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1.0 INTRODUCTION
This report summarizes the laboratory metallurgical examination and testing of shell and process
piping sections from ruptured reboiler EA-425B involved in the June 13, 2013 fire and explosion
at the Williams Olefins Plant in Geismar, Louisiana. The work was performed at Anamet Inc.
from December 9 to December 20, 2013. Personnel from Engineering Systems, Inc. (ESI),
representing Williams Olefins, participated in the evaluation. The contents of this report are the
work product of Anamet, Inc., under contract to the U.S. Chemical Safety Board (CSB).
Details of the subject reboiler construction and sequence of events prior to the reboiler rupture
were reported by the CSB. Reboiler EA-425B was a six-pass, straight tube, divided flow shell
design constructed in 1967. A drawing of the reboiler is shown in Appendix A. As indicated on
the Form U-1 shown in Appendix B, the 11/16-inch thick shell material specification was SA212-B-FBQ which is equivalent to ASTM A212 Grade B firebox quality. The A212 standard
was withdrawn in 1967. The maximum allowable working pressure of the shell side was 300psig, at a maximum temperature of 200 °F. Process fluid on the shell side was approximately
95% propane with the balance composed mostly of propylene and C4 hydrocarbons, which
entered the reboiler as liquid and exited as liquid and vapor. The MAWP of the tube side was
157-psig at a maximum temperature of 220 °F.
Preceding the incident, the subject reboiler EA-425B was off-line and blocked in, all process
stream and quench water valves closed. The parallel reboiler EA-425A was on-line. The system
had been in this configuration for 16 months. Operators adjusted quench water flow in the
system to compensate for fouling in EA-425A by opening the quench water inlet and outlet
valves of the subject reboiler EA-425B, while the process inlet and outlet valves remained
closed. Quench water entered EA-425B at approximately 185 °F. A few minutes after opening
the quench water valves, the shell of reboiler EA-425B ruptured catastrophically.
The purpose of this evaluation was to determine the physical origin and metallurgical mechanism
of shell rupture.
Sections of the ruptured reboiler EA-425B and a coupon cut from the parallel reboiler EA-425A
were evaluated by the following laboratory procedures:
1)
2)
3)
4)
5)

Visual and macroscopic examination
Scanning electron microscopy
Metallography
Chemical analysis
Mechanical testing
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Summary of Findings

Based on the results of this evaluation, fracture of reboiler EA-425B likely first initiated in the
north end outlet pad longitudinal seam weld. No evidence was found of cracks pre-existing the
rupture event. The chemical composition and tensile properties of the ruptured shell EA-425B
and the parallel EA-425A reboiler shell met the requirements for ASTM A212 Grade B Firebox
steel. Charpy V-notch impact toughness testing indicated that the EA-425A shell met the
requirements ASME Section VIII, Figure UG-84.1, at 50 °F and above.
2.0 EVALUATION 1
2.1 Visual Examination
2.1.1 Onsite visual examination
Photographs of the ruptured reboiler taken at the incident site are shown in Figure 1 and Figure
2. After the incident site was stabilized and all identifiable EA-425B reboiler artifacts were
cataloged by ESI under contract to Williams Olefins, the artifacts were moved to a tented area of
the refinery. Prior to the onsite visual examination on September 17 and 18, 2013, fracture
surfaces had been coated with petroleum jelly according to an agreed upon artifact preservation
protocol. The petroleum jelly did not interfere with the objective of the onsite visual exam,
which was to identify sections of the shell for detailed laboratory evaluation. Photographs of the
tube bundle and ruptured shell in the tented area are shown in Figure 3 through Figure 7. Visual
examination of the artifacts was performed by Anamet and others on September 17 and 18, 2013.
The tube bundle was deformed about the vertical center plane as shown in Figure 2. Fractured
tube ends photographed from alongside the bundle are shown in Figure 4. Necked ends
indicated ductile overload fracture. Both the deformation of the bundle and the necked tube ends
were consistent with post shell rupture damage.
The ruptured section of shell shown in Figure 5 was formed from the reboiler by three major
fracture paths, summarized graphically in Figure 6. Longitudinal fracture propagated between
the north end tube sheet and approximately three-quarters of the distance to the south end tube
sheet, bisecting the north outlet. Both of the mating longitudinal fracture surfaces were on this
shell section. Longitudinal fracture propagated through the shell well away from longitudinal
shell seam welds. Circumferential fracture propagated at the south end of the section, and the
mating fracture surface was on the shell section still connected to the south end tube sheet.
South end circumferential fracture propagated well away from the nearest circumferential seam
weld. Circumferential fracture propagated along the shell to tube sheet weld at the north end; the
mating surface was on the north end tube sheet.
Chevron marks, indicating fracture directions, were present on the majority of the longitudinal
fracture surfaces.
Macroscopically brittle fracture morphology with small shear lips
predominated, indicating mode I loading shown in Appendix C. Four longitudinal fracture
initiation sites were identified and arbitrarily labeled 1 through 4, beginning at the north end, as
1
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indicated in Figure 7b. Initiation site 1 was located in the shell, near the inside surface at the
north side of the north outlet. Chevron marks indicated a fracture path from initiation site 1 to
the north end tube sheet. Fracture initiation site 2 was located in the shell just below the south
edge of the north outlet pad. Chevron marks indicated fracture from site 2 toward the north
through the outlet, and toward the south for approximately 40-inches from the centerline of the
north outlet. Fracture initiation site 3 was located on the outside surface of the shell,
approximately 44-inches from the centerline of the north outlet. Chevron marks indicated
fracture propagated from site 3 to the north for approximately 4-inches, where the fracture met
the south bound fracture front from site 2, and propagated to the south toward site 4. Initiation
site 4 was located on the inside surface of the shell, approximately 104-inches from the center of
the north outlet. Shallow arc gouges were present on the shell inside surface at initiation site 4.
The pattern of chevron marks indicates fracture initiation at site 4 occurred late in the shell
rupture event.
A shell fragment between initiation site 3 and 4 had detached from the main section of ruptured
shell, tagged by ESI as number 117 and shown in Figure 8. It was reported that the fragment had
been found in a tank yard, a considerable distance from the reboiler location. On the east side of
the main ruptured section, fracture propagated directly from site 3 to site 4. On the west side of
the ruptured section, fracture propagated from site 4 north to approximately 76-inches from the
centerline of the north outlet, where the fracture front intersected the surface created by the
southbound propagation from site 3.
Chevron marks on the south end circumferential fracture surfaces indicated that the longitudinal
fracture bifurcated at the point indicated in Figure 3b, and then propagated around the shell along
two paths. The bifurcation occurred in a region of shell free of gouges, thickness changes,
welds, or other discontinuities. The two circumferential crack paths joined in a region near the
underside of the reboiler. There was a significant proportion of slant morphology indicative of
mode III loading, shown in Appendix C.
North end circumferential fracture propagated predominantly along the shell to tube sheet weld,
with much of the weld metal remained adhered to the tube sheet. Clear chevron marks were
present only in regions where circumferential fracture propagated for a short distance through
shell base metal.
Chevron marks on the longitudinal fracture surfaces of the north outlet, shown in Figure 1 and
Figure 9, indicted fracture propagated from the shell into the outlet wall under mode I loading.
Circumferential fracture of the outlet propagated predominantly in the outlet base metal through
the toe of the circumferential weld between the pad and the outlet wall. Regions of slant
morphology on the outlet circumferential fracture surfaces indicated a mode III loading
component.
No unusual or extensive corrosion was detected on the shell or ruptured outlet. Shell thickness
measurements made with dial calipers at several points along the fracture surface ranged from
0.70-inch to 0.68-inch. These measurements included tenacious scale on both surfaces of the
shell.
Following the visual examination in the tented area, all parties agreed to a protocol for sectioning
the ruptured reboiler shell according to the layout shown in Figure 10 and Figure 11. The
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sectioning protocol also included cutting the process piping to isolate the outlet pipe fractures.
After flame cutting, the sections were sealed into wood crates by ESI.
At a later date, coupons were cut from the parallel reboiler EA-425A and shipped to Anamet. It
was reported that the samples were cut from the side of EA-425A farthest from the ruptured
reboiler, which should have been least affected by the rupture and fire. These coupons were
intended primarily for mechanical testing to address questions about the effects of rupture on the
mechanical properties of reboiler EA-425B. Chemical analysis and metallography were also
performed on specimens from the EA-425A shell coupons. The coupons are shown in Figure 12
and Figure 13.
2.1.2

