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ABSTRACT

The failure analysis of the reactor coolant pump 1B shaft from Three Mile Is-
land Unit-1 is contained in this report. Visual examinations, macrophotogra-

phy, metallography, scanning electron microscopy and a variety of chemical
analyses were performed on a short section of the shaft containing the defect.
These examinations show that the shaft failed by high cycle fatigue. Crack
initiation occurred at one of the two anti-rotation pin holes in the shaft.

These pin holes prevent slippage of the thermal sleeve in the event it lost
its shrink fit to the shaft. Surface wear, fretting, residual stress and sur-
face finish may have been factors leading to reduced resistance to crack ini-
tiation. Crack growth continued at low to near threshold crack growth rates.
The results suggest that the bulk of crack propagation occurred during the ex-
tended reactor shutdown for the Three Mile Island Unit-2 incident when the
failed pump was operated alone in its highest combined cyclic stress state for
well over 1,000 hours. Although sulphur was found on the fracture surface,
the fractographic and metallographic results from this investigation, along
with the reported effects of sulphur on stainless steel, do not support the

possibility that sulphur accelerated the shaft failure. .

I
I
I
I
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SUMMARY

.a

This report contains the Babcock & Wilcox (B&W) failure _ analysis of the pump
shaft from reactor coolant pump 1B out of Three Mile Island Unit 1. This work

was contracted to B&W through General Public Utilities Corporation.

A short length section of the shaft containing the crack and the shaft thermal
sleeve were supplied to B&W early in April 1984. The work scope on the exami-

I nation included:

o Visual inspection
o Macrophotography

o Sectioning
o Ultrasonic inspection
o Light microscope metallography
o Scanning electron microscopy for fractographic features
o Energy dispersive x-ray spectroscopy
o Electron microprobe analyses
o Auger electron spectroscopy
o X-ray diffraction of deposits
o Emission spectroscopy of deposits
o Total sulphur analysis of deposits

The results from these analyses show that the shaft contained a crack ex-
tending 227* around its circumference and penetrating to the shaft axis. The
crack was initiated and propagated by high cycle fatigue at relatively low to

I
.

near threshold crack growth rates. The initiation site was at one of the two
anti-rotation pin holes used to position the thermal sleeve. The crack was
driven by the rotational bending of the shaft which produced asymetric crack

'

growth, with fastest growth occurring in the direction against shaft rotation.

|

. - _ _ _ _ _ _ _ _ _ _ _ . - . _ _ - - . _ __
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3

Fractography and metallography revealed the fracture to be nearly all trans-
granular with only minor, short length secondary cracks extending off the pri-
mary crack. These secondary cracks were only 1 to 2 grains in length and were

predominantly transgranular.

A well preserved beachmark pattern around the initiation site indicated that
the majority of beachmarks were present within about 1 inch of the fracture
surface. A large red-brown corrosion deposit outlined by a heavily pitted
beachmark suggests that the crack had initiated and grown to a depth of about B
1 inch prior to the 1979 shutdown of Unit 1 for refueling. Rapid growth of 5

the crack from that location to its final position is attributed to the higher
rotational bending stresses from the use of this pump in single pump operation
with a cold system during the layup mode of Unit 1 in 1983 and early 1984.;

Although sulphur was found on the fracture surface, there was no evidence to
suggest that its presence had initiated the cracks and/or accelerated crack
growth. No other deleterious species, such as chlorine, were found, and the
shaft material chemistry was within specification.

Detailed stress and fracture mechanics analysis for crack initiation and

growth, and correlation of pump operational history with the fatigue fracture
information were not part of this work scope but should be performed.

