
One 12-inch long section of pipe joined to one end of a 90° elbow, 

and 4-inches of pipe joined to the other end, saw cut ends 

ELS-7 
One 90° elbow joined to a tee, with a 2-inch long ring between the 

elbow and tee, flame cut ends 

 

 

Table 2 

Wall Thickness
A
 

 

Sample 

 

(in) (in) (in) (in) 

ELS-1 0.154 0.146 0.153 0.151 

ELS-2 0.160 0.148 0.160 0.153 

ELS-3 0.160 0.147 0.134 0.166 

ELS-4-2 0.246 0.229 0.215 0.220 

ELS-5-1 0.155 0.190 0.174 0.145 

ELS-6 0.270 0.260 0.265 0.280 

ELS-7 0.251 0.218 0.280 0.250 
A
 Measurements spaced approximately 90° apart, taken with calipers after cleaning inside and 

outside surfaces with a wire brush. 
B
 The nominal wall thickness of 8-inch diameter Schedule 40 pipe is 0.322-inch. 
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Table 3 

Richmond 8-inch 4-Sidecut Samples Measured Wall Thickness 
A
 

 

Sample 

 

0° 

(in) 

90° 

(in) 

180° 

(in) 

270° 

(in) 

E-017
B
 -.- 0.178 0.255 0.285 

E-017
C
 0.110 0.090 0.105 0.092 

E-022B 0.236 0.184 0.245 0.229 

E-023A
D
 0.082 0.088 0.113 0.068 

E-023A
E
 0.242 0.245 0.255 0.245 

E-023B 0.240 0.258 0.225 0.240 

E-028B 0.192 0.205 0.196 0.208 

E-030B 0.218 0.172 0.278 0.236 

E-034B 0.306 0.319 0.279 0.320 
A
  Measurements taken with calipers after cleaning inside and outside surfaces with a wire brush. 

B
  Measurements taken on the upstream elbow, middle of bend 

C
  Measurements taken on the downstream end of the ruptured section 

D
  Measurements taken on the end of the ruptured section joined to the 30° elbow 

E
  Measurements taken on the downstream end 

 

 

Table 4 

Quantitative Chemical Analysis Results for  

 

Element 
ELS-1 

(wt%) 

ELS-2 

(wt%) 

ELS-3 

(wt%) 

Carbon
A
 (C) 0.24 0.23 0.23 

Chromium (Cr) 0.01 0.01 0.01 

Copper (Cu) 0.02 0.02 0.02 

Iron (Fe) Primary Constituent 

Manganese (Mn) 0.71 0.71 0.72 

Molybdenum (Mo) <0.01 <0.01 <0.01 

Nickel (Ni) 0.01 0.01 0.01 

Phosphorus (P) 0.006 0.005 0.005 

Silicon (Si) 0.01 0.01 0.01 

Sulfur (S) 0.024 0.022 0.023 

Vanadium (V) <0.005 <0.005 <0.005 
A
Determined by LECO combustion, all others determined by OES 
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Table 5 

Quantitative Chemical Analysis Results for  

 

Element 
ELS-4-1 

B
 

(wt%) 

ELS-4-2 
B
 

(wt%) 

ELS-5-1 
B
 

(wt%) 

ELS-5-2 
B
 

(wt%) 

Carbon
A
 (C) 0.19 0.25 0.26 0.18 

Chromium (Cr) 0.04 0.06 0.02 0.04 

Copper (Cu) 0.01 0.05 0.03 0.01 

Iron (Fe) Primary Constituent 

Manganese (Mn) 1.09 0.96 0.77 1.10 

Molybdenum (Mo) 0.01 0.02 0.01 0.01 

Nickel (Ni) 0.01 0.04 0.02 0.01 

Phosphorus (P) 0.010 0.008 0.021 0.010 

Silicon (Si) 0.27 0.07 0.03 0.27 

Sulfur (S) <0.005 0.028 0.023 0.005 

Vanadium (V) <0.005 <0.005 <0.005 <0.005 
A
Determined by LECO combustion, all others determined by OES 

B
Two specimens were analyzed from two different pipe spools in each of ELS-4 and ELS-5 

 

Table 6 

Quantitative Chemical Analysis Results for  

 

Element 
ELS-6 

(wt%) 

ELS-7 

(wt%) 

Carbon
A
 (C) 0.25 0.22 

Chromium (Cr) 0.06 0.02 

Copper (Cu) 0.05 0.01 

Iron (Fe) Primary Constituent 

Manganese (Mn) 0.96 0.58 

Molybdenum (Mo) 0.02 .01 

Nickel (Ni) 0.04 0.02 

Phosphorus (P) 0.009 0.014 

Silicon (Si) 0.07 0.17 

Sulfur (S) 0.031 0.010 

Vanadium (V) <0.005 <0.005 
A
Determined by LECO combustion, all others determined by OES 
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Table 7 