Laboratory Visual Examination

The crated sections were received by Anamet in Hayward, CA on November 18, 2013. The
crates were opened two days later, and the general condition of the contents was examined by a
representative of ESI who was present at the time the crates had been sealed at the Williams
refinery. Table 1 lists the samples received. On December 9, 2013, with representatives from
ESI present, the crates were unloaded and placed on stands or carts in the laboratory. Shell
sections set up in the laboratory are shown in shown in Figure 14 through Figure 18.
Representatives of ESI participated in all aspects of the following laboratory evaluation.
Specimen identification numbers assigned by ESI were maintained throughout the evaluation.
When sections were subdivided, ESI assigned numbers that were appended to the parent
identification number. The laboratory work concluded with re-crating reboiler EA-425B
sections, subdivided sections, and test specimens on December 20, 2013. One subdivided
sample, 164-1.03, was retained by Anamet for additional mechanical testing.
Fracture surfaces were cleaned with hexane applied from laboratory squeeze bottles, soft bristle
chip brushes, and dried with compressed air.
Visual examination and photographic
documentation of the fracture surfaces was performed in a well lighted room. Three dimensional
laser scanning of the surfaces was performed by ESI, the results of which are not included in this
report. Examination of the cleaned fracture surfaces revealed no additional fracture initiation
sites or fracture directions different from those identified during the onsite examination.
Photographs of fracture initiation site 1 are shown in Figure 19 and after sectioning and
additional cleaning, in Figure 20. Fracture initiated in close proximity to weld metal on the
inside shell surface. The weld was revealed by light grinding and etching with 2% nital. As
shown by the dashed line in Figure 20b, the weld metal was outside of the shell to outlet weld
joint, probably within a repair or surface smoothing weld. Secondary cracks parallel to the
fracture were present, as shown in Figure 21. Fracture propagated from the initiation site
through the shell and outlet pad into the shell to tube sheet weld, and into the outlet. No
evidence of an initiation crack that pre-existed the rupture event was detected.
Fracture initiation site 2 is shown in Figure 22 and, after sectioning and further cleaning in
Figure 23. Fracture initiated under the shell to outlet pad fillet weld. Fracture propagated to the
north through the shell and outlet pad into the outlet and south though the shell toward initiation
site 3. The south bound fracture front from initiation site 2 met the north bound front from
initiation site 3 in a shell circumferential seam weld, as shown in Figure 24. No evidence of an
initiation crack that pre-existed the rupture event was detected. The outlet pad partial penetration
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seam weld was visible after cleaning. A transverse crack in the shell that intersected the toe of
the shell to outlet pad fillet weld in section 164-1 occurred post rupture, as evidenced by the
mode III loading displacement of the shell, indicated in Figure 22b.
The outlet pad had been fabricated from halves that were joined by a partial penetration
longitudinal seam weld. This seam weld was aligned with the shell axis at the top center
position, and was co-planar with the longitudinal fracture path, which propagated through the
outlet pad seam weld.
Photographs of fracture initiation site 3 are shown in Figure 25 and, after sectioning and further
cleaning, in Figure 26. Fracture initiated on the outside surface of the shell in a surface weld
revealed by grinding and etching with 2% nital, as shown in Figure 26b. The weld was
consistent with what would remain after a handling lug or fixture was removed during
construction. Based on optical and scanning electron microscopy of the initiation site, no crack
was present prior to the rupture event. Fracture propagated a short distance north to a
circumferential seam weld, where it intersected the south bound front from initiation site 2, and
south to initiation site 4. Part of the fracture surface formed during the south bound propagation
was on section 117, as indicated in Figure 27b.
Fracture initiated at site 4 from arc gouges on the inside surface of the shell, as shown in Figure
28 and Figure 29a. Part of the fracture path from site 4 traveled north, formed one side of
section 117, and intersected the surface created by fracture that propagated south bound from site
3. Fracture also propagated from site 4 to the south. Section 164-3 is shown in Figure 29b to
help demonstrate the relationship of the surfaces shown in Figure 28, and how section 117 fit
with section 164-3.
Photographs of the shell circumferential fracture surface at the north end tube sheet are shown in
Figure 30 and Figure 31. A section through the shell to tube sheet fracture prepared for
metallography is shown in Figure 32. The predominant fracture path was through the weld heat
affected zone in the tube sheet. Clear chevron marks were not present on the resulting fracture
surface. However, in one region shown in Figure 31a, the fracture path intersected the shell base
metal for a short distance, and chevron marks indicated a fracture direction from the outlet
toward the underside of the reboiler. Some evidence of poor weld root fusion to the tube sheet
was present. Because none of the evidence indicated tube sheet weld root fusion to be causal to
the fracture, detailed evaluation was not conducted in these regions.
A shell fracture path map was constructed by tracing the fracture surfaces of sections 164-1
through 164-4, and 117. The tracings were transferred to a single sheet of paper, shown in
Figure 33a. In addition to demonstrating the geometric relationship of section 117 to the fracture
surfaces of 164-2 and 164-3, fracture directions from initiation sites 2 through 4 are indicated on
the map. Except for a 4-inch section of north bound fracture from site 3 toward site 2, a south
bound fracture direction was uninterrupted until it bifurcated at the transition to circumferential
fracture near the south outlet. The fracture paths are schematically indicated on a drawing in
Figure 33b.
Scanning electron microscopy described in Section 2.2 indicated shell fracture propagated by
cleavage. Cleavage fracture is unstable, with a propagation rate likely near the speed of sound.
Had fracture first initiated at site 3, it is unlikely that the short north bound crack would have
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arrested at the girth weld until the longer southbound crack from site 2 also reached the girth
weld. It is much more likely that fracture initiated at site 3 as the south bound crack from site 2
approached the girth weld. Regarding initiation site 4, a crack propagated north from site 4 and
intersected the south bound crack path from site 3. Because the south bound crack path from site
3 was longer than the north bound crack path from site 4, initiation at site 2 occurred before
initiation at site 4. Based on the physical evidence alone, first fracture could have initiated at site
1 or site 2, and fracture modeling results described in Section 2.6 also indicate first fracture could
have initiated from site 1 or site 2.
Ruptured outlet fracture surfaces indicated fracture direction from the outlet pad joint into the
outlet, as shown in Figure 34a and Figure 35. Examination of the remainder of the process
piping fractures indicated that they resulted from the shell rupture and were not causal to the
rupture. For example, the fractured tee connection between the outlet and the fractionator tower
piping, shown in Figure 34b, resulted from the energy released by the shell rupture.
2.2 Scanning Electron Microscopy
One surface was sectioned from each fracture initiation site and examined using a scanning
electron microscope (SEM). All of the fracture surfaces were covered with rust that had formed
before the site was sufficiently stabilized to allow access and application of petroleum jelly.
Therefore, each section was cleaned in acetone with ultrasonic agitation, then in 2% Citrinox® at
approximately 90 °F with ultrasonic agitation. Times in the Citrinox® solution were limited to
5-minutes or less before the specimen was rinsed with water, dried with compressed air, and
examined. Most specimens required only one cleaning cycle before areas of clean metal