I
I

|
5
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1. INTRODUCTION

1.1 Discovery Of The Failure

The Three Mile Island Unit-1 (TMI-1) nuclear power plant was in cold shutdown
in January,1984 with primary system pressure at 315 psig and one reactor
coolant pump, Ib, (rcp-lb) running to provide reactor coolant mixing during
layup conditions. On January 27, 1984, vibration on the pump increased from
the typical 9-12 mils to 12-15 mils peak to peak. Another step increase to 19
mils in vibration occurred on January 30, 1984. This step increase was fol-
lowed by a continuous increase in vibration to the 24 to 28 mil range on Janu-
ary 31,1984. The RCP-1B was shut down on January 31, 1984 for detailed eval-
uation. Attempts to reduce the vibration by adding balance weights were some-
what successful at the pump operating speed but increased the vibration at 2
times the operating speed. Operation of the motor alone did not show any ab-
normal vibration at operating or 2 times the operating speed. Ultrasonic
examination of the pump shaft by General Public Utility (GPU) staff suggested

' the presence of a di:; continuity above the impeller taper fit. Based upon the
vibration analyses, the UT results, and a prior history of pump failures on
this pump design at other utilities, GPU concluded that the pump shaft was

:

cracked, most likely in the vicinity of the thermal sleeve. Disassembly of
the pump at TMI-1 revealed the presence of an extensive circumferential crack

I under the thermal sleeve. In addition, evidence of rubbing between the
rotating impeller and the diffuser adapter lower stationary labyrinth was
found. This wear indicated unusual shaft flexibility. The above information
was obtained from GPU in reference 1.

I
A section of the shaft containing the crack, the removed thermal sleeve and
deposit scrapings were sent to the Lynchburg Research Center (LRC) for failure
analysis on April 6,1984.

I
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1. INTRODUCTION

|

I 1.1 Discovery Of The Failure

The Three Mile Island Unit-1 (THI-1) nuclear power plant was in cold shutdown
in January,1984 with primary system pressure at 315 psig and one reactor
coolant pump, lb, (rcp-?b) running to provide reactor coolant mixing duringI layup conditions. On January 27, 1984, vibration on the pump increased from
the typical 9-12 mils to 12-15 mils peak to peak. Another step increase to 19

,

mils in vibration occurred on January 30, 1984. This step increase was fol-
lowed by a continuous increase in vibration to the 24 to 28 mil range on Janu-
ary 31,1984. The RCP-1B was shut down on January 31, 1984 for detailed eval-
uation. Attempts to reduce the vibration by adding balance weights were some-
what successful at the pump operating speed but increased the vibration at 2
times the operating speed. Operation of the motor alone did not show any ab-
normal vibration at operating or 2 times the operating speed. UltrasonicI examination of the pump shaft by General Public Utility (GPU) staff suggested
the presence of a discontinuity above the impeller taper fit. Based upon the
vibration analyses, the UT results, and a prior history of pump failures on
this pump design at other utilities, GPU concluded that the pump shaft was
cracked, most likely in the vicinity of the thermal sleeve. Disassembly of

I the pump at TMI-1 revealed the presence of an extensive circumferenti61 crack
under the thermal sleeve. In addition, evidence of rubbing between the
rotating impeller and the diffuser adapter lower stationary labyrinth was
found. This wear indicated unusual shaft flexibility. The above information
was obtained from GPU in reference 1.

A section of the shaft containing the crack, the removed thermal sleeve and
deposit scrapings were sent to the Lynchburg Research Center (LRC) for failure
analysis on April 6,1984.
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I
1.2 Reactor Coolant Pump 1-B (RCP-1B) Shaft Description

RCP-1B is a Westinghouse Model 93A pump of which 82 are in use in the United

States and in foreign reactors. A cutaway view of this pump is shown in
Figure 1.2-1. The area of interest relative to the TMI-1 pump shaft failure
is circled in Figure 1.2-1 and enlarged in Figure 1.2-2. In Figure 1.2-2 the
location of the TMI-l pump shaft crack and two other pump shaft failures,

2Surry-1 and Prairie Island Unit-2 (PI-2)3, are shown. The Surry-1 failure
was opposite the upper thermal barrier labyrinth, just below the radial bear-
ing. The Surry-1 shaft had a shrunk-fit thermal sleeve in place near the
crack. Both the PI-2 and TMI-1 f ailures occurred opposite the lower thermal g
barrier labyrinth. Both PI-2 and TMI-1 shafts had shrunk-fit thermal sleeves E
over the a.ea of cracking. Figure 1.2-3 provides an overall view of the shaft
configuration associated with the Surry-1 failure (type A shaft) and the PI-2
and TMI-l failure (type B shaft.) The type B shaft reflects design changes in

4the area of the Surry-1 failure. These changes include elimination of 1) the
shrunk-on thermal sleeve just below the radial bearing, 2) a groove in the
shaf t below the bearing, and 3) anti-rotation pins, lock-welded near the site
of the Surry-1 f ai .ure.