Chemical Composition Requirements 

for ASTM A 106 and A 53 Grade B Carbon Steel Pipe 

 

Element 

Requirements for 

A 106 

Grade B 

Carbon Steel 

(wt%) 

Requirements for 

A 53 

Type S Grade B 

Carbon Steel 

(wt%) 

min max min max 

Carbon (C) -.- 0.30 -.- 0.30 

Chromium
A
 (Cr) -.- 0.40 -.- 0.40 

Copper
A
 (Cu) -.- 0.40 -.- 0.40 

Iron (Fe) Primary Constituent Primary Constituent 

Manganese (Mn) 0.29 1.06 -.- 1.20 

Molybdenum
A
 (Mo) -.- 0.15 -.- 0.15 

Nickel
A
 (Ni) -.- 0.40 -.- 0.40 

Phosphorus (P) -.- 0.035 -.- 0.05 

Silicon (Si) 0.10 -.- Not Controlled 

Sulfur (S) -.- 0.035 -.- 0.045 

Vanadium
A
 (V) -.- 0.08 -.- 0.08 

A 
For A 53 Type S Grade B, the total composition for these five elements shall not exceed 1.00 

wt% 

 

 

Table 8 

Tensile Test Results 

 

Sample 

 

Specimen Gage 

Thickness 

(in) 

Tensile 

Strength 

(ksi) 

Yield 

Strength 

(ksi) 

Elongation in 

2.0-inch Gage 

Length 

(%) 

ELS-1 0.098 68.40 45.60 19.5 

ELS-3 0.117 65.30 43.60 17 

ELS-5 0.110 71.20 44.10 21 

ELS-6 0.227 75.00 49.10 28.5 

 

 

Table 9 

Minimum Tensile and Yield Strength Requirements 

 

 
Tensile Strength 

(ksi) 

Yield Strength 

(ksi) 

A 106 Grade B 60.00 35.00 

A 53 Grade B 60.00 35.00 
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(a)  ELS-1 

 
(b)  ELS-2 

 

Figure 1 Photographs of samples ELS-1 and ELS-2 as-received. 

Shallow dent 

Section for thickness 

measurements 

Section for Table 2 thickness measurements 

Section ELS-1 

for tensile testing 

Section ELS-1 

for chemical analysis 

Section ELS-1 

for metallography 

Section ELS-2 

for metallography Section ELS-2 

for chemical analysis 
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(a)  ELS-3 

 
(b)  ELS-4 

 

Figure 2 Photographs of samples ELS-3 and ELS-4 as-received. 

 

ELS-4-1 ELS-4-2 

Section for Table 2 

thickness measurements 

Section for Table 2 

thickness measurements 

Section ELS-4-1 

for chemical analysis  

Section ELS-4-2 

for chemical analysis  

Section ELS-4 for metallography 

Section ELS-3 

for tensile testing  

Section ELS-3 

for chemical analysis  

Section ELS-3 for metallography 
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(a)  ELS-5 

 
(b)  ELS-6 

 

Figure 3 Photographs of samples ELS-5 and ELS-6 as-received. 

ELS-5-2 ELS-5-1 

Section for Table 2 

thickness measurements 

Section for Table 2 

Thicknessmeasurements 

Section ELS-5-2 

for chemical analysis  
Section ELS-5-1 

for chemical analysis  
Section ELS-5 

for tensile testing  

Section ELS-6 for tensile testing  

Section ELS-6 

for chemical analysis  

Section ELS-5 

for metallography 

Section ELS-6 

for metallography  
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(a)  ELS-7 

 

Figure 4 Photograph of sample ELS-7 as-received. 

 

 

Section for Table 2  thickness measurements 

Section ELS-7 for metallography 

Section ELS-7 

for chemical analysis  
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(a) 

 
(b) 

 
(c) 

 

Figure 5 Photographs of the inside surfaces of specimens from samples ELS-1, ELS-2, and 

ELS-3 after cleaning.  The specimens were sectioned from locations next to the 

specimens for chemical analysis. 

ELS-1 

ELS-2 

ELS-3 

0.169-in 

0.137-in 

0.128-in 

0.188-in 

0.166-in 

0.127-in 
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(a) 

 
(b) 

 
(c) 

 

Figure 6 Photographs of the inside surfaces of specimens from samples ELS-4, ELS-5, and 

ELS-6 after cleaning.  The specimens were sectioned from locations next to the 

specimens for chemical analysis. 