sufficient to allow SEM examination were exposed. Although Citrinox® is effective at
removing rust, prolonged exposure of bare metal to the solution will result in surface attack.
Consequently, cleaning cycles were minimized to that necessary to reveal the fracture
morphology by SEM examination. Fracture initiation sites 1 and 2 were the most difficult to
clean. Had cracks been present in the shell prior to the rupture event, it can be expected that
corrosion product on the crack surfaces would have been thicker and more difficult to remove
than on the surfaces created during the rupture. Because no features at the fracture origins were
found to have scale that was different from the surrounding fracture surface, no evidence of
preexisting cracks was found. Various combinations of fracture morphology and surface damage
from corrosion and cleaning were observed with SEM.
Fracture initiation site 1, cut from section 164-1, is shown after cleaning in Figure 36. Corroded
cleavage morphology was present on the shell fracture surface, as shown in Figure 37 through
Figure 39. Fractured weld metal on the inside surface of the shell, indicated in Figure 20, had a
fine dimpled morphology that indicated microscopic ductility, shown in Figure 40. Fine dimples
were also present on the outlet pad partial penetration seam weld fracture, shown in Figure 41.
The specimen of initiation site 2 sectioned from sample 164-4 and shown in Figure 42 was the
most difficult of all the initiation sites to clean. In addition to the rust found on all the other
specimens, a dark grey tenacious oxide layer was present over the majority of the surface,
indicative of exposure to elevated temperatures during the post-rupture incident fire. However,
remnants of cleavage morphology were present in the shell at the fracture initiation site, as
shown in Figure 43. Most of the shell fracture surface morphology was similar to that shown in
Figure 44 and Figure 45, which indicates post fracture damage consistent with elevated
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temperature exposure. Fracture through the shell to pad fillet weld had some dimple morphology
indicative of microscopically ductile fracture, as shown in Figure 46, although macroscopically
the weld fracture was brittle. The fillet weld fracture morphology shown in Figure 47 suggested
a combination of dimples and cleavage with corrosion damage. A fine dimpled morphology of
the outlet pad seam weld fracture was consistent with ductile morphology observed on the
initiation site 1 specimen of the outlet pad weld.
Initiation site 3, sectioned from sample 164-1, is shown in Figure 49. Fracture initiated from
weld metal on the outside surface, as shown in Figure 26b. The fracture morphology of the weld
metal was a combination of cleavage and dimples, sometimes described as quasi-cleavage, with
light corrosion damage, shown in Figure 50. Cleaning removed the oxide layer on the thumbnail
shaped origin as quickly as on the rest of the fracture surface. Therefore, the thumbnail shaped
crack was likely created during shell rupture. Cleavage morphology of the shell near initiation
site 3 is shown in Figure 51 and Figure 52.
Initiation site 4, sectioned from sample 164-2, is shown in Figure 53. Fracture initiated from two
arc gouges on the inside surface of the shell, one of which is shown in Figure 54. The shell
fracture morphology was cleavage, as shown in Figure 55 and Figure 56.
2.3 Metallography
Specimens were prepared for metallography to examine the general microstructure of the shell in
the circumferential and shell longitudinal orientations from samples 164-4.01 and 164-3.01.
Photographs indicating the section orientations and representative micrographs are shown in
Figure 57 through Figure 62. Based on the morphology of inclusion stringers, the shell plate
longitudinal direction (rolling direction) was circumferential about the shell. Inclusion content
was not unusual for this vintage steel, and the fractions of pearlite and ferrite were consistent
with ASTM A212 chemical composition.
A section was cut parallel to the shell fracture surface at initiation site 2 and prepared for
metallography, as shown in Figure 63. Comparison of the fracture surface and the etched
metallographic specimen indicated that fracture initiated in the shell heat affected zone (HAZ),
of the shell to outlet pad fillet weld. Widmanstatten and blocky ferrite microstructures with fine
distributions of unresolved pearlite typical of multiple pass carbon steel weld metals were
present in the fillet weld. Representative micrographs are shown in Figure 64 through Figure 66.
The microstructures in the shell HAZ were typical of carbon steel. A Knoop 500-g
microhardness survey was performed along the line indicated in Figure 63, and the results are
shown in Figure 64. Hardness was fairly uniform between 231 HK and 246 HK from the weld
into the unaffected shell, but four readings in the heat affected zone ranged from 252 HK to 267
HK. Converted to Rockwell scales, the readings ranged from 95 to 100 Rockwell B (HRB), with
four readings between 20 and 24 Rockwell C (HRC). On the Rockwell scales, hardness greater
than 100 HRB is covered by the C scale, which begins at 20 HRC.
Metallographic confirmation of the outlet pad partial penetration seam weld is shown in Figure
70 through Figure 72. The weld and HAZ microstructures of the pad seam weld were similar to
those in the pad to shell fillet weld. Both the surface morphology and an HAZ below the root of
the seam weld indicated the pad was flame cut during construction. The drawing in Appendix A
indicates the jumper pad was made from the same steel specified for the shell, ASTM A212
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Grade B. Therefore, similar microstructures compared to the shell and pad fillet weld is
consistent.
A surface weld near fracture initiation site 1 and at fracture initiation site 3 were confirmed by
macroetch of the surface. Arc gouges at initiation site 4 were identified by macroscopic and
microscopic (SEM) morphology. Because no evidence that surface weld cracks existed before
the rupture event was found, and because of time constraints, the microstructures of surface
welds and arc gouges were not examined.
Metallography was performed on specimens from the EA-425A reboiler shell coupon 1.
Micrographs representative of the coupon microstructure structure are shown in Figure 67 and
Figure 68.
2.4 Chemical Analysis
Quantitative chemical analysis was performed on specimens from reboiler EA-425B shell
samples 164-1.01 and 164-3.01, shown in Figure 57 and Figure 60, respectively. Chemical
analysis was also performed on a specimen from the parallel reboiler EA-425A coupon 1. The
carbon and sulfur concentrations were determined by LECO combustion. All other elements
were analyzed by optical emission spectroscopy. The results are listed in Table 2 and Table 3
compared to the requirements of ASTM A212 Grade B Firebox. All three specimens met the
stated requirements.
2.5 Mechanical Testing
Tensile testing, Charpy V-notch impact testing (CVN), and fracture toughness testing was
performed on specimens machined from both the ruptured EA-425B shell and the parallel EA425A reboiler shell. A drawing of the two reboilers indicated plate from the same lot was used
in fabrication of both, and the rupture of EA-425B invariably caused some changes in the
mechanical properties of the shell. Chemical analysis results supported the indication that steel
from the same lot was used for both shells. It was reported that the coupons from the EA-425A
shell were cut from the side away from the EA-425B reboiler, which would minimize possible
effects from the post rupture fire. Metallography and chemical analysis of samples from both
shells supported the U-1 certificate indications that the EA-425A shell and EA-425B shell were
from the same lot of steel.
2.5.1 Charpy V-notch Impact Testing
Charpy V-notch impact (CVN) testing was performed on specimens machined from EA-425B
shell samples 164-4.01, 164-3.01, and EA-425A shell coupon 1. The notch direction of the
specimens was parallel to the longitudinal axis of the reboiler shells. Tests were performed at
temperatures from 10 °F to 250 °F in accordance with ASTM A370. 2. Results are listed in Table
4 through Table 6.
Absorbed energy results and fracture appearance as percent shear were plotted versus
temperature, and curve fits through the data were performed as outlined in API 579-1 3 using a
2