The geometry of the lower end of type B shaft used in TMI-1 RCP-1B is shown in
Figure 1.2-4. The majority of the crack in RCP-1B was found by GPU to exist
under the thermal sleeve near the shaft diameter step change from 8.750 inches
to 9.10 inches. Near this diameter change are two blind holes 180 apart on

the shaft. Each of these holes are 0.3906 inches in diameter and extend to a
maximum depth of 0.455 inch. Figure 1.2-5 shows the design detail of these
holes, the thermal sleeve, and shaft in this area. The holes position the
anti-rotatior. pins which are welded to the thermal sleeve.

For a primary coolant loop temperature of 557 F, the shaft temperature in the
location of the PI-2 and TMI-l failures would be less than 180 F under steady

| state conditions.
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1.3 Pump Shaft Material

The pump shaft is machined from a rough turned forged bar of type 347
stainless steel. The material was procured to ASTM A182-71 Grade F347 with
additional requirements imposed by Westinghouse. The heat treatment of the
shaf t prior to machining consists of a two-step solution treatment and water
quench, and a stabilizing treatment as follows:

Solution treatment:
(1) heat to 1800 F over a 7 hour period
(2) hold at 1800*F for 7 hours
(3) heat to 1960 F over a 1 hour period
(4) nold at 1960*F for 2 hours
(5) water quench

I
Stabilizing treatment:
(1) heat to 1525 F over a 5 hour period
(2) hold at 1525'F for 28 hours
(3) furnace cool

This heat treatment was designed to assure complete stabilization of the g
carbon in the form of niobium carbides and provide a fully annealed micro- E
structure. Typical properties of seven samples of material subjected to this
heat treatment are 33.5 to 37.0 ksi 0.2% offset yield strength, 77.5 to 83.5
ksi ultimate tensile strength, 53.5 to 58.0% elongation in 2 inches, and 67.0
to 70.5% reduction in area.5

The fatigue endurance limit for the shaft material is reported to be 21 to 22
ksi in references 3 and 4. However, in the presence of thermally induced

6residual stresses and a notch (k = 5.3), the material has failed in 5 x 10
t

cycles with an axial stress of 7-8 ksi and no mean stress.

I
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| 1.4 Shaft Stresses

A detailed stress analysis of the TMI-l pump shaft (type B) at the THI-1

| failure (location 1) is not available to B&W. From references 2, 3 and 4, the
stress state for type A or B shaf ts at location 1 or 2 are provided in varying
completeness. In reference 2, a general review of the Surry-1 pump shaf t
failure is provided. This failure occurred on a type A shaft at location 2.I In reference 4, a review of the stress state and fatigue margin was provided
for the TMI-l type B pump shaft at location 2. While the stress analysis per-
formed was for the same shaf t and primary coolant loop design, the location
cas different from the current failure. Reference 3 provides the stress anal-
ysis for a type B shaft at location 1 but for the Westinghouse PI-2 primary
coolant loop. Tables 1 and 2 summarize the stress state information available
from references 2-4. Table 1 covers the cold loop, one pump running mode
while Table 2 addresses a hot loop with all pumps running. Table 3 addresses
stresses in the type B shaft at location 1 with B&W primary loop hydraulic
loads. In general, the cold loop, oae pump running mode produces the highest
stress levels at both steady state and cyclic conditions. This is parti-
cularly true for the cyclic loading from rotational bending caused by radial
thrust. This radial thrust is responsible for the highest cylic stress
regardless of the primary system design or temperature.

The shaft configuration and failure location in PI-2 is identical to that of
TMI-l so that geometric effects on stress are the same, however, differences
in motor horsepower and primary system hydraulic loads will cause some dif-
ferences in stresses. In making stress approximations for the TMI-l location
1 f ailure, the location 2 data for THI-l can be utilized or modified slightly.
For location 1, motor torque, cyclic torque, and rotating radial load should
be approximately the same as that shown for TMI-l location 2. The axial
thrust is increased to a stress of 826 psi during cold operation and 943 psi

_ .