ELS-5-1 

ELS-6 

ELS-4-2 

0.250-in 

0.241-in 

0.143-in 0.171-in 

0.252-in 
0.271-in 
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Figure 7 Photograph of the inside surface of a specimen from sample ELS-7 after cleaning.  

The specimen was sectioned from a location next to the specimen for chemical 

analysis. 

 

 

 
(a)  ELS-1 100X 

 

Figure 8 Optical micrograph of a specimen prepared from sample ELS-1.  The section 

location is indicated in Figure 1a. 

Inside surface scale 

ELS-7 

0.193-in 

0.188-in 
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(a)  ELS-2 100X 

 
(b)  ELS-3 100X 

 

Figure 9 Optical micrographs of specimens prepared from samples ELS-2 and ELS-3.  The 

section locations are indicated in Figure 1b and Figure 2a, respectively. 

Inside surface scale 

Inside surface scale 
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(a)  ELS-4 

 

 
(b)  ELS-5 

 

Figure 10 Photographs of specimens prepared for metallography from the locations on 

samples ELS-4 and ELS-5 indicated in Figure 2b and Figure 3a, respectively.  

Optical micrographs of the boxed areas are shown in Figure 12 and Figure 13.  

The dashed line indicates the outside surface of ELS-5-1 was offset 0.068-inch 

from the outside surface of ELS-5-2. 

 

 

ELS-4-1 ELS-4-2 

ELS-5-2 ELS-5-1 

 

 

 

 

0.290-inch 

0.215-inch 

0.244-inch 

0.139-inch 0.165-inch 

0.068-inch 
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(a)  90° 

 
(b)  180° 

 
(c)  270° 

 

Figure 11 Sections through sample ELS-5 taken 90°, 180°, and 270° from the section shown 

in Figure 10b.  The outside surfaces of the two pipe spools were coplanar in these 

sections, as indicated by the dashed lines.   

ELS-5-2 

ELS-5-2 

ELS-5-2 ELS-5-1 

ELS-5-1 

ELS-5-1 
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(a)  ELS-4-1, area labeled  in Figure 10a 100X 

 
(b)  ELS-4-2, area  in Figure 10a 100X 

 

Figure 12 Optical micrographs of the specimen prepared from sample ELS-4 shown in 

Figure 10a.  The section location is indicated in Figure 2b. 

 

Inside surface scale 

Inside surface scale 
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(a)  ELS-5-1, area labeled  in Figure 10b 100X 

 
(b)  ELS-5-2, area labeled  in Figure 10b 100X 

 

Figure 13 Optical micrographs of the specimen prepared from sample ELS-5 shown in 

Figure 10b.  The section location is indicated in Figure 3a. 
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(a)  ELS-6 100X 

 
(b)  ELS-7 100X 

 

Figure 14 Optical micrographs of specimens prepared from samples ELS-6 and ELS-7.  The 

section locations are indicated in Figure 3b and Figure 4, respectively. 
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(a)  ELS-1 

 

 

 
(b)  ELS-2 

 

 
(c)  ELS-3 

 

Figure 15 EDS spectra and semi-quantitative analysis results for specimens of inside surface 

scale scraped from samples ELS-1, ELS-2, and ELS-3. 

 

 

Element Wt% Wt% Sigma Atomic % 
O 33.99 0.20 59.31 
S 20.77 0.10 18.08 
Fe 45.24 0.16 22.61 

 

Element Wt% Wt% Sigma Atomic % 
O 32.50 0.19 58.14 
S 19.12 0.09 17.07 
Fe 48.37 0.16 24.79 

 

Element Wt% Wt% Sigma Atomic % 
O 27.06 0.20 51.77 
S 20.28 0.10 19.36 
Fe 52.66 0.17 28.86 
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ELS-4 

 

 
ELS-5 

 

 
ELS-6 

 

Figure 16 EDS spectra and semi-quantitative analysis results for specimens of inside surface 

scale scraped from samples ELS-4, ELS-5, and ELS-6. 

 

Element Wt% Wt% Sigma Atomic % 
O 16.71 0.22 35.83 
S 28.53 0.12 30.53 
Fe 54.76 0.17 33.64 

 

 

Element Wt% Wt% Sigma Atomic % 
O 30.71 0.20 56.92 
S 15.97 0.09 14.77 
Fe 53.32 0.17 28.31 

 

 

Element Wt% Wt% Sigma Atomic % 
O 4.68 0.19 11.86 
S 35.34 0.12 44.64 
Fe 59.98 0.16 43.50 
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ELS-7 

 

Figure 17 EDS spectra and semi-quantitative analysis results for specimens of inside surface 

scale scraped from sample ELS-6. 

 

Element Wt% Wt% Sigma Atomic % 
O 22.04 0.22 44.41 
S 24.70 0.11 24.83 
Fe 53.27 0.17 30.75 
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