3

ASTM A370-12, Standard Test Methods and Definitions for Mechanical Testing of Steel Products
API 579-1/ASME FFS-1, Fitness for Service, p. F-13, June 5, 2007
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hyperbolic tangent function. Plots are shown in Figure 73. According to ASME Section VIII,
Figure UG-84.1, the minimum CVN absorbed energy at the minimum design temperature for
pressure shell material with specified 38-ksi yield strength such as ASTM A212 Grade B
Firebox, is 15-ft-lbs. 4 Test results for the EA-425A shell met this requirement at temperatures of
50 °F and above. The fit line through fracture appearance data indicated the 50% shear
temperature was 100 °F for the EA-425A shell specimens. Equivalent impact energies and
fracture appearance of specimens from the EA-425B shell were shifted to higher temperatures
compared to the EA-425A shell, likely the result of plastic strains caused by the rupture.
2.5.2 Tensile testing
Tensile testing was performed on 0.505-inch diameter round specimens machined from reboiler
EA-425B samples 164-1 and 164-3, and from EA-425A coupon 1. The button head specimen
geometry was machined without the need to flatten the shell coupons. The tests were performed
in accordance with ASTM A370. 5 Measured crosshead displacement through yield was
approximately 0.050-inch/minute. The maximum free running crosshead displacement rate
allowed by the standard A370 is about 0.141-inch/minute for the specimen size used in this
work. Metallography indicated that the plate longitudinal direction was oriented in the shell
circumferential direction of both reboilers. Room temperature (70 °F) results are listed in Table
7 compared to the requirements of ASTM A212 Grade B Firebox. The EA-425B specimens had
greater yield strength and tensile strengths with less elongation that the EA-425A specimens,
consistent with shell work hardening during the rupture.
Elevated temperature tensile tests were performed to support fracture toughness testing and
fracture modeling work. Test temperatures of 130 °F and 180 °F were selected to match the
estimated shell temperature at the time of rupture, with the upper temperature of 180 °F
determined by the temperature of the quench water. Elevated temperature tensile test results are
listed in Table 8 and Table 9. Stress strain plots of the elevated temperature tests are shown in
Figure 74.
2.5.3 Fracture Toughness Testing
Fracture toughness testing was performed by Hy-Performance Materials Testing 6 in accordance
with ASTM E1820 7 on compact tension (CT) specimens machined from reboiler shells EA-425B
and EA-425A. The specimen loading direction was parallel the circumferential direction of the
reboiler shell and the crack plane was parallel to the longitudinal direction of the reboiler shell.
This specimen orientation resulted in crack growth in the specimens consistent with the
longitudinal fracture of the reboiler. The specimen geometry and nominal dimensions are shown
in Figure 75. During the tests, crack length was calculated using the direct current potential drop
(DCPD) method, which allowed J-integral fracture toughness to be obtained from each specimen
tested. Test temperatures were selected to match the estimated shell temperature range at the
time of rupture, with the upper temperature of 180 °F determined by the temperature of the
4

ASME Section VIII, Figure UG-84.1, GENERAL NOTES: (b) Minimum impact energy for one specimen shall not
be less than 2/3 of the average energy require for three test specimens. The average impact energy of the three
specimens may be rounded to the nearest ft-lb.
5
ASTM A370-12, Standard Test Methods and Definitions for Mechanical Testing of Steel Products
6
Hy-Performance Materials Testing, LLC, 17676 Paladin Drive Bend, OR 97701
7
ASTM E1820-13, Standard Test Method for Measurement of Fracture Toughness

Anamet, inc
HAYWARD, CALIFORNIA

Report No. 5004.9095 B
Page 11

quench water. Some tests were performed at 105 °F and 80 °F to explore the fracture behavior at
the lower possible limits of temperature on the day of the rupture. The test matrix is listed in
Table 10 and the results are summarized in Table 12. Plots of the resulting crack growth
resistance curves are shown in Figure 76.
Test specimen crack fronts in the EA-425B shell specimens were uneven, and in some cases
violated the acceptance criteria of ASTM E1820. This was likely caused by residual strains from
the rupture event. Consequently, fracture toughness data from the EA-425A shell specimens was
used for the modeling described in Section 2.6. All of the results at temperatures above 80 °F
produced stable ductile fracture throughout the tests. Stable, predominantly ductile fracture with
some cleavage was obtained in specimens tested at 80 °F.
2.6 Fracture Modeling
In an effort to help understand the range of pressure that caused the EA-425B shell rupture, finite
element modeling was performed to estimate the lower bounds of internal pressure that could
cause crack growth in the reboiler shell. Modeling was performed by Measurement Analysis
Corporation (MAC) 8 using multiple three dimensional models that incorporated tensile and
fracture toughness data described in Section 2.5. The solid models incorporated relevant as-built
details of the North outlet where fractography indicated shell rupture initiated, and included three
different representations of the partial penetration longitudinal seam weld in the outlet pad. To
save computation resources, the south half of the exchanger was not modeled. Accurately
modeling the singular stress field surrounding the tip of a crack can require extremely refined
mesh densities for an accurate FEA analysis. A recently developed FEA technique, termed the
extended finite element method (XFEM), overcomes this difficulty by using enriched elements
that incorporate the crack-tip singular fields and allow for displacement discontinuity across the
elements that the fracture has penetrated.
Abaqus has XFEM capability, and the models presented in the report make use of this numerical
methodology for modeling fractures. One can therefore say with certainty that the models
accurately represented the singular stress field surrounding the crack-tip. Additionally, the
virtual crack closure technique (VCCT) was used in conjunction with XFEM to accurately model
crack initiation and growth. The MAC report is shown in Appendix D.
The XFEM implementation in Abaqus does not require an initial crack in the material; crack
formation and propagation can occur in bulk material without an existing crack. However,
limiting the size of the crack enrichment region can reduce computational expense. Therefore,
enrichment regions, referred to in the MAC report as cracks, were included in the model where
fracture initiation sites 1 and 2 had been identified. Several configurations along the longitudinal
axis of the outlet pad weld were modeled. The blunted notch and the sharp notch configurations
were physical crack configurations. The physical crack configurations take advantage of the
XFEM implementation in Abaqus which allows an easy method to create cracks that are allowed
to propagate.
As the summary of modeling results in Appendix D indicates, the lowest internal pressure that
caused crack growth was 674-psi, with unstable crack growth at 1130-psi. This model, 7b, used
a lower “derated” fracture energy release rate in the outlet pad seam weld and pad to shell fillet
8
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weld than was measured using specimens from the shell. Weld metal typically has lower
fracture toughness than wrought base metal, but the scope of this work did not include fracture
toughness testing of the welds, so the welds were modeled with a derated value consistent with
accepted trends in fracture toughness between base metal and weld metal. The incomplete
penetration section of outlet pad longitudinal seam was represented as a planar crack surface, not
an enrichment region. Because the section of incomplete penetration in the physical shell was
as-flame cut, shown in Figure 19a and Figure 20a and represented in Figure 77, the geometry
may be better represented by model 7b or model 7h, which used blunted notch and
sharp/triangular notch geometries, respectively. The greatest internal pressure required to grow
cracks was obtained from model 7, which used a blunted notch in the outlet pad seam weld.
Crack growth initiated at 1212-psi with unstable crack growth at 1428-psi.
The location of initial crack growth varied between initiation site 1, initiation site 2, and the
partial penetration weld of the outlet pad, depending on the model details. It is interesting to
note that model 7d predicted crack growth through the full thickness of the outlet pad, then at site
2 and finally at site 1, described on page 15 of the MAC report. This suggests that shell fracture
may have initiated at site 2 after the outlet pad seam weld had fractured. Regardless of the
model result details, the range of pressures calculated to initiate crack growth provide insight
into the possible mechanisms of the over pressure event, and agree with reported predictions
based on confined thermal expansion of process liquids blocked into the shell side of the
ruptured reboiler. 9