I
Sabcock&Wilcom RDD:84: 5183-06: 01 Page 1-10

a McDermott company
i

E
during hot operation at location 1. This change is the result of a decrease
in the deadweight load, which is offset by a decrease in diameter from 9.262
inches at location 2 to 8.75 inches at location 1. Cyclic axial load for

location 1 or 2 is unknown but is probably very low based upon the low value
for Pl-2. The radial thrust from bending is reduced to about 2836 psi during
cold operation and 1347 psi during hot operation at a location 1. This
bending stress is generated from a cantilevered beam (shaft) analogy where
location 2 is at the fixed end, location 1 is approximately halfway along the
beam and the concentrated load is applied at the free end of the beam.
Appendix A provides the calculations of the modified axial and radial thrust
loads. Table 3 summarizes these approximate stress values for TMI-l location
1. It should be noted that the largest alternating stress from rotational
bending (radial thrust) is larger in TMI-l than in PI-2.

1. 5 Shaf t Operational History

9Prior to the Unit 2 incident in 1979, RCP IB had received 2.4 x 10 turns.
5Of these, 4.2 x 10 were in the single pump, cold loop operational mode (6

8hrs. operation). Af ter the Unit-2 incident, another 1.04 x 10 revolutions
were put on the shaft in the same single pump mode (1472 hours). The pump was

Eonly operated in the single pump, cold loop mode after the Unit-2 incident 5
(the single pump operation history provided by J. Janiszewski, GPU).

I
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Table 1. Comparison of Shaft Loads and Stresses * for PI-2, TMI-1
and Surry-1 During One Pump - Cold Operation

PI-2 (W)I TMI-1 (B&W)2 Surry-1 (W)I

{ Type B Thaft Type B Shaft Type A Shaft
Location 1 Location 2 Location 2

( Motor Torque 2880 2904 -

L (31566)

Axial Thrust 1183 742 -

( (71140) (50000)

Radial Thrust +1425 +4484

[ T5140) (T0000)
-+2850

Cyclic Torque +16 +87 -

T180)
-

Cyclic Axial Load +5 - -

(2Y7)

k Rotating Radial Load 176 285 -

(635) (635)

-

*First number is stress in psi, second number in brackets is load in Ibs. I

fValues from reference 3Values from reference 4
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Table 2. Comparison of Shat Loads and Stresses * for

PI-2 and TMI-1, During Hot Operation

PI-2 (W)I TMI-1 (88W)2
Type B Shaft Type B Shaft
Location 1 Location 2

Motor Torque 2330 2691 |
(25546) u

Axial Thrust 928 846 g
(55800) (57000) g

Radial Thrust +999 +2130
(T605) T4750) |

Cyclic Torque +8 +81
(E9)

-

Cyclic Axial Load +2

(IT7)

Rotating Radial Load 133 215
(480) (480)

:

*First number is stress in psi, second number in brackets is load in lbs.

fValuesfromreference3Values from reference 4

| I
I
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[
Table 3. Shaft Loads and Stresses * at Location 1

for Type B Shaft at TMI-1

One Pump-Cold Operation Hot Operation
[ Motor Torque 2904 2691

Axial Thrust 826 943{ (49690) (56690)

Radial Thrust +2836 +1347
( (13000) (T750)

Cyclic Torque +87 +81

. Cyclic Axial Load N/A N/A

Rotating Radial Load 285 215[ (635) (480)

( *First number is stress in psi, second number in brackets is load in Ibs.
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2. WORK SCOPE TASK DESCRIPTION
'

|
GPU requested a proposal and cost estimate for performing a failure analysis

,

on the THI-1 pump shaf t in GPUN Inquiry No 1142. Reference 6 responded to
l that request. This original B&W proposal was subsequently modified by

references 7 and 8 to arrive at the final work scope reported in this
document. A brief outline of the task ir. this final work scope is provided
below.