3.0 SUMMARY AND DISCUSSION
Visual examination identified four shell fracture initiation sites, arbitrarily labeled 1 through 4,
and the fracture directions between initiation sites as shown in Figure 32. Based on the postrupture physical orientation of the shell and outlet piping, the directions and distances of fracture
propagation, and the fracture modeling results, shell rupture first initiated at or near site 2. No
evidence was found of cracks pre-existing the rupture event. The circumferential shell fractures
resulted from bifurcation of the longitudinal fracture. Outlet piping fractures were caused
directly and indirectly from the shell rupture. For example, the shell longitudinal fracture
propagated directly into the north end outlet, sample 160-1, and the outlet crossover connection
to the fractionator tower, sample 160-2, fractured from the energy released by the shell rupture.
Microscopic examination of shell fracture specimens indicated a predominance of cleavage
morphology. For a given steel, increasing the crack propagation rate or decreasing the
temperature will promote cleavage fracture. Fracture toughness testing at 180 °F, the
temperature estimated for the shell at the time of rupture, indicated good fracture toughness and
stable crack growth up to nearly 7-mm (0.28-inches). Macroscopic evaluation of fracture
toughness test specimens indicated predominantly dimpled morphology indicative of ductile
crack extension. Evidence of ductile fracture was found in the outlet pad seam weld above
fracture initiation site 2, and fracture model results indicated the outlet pad seam weld as a likely
location of fracture initiation. Assuming ductile fracture had initiated first in the outlet pad seam
weld, the growing crack and resulting stress state just below the pad to shell fillet weld likely
promoted cleavage fracture initiation at site 2. Because on-site post rupture corrosion was most
extensive at the north end of the reboiler where fracture initiated, some ductile character at
9

Dan Tillema, CSB, verbal communication.
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initiation site 2 may have been obscured or destroyed by corrosion. Some ductile morphology
was detected in welds, such as the weld remnants on the inside surface of the shell at site 1, and
in the outlet pad seam weld near site 2.
Fracture toughness testing and fracture modeling focused on temperatures of 130 °F to 180 °F
because that is a likely range of shell temperature at the time of rupture based on the temperature
of the quench water and time between introducing quench water to the ruptured reboiler tubes
and the rupture event. The primary objective of the modeling was to identify the lower bounds
of pressure required to initiate crack growth at the origins identified by fractography. The
identified pressures are well above the maximum allowable working pressure and hydrostatic test
pressure of the reboiler shell, and should help to understand the possible mechanisms of the
overpressure event that caused rupture.
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4.0 CONCLUSIONS 10
The following conclusions are based upon the submitted samples and the evidence gathered:
1. Fracture of reboiler EA-425B likely initiated in the outlet pad longitudinal seam weld and the
growing crack initiated fracture in the shell heat affected zone of the outlet pad to shell fillet
weld, at initiation site 2.
2. The chemical composition of the EA-425B and EA-425A shells met the requirements for
ASTM A212 Grade B Firebox steel.
3. Charpy V-notch impact testing indicated the EA-425A shell had a Charpy impact toughness
of 18-ft-lbs (average of three tests) at 50 °F and a ductile to brittle transition temperature
based on 50% shear fracture appearance of 100 °F. The impact test results indicated a shift
in absorbed energy and fracture appearance values of the EA-425B specimens to higher
temperatures compared to equivalent values for the EA-425A shell.
4. Tensile testing indicated the EA-425A and EA-425B shells met the tensile requirements for
ASTM A212 Grade B Firebox steel, and indicated some effects of the rupture on tensile
properties of the EA-425B specimens.
5. Fracture toughness testing of specimens machined from the EA-425A shell indicated good
fracture toughness and stable crack growth during tests at 130 °F and 180 °F, the likely
temperature range of the EA-425B reboiler shell at the time of rupture.
6. Fracture modeling indicated pressures required to initiate fracture were well above the
maximum allowable working pressure and hydrostatic test pressure of the reboiler shell, and
should help to understand the possible mechanisms of the overpressure event that caused
rupture.

Prepared by:

Reviewed by:

Sam McFadden, Ph.D.
Associate Director of Laboratories

Ken Pytlewski, P.E.
Director of Engineering and Laboratories

10
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.

Anamet, inc

Report No. 5004.9095 B
Page 15

HAYWARD, CALIFORNIA

Table 1
List of EA-425B shell Samples Received by Anamet
Section
Identification
Number
164-1
164-2
164-3
164-4
164-5
117
160-1
160-2
122
138
113A-1

Identification Tag Description

Shell section 1
Shell section 2
Shell section 3
Shell section 4
Shell section 5
Piece of EA-425B shell
Propylene outlet pipe (above) crossover section 1
Propylene outlet pipe (above) crossover section 2
Fractionator pipe and flange, tower conn. section 2
Flange/pipe “crossover section 3”
Pipe (w/o valve) tower (frac) connection section 1

Table 2
Results of Quantitative Chemical Analysis of
EA-425B Reboiler Shell Specimens Compared to ASTM A212 Grade B, Firebox

Element

Aluminum
Carbon
Chromium
Columbium
Copper
Iron
Manganese
Molybdenum
Nickel
Phosphorus
Silicon
Sulfur
Titanium
Vanadium
A

(Al)
(C)
(Cr)
(Cb)
(Cu)
(Fe)
(Mn)
(Mo)
(Ni)
(P)
(Si)
(S)
(Ti)
(V)

Check analysis requirements

Sample
164-1.01
(wt%)

Sample
164-3.01
(wt%)

<0.005
0.25
0.04
<0.005
0.07
Balance
0.68
0.02
0.07
0.008
0.15
0.018
<0.005
<0.005

<0.005
0.24
0.14
<0.005
0.11
Balance
0.68
0.04
0.10
0.007
0.25
0.015
<0.005
<0.005

Requirements for
ASTM A212 Grade B
Firebox
(wt%)
min
max
-.-.-.0.31
-.-.-.-.-.-.Balance
-.0.90
-.-.-.-.-.0.035
0.13A
0.33A
-.0.04
-.-.-.-.-

Anamet, inc

Report No. 5004.9095 B
Page 16

HAYWARD, CALIFORNIA

Table 3
Results of Quantitative Chemical Analysis of
EA-425A Reboiler Shell Specimen Compared to ASTM A212 Grade B, Firebox

Coupon 1
(wt%)

Element

Aluminum
Carbon
Chromium
Columbium
Copper
Iron
Manganese
Molybdenum
Nickel
Phosphorus
Silicon
Sulfur
Titanium
Vanadium
A

Check analysis requirements

(Al)
(C)
(Cr)
(Cb)
(Cu)
(Fe)
(Mn)
(Mo)
(Ni)
(P)
(Si)
(S)
(Ti)
(V)

0.005
0.26
0.15
<0.005
0.12
Balance
0.70
0.04
0.10
0.007
0.26
0.013
<0.005
<0.005

Requirements for
ASTM A212 Grade B
Firebox
(wt%)
min
max
-.-.-.0.31
-.-.-.-.-.-.Balance
-.0.90
-.-.-.-.-.0.035
0.13A
0.33A
-.0.04
-.-.-.-.-
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Table 4
Charpy V-Notch test Results for EA-425B Reboiler Shell Section 164-4.01
Test
Energy
Lateral
Fracture
Temperature Absorbed Expansion Appearance
(°F)
(ft·lbs)
(mils)
(% Shear)
8
11
5
50
10
13
9
6
8
9
16.5
21
25
70
29
31
30
21
25
27
25
28
30
90
28
31
27
11
16
23
48
48
48
130
40
44
48
48
47
54
66
66
91
170
66
68
90
68
70
>98
71
70
>98
210
70
72
>98
68
68
>98
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Table 5
Charpy V-Notch Test Results for EA-425B Reboiler Shell Section 164-3.01
Test
Energy
Lateral
Fracture
Temperature Absorbed Expansion Appearance
(°F)
(ft·lbs)
(mils)
(% Shear)
6
6
9
50
4
5
9
4
3
5
23
24
20
70
13
15
14
7
9
14
11
15
13
90
22
24
27
11
14
14
32
37
40
130
30
36
38
47
50
59
64
64
>98
170
59
60
>98
69
69
>98
60
65
>98
210
75
70
>98
66
67
>98
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Table 6
Charpy V-Notch Test Results for EA-425A Reboiler Shell Coupon 1
Test
Energy
Lateral
Fracture
Temperature Absorbed Expansion Appearance
(°F)
(ft·lbs)
(mils)
(% Shear)
7
6
9
10
6
9
9
9
10
9
20
23
18
50
12
15
18
22
23
20
26
30
33
70
35
35
38
30
32
29
31
34
42
90
30
32
43
29
29
37
58
58
77
130
49
47
59
54
50
67
70
70
>98
170
71
62
>98
69
55
>98
70
57
>98
210
70
66
>98
75
69
>98
66
69
>98
250
69
64
>98
68
70
>98
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Table 7
Room Temperature Tensile Test Results
Reboiler
Shell

Section

EA-425B

164-4.01

EA-425B

164-3.01

EA-425A

1

EA-425A

1

Requirements
ASTM A 212
Grade B, Firebox
A

SpecimenA Tensile
Strength
(ksi)
4L-1
78.8
4L-2
78.8
4L-3
78.9
4T-1
78.1
4T-2
78.7
4T-3
78.2
3L-1
78.6
3L-2
79.3
3L-3
79.5
3T-1
80.6
3T-2
81.9
3T-3
81.7
T1
77.5
T2
77.3
T3
77.3
L1
77.6
L2
77.6
L3
77.5
70.0
to
85.0

Yield
Elongation
Strength
In 2-inches
(ksi)
59.9
23 ½
59.4
23
54.6
22 ½
56.0
22
56.2
22 ½
59.3
24
56.6
28 ½
57.8
26
59.1
27
64.4
22
68.9
20 ½
67.9
20
42.9
31
45.3
31
42.8
31
41.0
31 ½
42.0
33 ½
40.6
32
38.0
22
(minimum) (minimum)

L indicates tensile axis oriented in the shell circumferential direction (plate rolling direction)
and T indicates tensile axis oriented in the shell longitudinal direction (plate transverse
direction).
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Table 8
130 °F Tensile Test Results
Reboiler
Shell

Section

SpecimenA

EA-425B

164-1.03

EA-425A

1

BL130-1
BL130-2
L1301
L1302

Tensile
Yield
Strength Strength
(ksi)
(ksi)
73.1
50.4
72.8
50.0
74.7
41.0
75.2
41.3

Elongation
In 2 Inches
25
27
33
33 ½

Table 9
180 °F Tensile Results
Reboiler
Shell

Section

SpecimenA

EA-425B

164-1.03

EA-425A

1

BL180-1
BL180-2
L1801
L1802

Tensile
Yield
Strength Strength
(ksi)
(ksi)
70.8
47.8
71.3
49.3
73.5
40.5
72.8
39.6

Elongation
In 2 Inches
28
25
31 ½
30
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Table 10
Fracture Toughness Test Matrix and Summary of Results
Reboiler

Specimen Temp
(°F)
1
130
2
130
4
130
EA-425B
6
130
3
180
5
180
4
80
8
80
9
80
1
105
5
105
12
105
EA-425A
2
130
7
130
10
130
11
130
3
180
6
180

B
(in)
0.500
0.500
0.500
0.500
0.500
0.501
0.501
0.500
0.701
0.501
0.500
0.701
0.501
0.500
0.701
0.701
0.500
0.500

BN
Jinit
(in) (kJ/m2)
0.381
82
0.421
101
0.381
66
0.381
70
0.379
78
0.382
70
0.379
103
0.420
65
0.525
49
0.379
101
0.380
62
0.525
77
0.379
122
0.381
89
0.522
111
0.525
58
0.376
78
0.380
88

Kinit
MPa/√m

137
152
123
126
133
126
153
121
105
151
118
132
167
142
159
114
133
142

JIC
(kJ/m2)
103
138
87
118
118
89
153
156
104
141
115
141
164
148
161
127
118
129

KJIC
MPa/√m

153
177
141
164
164
142
187
188
154
179
162
179
193
184
192
170
164
171
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North outlet

Figure 1

Photograph of the ruptured reboiler viewed from the north end, taken on July 10,
2014.
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Figure 2
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Photograph of the ruptured reboiler viewed from the north end, courtesy of the CSB.
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Sectioned outlet

Circumferential
fracture
(a) North end
Point of longitudinal
fracture bifurcation