2.1 Receipt, Documentation And Visual Inspection

o Radiation survey of shaft and thermal sleevo
o Orientation documentation
o Fixturing for inspection

Visual inspection of shaft and thermal sleeve (unaided eye ando

stereo light microscopy)
o Macrophotography of shaft and thermal sleeve in color (35 mm,

I Polaroid) and black & white
o Stereo light microscopy
o Ultrasonic inspection

Dimensional characterization of crack path and thermal sleeveo

contact area over the crack

| 0 Dye penetrant test of uncracked pin hole in shaft
o Review of inspection and microsccpy results with GPU

2.2 Specimen Removal

o Develop sectioning plan
o Protect shaft outer surface near crack and fracture surface fromI chemical alteration prior to examination
o Review sectioning plan with GPU for concurrence

i
I

I
L
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I
o Specimen sectioning and identification
o Ultrasonic inspection

2.3 Fractography And Metallography

implement surface cleaning technique for fractographyo

o Light and scanning electron microscopy (SEM) of fracture features
from initiation to final crack tip position

o Energy dispersive X-ray spectroscopy (EDS) of selected locations
along fracture path for qualitative chemical analyses.

o Light metallography for fracture path detail and microstructural g
features at: 5

a continuous crack path from OD to crack tip-

initiation site-

unique fracture surface features-

2.4 Microchemical And Bulk Chemical Analyses

Quantitative Auger electron spectroscopy (AES) of fracture surfaceo

films
o Electron microprobe of

unopened fracture cross section-

fracture surface after controlled fracture separation-

inclusion population in a polished longitudinal section of the-

shaft

I
o Bulk chemical analysis of shaft material near initiation site

2.5 Deposit Analyses

Emission spectroscopy, x-ray diffraction, and wet chemical analysiso

for composition, structure, and sulphur content on GPU scrapings
from

I
- _ _ - .
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I 3. TASK RESULTS

I

In the following subsections, the task results, discussion, and where appro-
pelate, task experimental procedure is provided.

3.1 Receipt, Documentation And Visual Inspection

3.1.1 General Information

The radiation survey of the pump shaft section shown in Figure 3.1-1 indicated

a combined # + 7 field of < 1 mR/hr at 1 f t with a smearable surface contami-
nation of approxirrately 2000 dpm. Later, exposure of the fracture surface
revealed a much higher smearable contamination of 30,000 dpm. The radiation
field of the thermal sleeve was also < i mR/hr ( # + y ) at 1 f t. Smearable
contamination was high, however, at 50,000 dpm.

I
During this receipt inspection stage, either white cotton gloves or powder

I -free latex gloves were employed while handling the specimens. When not under

examination, the shaft and thermal sleeve were covered with a polyethene bag '

or sheet.

3.1.2 Pump Shaft Examination

The shaf t section received was approximately 6.75 inches long. A nominal
diameter of 9.10 inches extended for about 2.95 inches of length with a re-

.

duced diameter of 8.75 inches extending over the remaining 3.80 inches.

Initial inspection revealed that GPU personnel had already provided orienta-
tion markb.gs on the impeller side of the shaft as seen in Figure 3.1-1
These marks divided the circular cross section into octants, numbered
consecutively in a clockwise direction starting at a pin hole which was
intersected by the crack.

_ - _ - _ - ___ _ -__- _
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This orientation scheme was retained throughout the examination. GPU per-
sonnel had also indicated, on the impeller side cross section, the extent
of the urack (as best they could determine) around the circumference. This

indication is given by a heavier ink marking dividing the shaft into two sec-
tors: one marked " crack" covering about 2/3 of the circumference and one
marked "no crack". Thus, in a clockwise direction from the cracked pinhole,
the crack extended into the #2 octant and counterclockwise into the #5 octant.

I
Visual examination of the pump shaf t with the unaided eye provided several
general observations. Figure 3.1-2 provides a series of reduced power
macrophotographs showing more detail of the shaft surface. The shaft, in
general, had a bright metallic appearance with some occasional reddish-brown
deposits scattered over the cylindrical surface. These reddish-brown deposi.ts
were most prevalent within about a 1 inch band extending from the step change
in diameter toward the impeller end. These can be readily seen in Figure
3.1-2. The most dominant of these deposits were two narrow, linear, and
purely circumferential streaks approximately 3/4 inch apart. Later in
examination of the thermal sleeve, it will be seen that these streaks cor-
respond to the interface between the shaft and a nominal 3/4 inch wide contact
surface of the thermal sleeve.