South outlet

Circumferential
fracture, mates
to the south end
indicated in
Figure 5

(b) South end
Figure 3

Subject reboiler heads, tube sheets, tubes, and remnant shell removed from the
incident site to a tented area of the refinery.
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(a)

(b) Boxed area in (a)
Figure 4

Ruptured tubes. Necked ends indicated overload fracture that resulted from the shell
rupture.
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Figure 5

The ruptured section of reboiler shell removed from the incident site to a tented area
of the refinery. The view is from the south. Tubes, tube sheet, and head of the
reboiler are visible in the lower left.
Longitudinal fracture
North end circumferential fracture
South end circumferential fracture

Section of shell shown in Figure 5

Figure 6

Schematic of three major fracture paths in the reboiler shell
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Sectioned
outlet

Subject reboiler
head and tubes

Fractured shell to tube sheet weld

(a) North end
Initiation site 1

Initiation site 2
Initiation site 3

Longitudinal
Initiation site 4 shell fracture
Outlet pad

(b) West side
Figure 7

The ruptured section of reboiler shell in a tented lay-down area of the refinery.
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North

This surface mates with part of section 164-3 fracture surface

Shell outside surface

This surface mates with part of section 164-2 fracture surface

Initiation site 4
Figure 8

Fragment from shell, section 117.

Figure 9

Ruptured north end outlet, section 160-1, sectioned from the boxed area in Figure 1.
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164-1
164-5
164-2

(a)

164-1

164-5
164-4

(b)
Figure 10 Ruptured shell section marked for cutting. The shell was flame cut along yellow lines
drawn on the inside surface, and the resulting sections were assigned the
identification numbers indicated.
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164-5

164-4

164-3

Figure 11 Ruptured shell section marked for cutting. The shell was flame cut along yellow lines
drawn on the inside surface, and the resulting sections were assigned the
identification numbers indicated.

Figure 12 Photograph of coupon 1 from reboiler EA-425A shell.
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Figure 13 Photograph of coupon 2 from reboiler EA-425A shell.
Initiation site 1

Initiation site 2

Outlet pad

Circumferential
seam weld

Outside surface
Longitudinal seam weld

North

Figure 14 Shell section 164-1.

Initiation site 3
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Initiation site 4

Outside surface

Figure 15 Shell section 164-2.
Initiation site 4

Outside surface

Test specimen
coupon cut
from section

Figure 16 Shell section 164-3. The test specimen coupon was flame cut from the section after
visual examination of the fracture surface.
Initiation site 2
Initiation site 3
Initiation site 1
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Longitudinal
seam weld

Circumferential
seam weld
Outside surface

Figure 17 Shell section 164-4.

Inside surface

Figure 18 Shell section 164-5.

Outlet pad
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North

Flame cut surface

Outlet pad

Partial penetration weld

Shell to tube sheet weld

Local fracture direction

Shell fracture
initiation site 1

(a) 164-4
North

Shell fracture initiation site 1
Local fracture direction

Outlet wall

Outlet pad
Shell to tube sheet weld
(b) 164-1
Figure 19 Fracture surface photographs site 1.
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Outlet fracture surfaces
Outlet pad
Partial penetration weld

Fracture initiation
site 1

Shell inside surface

North
(a) Fracture surface, boxed area in Figure 19b
Outlet

Fracture initiation

Shell inside surface

Outlet pad
(b)
Figure 20 Fracture initiation site 1, specimen 164-1.01.1. The dashed line in (b) indicates the
toe of the groove weld that joined the outlet to the shell, etched with 2% nital.
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Figure 21 Macrograph of cracks in weld on shell inside surface of specimen 164-1.01.1,
initiation site 1, from the boxed area in Figure 20. Surface was lightly ground with
240-grit silicon carbide paper and etched with 2% nital.
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Outlet wall

Flame cut surface

Outlet pad

Shell fracture
initiation site 2

Local fracture directions

North
(a) 164-4
North

Local fracture direction

Fracture
initiation site 2

Outlet pad
(b) 164-1
Figure 22 Fracture surface photographs site 2.

Local
fracture
direction

Post rupture
mode III crack
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Partial penetration weld
Outlet pad

Outlet pad to shell fillet weld
Fracture
initiation

Shell outside surface

Flame cut surface

North
(a) Boxed area in Figure 22

Fracture
initiation

(b) Boxed area in (a)
Figure 23 Fracture initiation site 2, specimen 164-4.02.2. After cleaning with Citrinox®. The
dashed line in (b) indicates the shell surface below the shell to outlet pad fillet weld.
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Local fracture direction

Circumferential seam weld
Local fracture direction

Shell inside surface
North

(a) 164-4
Shell inside surface

Local fracture direction

Local fracture direction
Circumferential seam weld

North
(b) 164-1
Figure 24 Fracture surface photographs circumferential weld.
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Fracture initiation site 3
Local fracture direction

Local fracture direction

Shell inside surface
North

(a) 164-4
Shell inside surface
Local fracture direction

Local fracture direction

Fracture initiation site 3

North

(b) 164-1
Figure 25 Fracture surface photographs, initiation site 3.
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North

Shell outside surface

Fracture initiation

(a) Specimen 164-1.02.2
Fracture initiation

Welds

Shell outside surface

North
(b) Specimen 164-4.03
Figure 26 Fracture initiation site 3, specimens 164-1.02.2 and 164-4.03. In (b), the specimen
had been cleaned with Citrinox® and the outside surface was ground through 400 grit
silicon carbide paper, and etched with 2% nital.
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Local fracture direction

North

(a) 164-3

Local fracture direction
Local fracture direction

North

This surface mates with
section 164-3

This surface mates with
section 117

(b) 164-2
Figure 27 Fracture surface photographs, fracture tee junction. In (b), the convergence of two
fracture directions indicates the north end of section 117 shown in Figure 8.
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North

Local direction of fracture

Post rupture contact damage

Corner indicated in
Figure 26

(a) 164-3

North

Local direction of fracture

Local direction of fracture

(b) 164-2
Figure 28 Fracture surface photographs, initiation site 4. In (a), the corner indicates the south
end of section 117 shown in Figure 8.
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Fracture initiation site 4

North

Shell inside surface

(a) Pattern of arc gouges on section 164-2
Fracture initiation site 4
Corner indicated in Figure 25

North

Approximate fit of
section 117
Inside surface

(b) 164-3
Figure 29 Photograph of section 164-3.
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Shell inside surface

(a)

Shell inside surface

(b)
Figure 30 Photographs of section 164-5 fracture surface.
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Toward bottom of reboiler

Fracture direction

Shell inside surface

(a)

(b)
Figure 31 Photographs of section 164-5 fracture surface.

Toward outlet
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Shell to tube sheet weld
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Shell fracture surface
Outlet pad

(a) 164-1.03
Fracture in tube sheet
weld heat affected zone

Shell

(b) Section indicated in (a)
Figure 32 Photographs of specimens from section 164-1, shell to north end tube sheet fracture.
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Circumferential weld
North

Flame cut

164-4

164-3

Outlet pad

Flame cut

117
Fracture initiation site 2
164-2

164-1
Fracture initiation site 3

Fracture initiation site 4

(a)
Fracture propagation direction toward the south
Fracture propagation direction toward the north
Fracture propagation direction circumferential

(b)
Figure 33 Fracture path maps. Fracture initiation sites, arbitrarily labeled 1 through 4, and
directions of fracture propagation were indicated by chevron marks. The map in (a)
was drawn from tracing the fracture surfaces of sections 164-1, 164-2, 164-3, 164-4,
and 117.
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Flame cut

Fracture
direction

1

2
Fracture
direction

(a) 160-1
Outlet tee connection to
fractionator tower

(b) 160-2
Figure 34 Ruptured outlet samples 160-1 and 160-2.
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Fracture direction

Outlet to pad fracture
Inside surface

(a) Boxed area 1 in Figure 34
Fracture direction

Outlet to pad fracture

Outside surface

(b) Boxed area 2 in Figure 34
Figure 35 Photographs of ruptured outlet fracture surfaces.
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1E

1C

1B

1D

1A

Figure 36 Photograph of fracture initiation site 1, section 164-1.01.1. Boxed areas indicate
locations from which SEM micrographs were taken. Sample had been cleaned in
20% Citrinox® with ultrasonic agitation.
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(a)

(b) Boxed area in (a)
Figure 37 SEM micrographs of initiation site 1 from the location 1A indicated in Figure 36.
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(a)

(b) Boxed area in (a)
Figure 38 SEM micrographs of initiation site 1 from the location 1B indicated in Figure 36.
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(a)

(b) Boxed area in (a)
Figure 39 SEM micrographs of initiation site 1 from the location 1C indicated in Figure 36.
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(a)

(b) Boxed area in (a)
Figure 40 SEM micrographs of initiation site 1 from the location 1D indicated in Figure 36.
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(a)

(b) Boxed area in (a)
Figure 41 SEM micrographs of initiation site 1 from the location 1E indicated in Figure 36.
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2F

2E
2D
2C

2A
2B

Figure 42 Photograph of fracture initiation site 2 cut from section 164-4. Boxed areas indicate
locations from which SEM micrographs were taken. Sample had been cleaned in
20% Citrinox® with ultrasonic agitation.
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(a)
Corroded metal
Tenacious scale

Cleavage

Corrosion product

(b) Boxed area in (a)
Figure 43 SEM micrographs of fracture initiation site 2 from location 2A indicated in Figure 42.
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(a)

(b) Boxed area in (a)
Figure 44 SEM micrographs of fracture initiation site 2 from location 2B indicated in Figure 42.
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(a)

(b) Boxed area in (a)
Figure 45 SEM micrographs of fracture initiation site 2 from location 2C indicated in Figure 42.
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(a)

(a) Boxed area in (a)
Figure 46 SEM micrographs of fracture initiation site 2 from location 2D indicated in Figure 42.
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(a)

(b) Boxed area in (a)
Figure 47 SEM micrographs of fracture initiation site 2 from location 2E indicated in Figure 42.
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(a)

(a)
Figure 48 SEM micrographs of fracture initiation site 2 from location 2F indicated in Figure 42.
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3B

3C

3A

Outside surface

Figure 49 Fracture initiation site 3 with SEM micrograph locations indicated.
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(a)

(b) Boxed area in (a)
Figure 50 SEM micrographs of initiation site 3 from location 3A indicated in Figure 49.
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Rust

Rust

(a)

(b) Boxed area in (a)
Figure 51 SEM micrographs of fracture initiation site 3 from location 3B indicated in Figure 49.
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Rust

Rust

(a)

(b) Boxed area in (a)
Figure 52 SEM micrographs of fracture initiation site 3 from location 3C indicated in Figure 49.
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Outside surface

4C
4B

4A
Arc gouges
Figure 53 Fracture initiation site 4 with SEM micrographs indicated.

Figure 54 SEM micrograph of arc gouge at fracture initiation site 4 from location 4A indicated
in Figure 53.
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(a)

(b)
Figure 55 SEM micrographs of fracture initiation site 4 from location 4B indicated in Figure 53.
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(a)

(b)
Figure 56 SEM micrographs of fracture initiation site 4 from location 4C indicated in Figure 53.
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(a)

Shell circumferential section

Shell longitudinal section

(b) Boxed area in (a)
Figure 57 Shell section 164-4 after sectioning.
prepared for metallography.

The dashed lines in (a) indicate sections
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(a) As-polished

(b) Etched with 2% nital
Figure 58 Optical micrographs of a shell circumferential section from section 164-4.01.
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(a) As-polished

(b) Etched with 2% nital
Figure 59 Optical micrographs of a shell longitudinal section from section 164-4.01.
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(a)

Reference line drawn
parallel to circumferential
weld in section 164-4

Shell circumferential
section for metallography

(b)
Figure 60 Shell section 164-3 after sectioning

Shell longitudinal section
for metallography
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(a) As-polished

(b) Etched with 2% nital
Figure 61 Optical micrographs of a shell circumferential section from section 164-3.01.
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(a) As-polished

(b) Etched with 2% nital
Figure 62 Optical micrographs of a shell longitudinal section from section 164-3.01.
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Outlet pad

Fillet weld

Shell
(a) Specimen 164-4.02.2

Outlet pad
Fillet weld

Post rupture crack
1
2
3
Microhardness survey

Shell

(b)
Figure 63 Fracture initiation site 2 and a specimen prepared for metallography from a section
cut 0.5-inch below the fracture plane shown.
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(a)

(b)
Figure 64 Optical micrographs of the pad to shell fillet weld from location 1 indicated in Figure
63b. Knoop microhardness indentations are visible in each micrograph.
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(a)

(b)
Figure 65 Optical micrographs of the pad to shell fillet weld from location 2 indicated in Figure
63b. Knoop microhardness indentations are visible in each micrograph.
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(a)

(b)
Figure 66 Optical micrographs of the shell from location 3 indicated in Figure 63b. Knoop
microhardness indentations are visible in each micrograph
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(a) As-polished

(b) Etched with 2% nital
Figure 67 Optical micrographs of a longitudinal specimen from the EA-425A reboiler shell.
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(a) As-polished

(b) Etched with 2% nital
Figure 68 Optical micrographs of a circumferential section of the EA-425A reboiler shell.
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Figure 69 Knoop microhardness survey results from along the dashed line indicated in Figure
63b.
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(a)

Longitudinal partial
penetration seam weld

δ

Heat affected zone from
flame cut during
construction

ε

(b)
Figure 70 Fracture initiation site 2 and a specimen prepared for metallography from a section
through the outlet pad indicated by the dashed lines in (a).
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(a)

(b)
Figure 71 Optical micrographs of the outlet pad partial penetration seam weld from the location
δ indicated in Figure 70b.
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(a)

(b)
Figure 72 Optical micrographs of the outlet pad heat affected zone location ε indicated in Figure
70b.
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(a)

(b)
Figure 73 CVN results, (a) absorbed energy plots and (b) % shear plots with fit lines..
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Figure 74 Stress-strain plots of elevated temperature tensile tests of EA-425A shell coupon 1.
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Figure 75 Compact tension (CT) fracture toughness specimen geometry.
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Figure 76 Crack growth resistance curves.
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Outlet pad
Reboiler shell
Fillet weld

The cross-hatched region is incomplete
penetration in the longitudinal pad weld.
Figure 77 Representation of the outlet pad geometry.
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Appendix C

Mode I loading

Fracture direction

Load

Load

Mode III loading

Fracture direction
Load
Load
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