The width of these streaks vary but those closer to the step seem to be
broader and have a much darker brown to black appearance. In octants 7 and 8
(Figure 3.1-2d) several other shorter streaks appeared within the 3/4 inch
wide band.

Both pin holes had worn or polished areas around their circumference which
disrupted the local pattern of deposits as shown in Figure 3.1-3 The crack

can be clearly seen to intersect the pin hole at the border of the #1 and #8

I
I
I
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octants (Figure 3.1-3a-c). The crack shown in Figure 3.1-3 can only be dis-
.

{ cerned near the #1-#8 pin hole (views a and c) where the crack was bordered on

one side by a bright metallic worn area and a linear streak of deposits on the
- other.-

Examination of tF shaft surface along the crack was performed using a Nikon
Stereo-Zoom came a equipped for 35mm color photography. A continuous series
of color photographs of the cracked area was taken at 8X over the entire

( circumferential extent of the crack. This examination revealed several facts
about the fracture at the shaft surface.

[
The crack path at the surface is not truly circumferential but inclined at
about 2-4* on the average from the circumferential direction as seen in Figure
3.1-4 The path traveled axially toward the impeller end as the crack is
followed in a clockwise path viewed from the impeller side.

When followed te its extremity in the #5 octant, the crack went up and over
( the step change in diameter from the nominal 8.75 inch to the 9.10 inch

diameter. This change is shown in Figure 3.1-5. In contrast to the sharply

{ defined cracks in other parts of the path, the crack at this extremity was
poorly defined, showing signs of surface deformation. At its other extremity
in octant #2, the crack was about 3/4 inch axially displaced, toward the im- '

peller, from its other end in octant #5. Its appearance is shown in Figure |
3.1-6. The gouge shown in Figure 3.1-6 was created during the removal of the

( thermal sleeve by GPU personnel. A deposit appears to have built up or exuded
from the crack in this location. At both extremities, (Figure 3.1-5 and -6),

( the angle of the crack changes rather dramatically from the 2-4* average to ,

approximately 15* from the circumferential direction. The length of paths at

[

[

[

[
-
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this greater inclination was rather short, about 1/4 inch in octant #2 and 5/8
inch in octant #5

I
A striking difference in the coarseness of the surface finish on the 8.75 inch
diameter compared to the 9.10 inch diameter can be seen in Figure 3.1-5 The

8.75 inch diameter section which contained the bulk of the crack has machine
marks which are about 12 mils apart. On the 9.10 inch diameter surface, the
marks are not well defined, and the finish is at least an order of magnitude
finer.

Aside from the changes in crack path angle at the extremities, other sharp
changes in path angle were noted along its length. In Figure 3.1-7, two
prominent changes in angle are shown. In view A, at about 1-1/2 inches from

the nearest edge of the cracked pin hole (in octant #8), the angle increased
to about 9' for about 3/8 inch and then resumed the 2-4* angle. In view B,
two reversals in path angle occurred in octant #1 at about 11.1ch and again at
1-3/8 inches from the nearest edge of the cracked pin hole. At each of these
two locations in view B of Figure 3.1-7, the path angle went from +2 to 4 to
about -10 . In later results in Section 3.2, these angle changes are related
to changes on the fracture surface.

I
Other rather sharp changes in the fracture path angle occurred at the pin
hole. In Figure 3.1-8, a gradual increase in path angle is seen on the #8
octant side but a rather sharp increase and decrease is seen on the #1 octant
side. In this figure, a higher magnification view of the wear around the pin
hole shown previously in Figure 3.1-3 can be seen. This wear has created a
polished plane at an oblique angle to the coarse machining marks, enhancing
their apparent depth and root sharpness. Also shown is the circumferential
wear band which followed the motor side of the crack near its intersection
with the pin hole.

I
I
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Examples of other wear patterns and deposits previously pointed out in Figures

| 3.1-2 and -3 are shown in more detail in Figure 3.1-9. Following the crack
from its extremity in octant #5 back toward the cracked pin hole, the crack

| went down from the 9.10 inch diameter section onto the 8.75 inch diameter
where it passes through a rather bright metallic surface which appears unworn
in Figure 3.1-9a. Some dark brown filming may have been present right at the
crack opening. Continuing further toward the pin hole, the crack eventuallyI crossed one of the nearly continuous dark brown bands shown in all of the
views in Figure 3.1-2. A higher magnification view of this area is shown in
Figure 3.1-9b. Some irregularities in the film pattern can be seen in this
view and appear to be spalling. As indicated earlier, this deposit band
corresponds to the edge of the thermal sleeve seating surface closest to the
motor cnd of the shaft. After crossing the nearly continuous deposit, the
crack proceeded toward the pin hole; however, a band of worn surface devoid of

the dark brown deposits developed between the crack and the nearly continuous
deposit band as shown in Figure 3.1-9c. Additional spalling or cracking ofI the adjacent band of deposits can be seen. As the pin hole is approached, the
surface of the worn area became more polished in appearance and none of the

machining marks were present. This was previously shown in Figure 3.1-8.
,

1

As the crack emerged from the other side of the pin hole, the brightly worn
area on the motor side of the crack persisted for about 2 inches and contained
some very large gouges which were previously shown in Figure 3.1-7b. The

gouges were elongated in either the circumferential direction, or at about
40-50* from the pure circumferential orientation. Beyond this region,
proceeding toward the extreme of the crack in octant #2, the motor side of the
crack appeared less worn and the color changed from dull gray to a light
red-brown color and became virtually indistinguishable from the other side of
the crack. Examples of these changes are shown in Figure 3.1-9d and Figure
3.1-6 at the crack tip.

_ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _
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Examination into the cracked pin hole clearly revealed the crack, scattered
red-brown deposits and machine marks. The machined surface appeared to have
grooves or ripples going around the circumference of the hole's inside
surface. Other finer marks at 90* to the circumferential grooves were also
present. These features are shown in Figure 3.1-10.

Although the crack did not extend to the other pin hole, there was concern g
that a crack may also have started in that location as well. Visual examina- E
tion of the hole revealed many of the same features observed for the cracked
hole. Figure 3.1-11 shows a similar narrow band of ar around the
circumference of the hole at the shaft OD surface. .ne effects of the wear on
the coarse machine marks near the hole is most noticeable in the shaft
transverse direction as shown in the higher magnification views taken 90*
apart adjacent to the hole. The inside surface of this hole also had the

circumferential grooves and other fir 'ol marks 90 to the grooves. In the
bottom of the hole were what appe me the remnant of an initial starter
hole which was mislocated and re igure 3.1-12 shows the internal
features of the holes. Dye penet of the hole did not reveal any
crack indications.

The overall position of the crack at the shaft surface is shown in Figure
3.1-13 This figure is based upon the visual and low magnification ob-
servations made earlier, and measurements made with a scale, dial caliper
micrometer and metal tape measure prior to any sectioning of the shaft speci-
men. The crack extended a total of 227* around the shaf t circumference with
146 covering the #8, #7, #6 and part of #5 octants (i.e., counterclockwise
from the cracked pin hole when shaft viewed from impeller end) and 81 cover-
ing the #1 and part of the #2 octant. The circumferential component of the
crack path was about 17.378 inches. The axial component of the crack was
about 0.73 inch. Crack path coordinates are given in Figure 3.1-13. Also,

I
l
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{ shown in Figure 3.1-13 are the nominal dimensions of the pin holes. Actual
diameter measurements showed the cracked hole diameter to be 0.390 inch in the
shaft circumferential directions and 0.385 inch in the shaft axial direction.
At the 180' pin hole location, the diameter in the shaft circumferential di-
rection was 0.388 inch and in the axial direction 0.389 inch.

3.1.3 Thermal Sleeve Examination

The thermal sleeve was removed from the pump shaft by GPU personnel. The

sleeve was cut approximately in half. Both pieces "A" and "B" were sent to

( the LRC. Figure 3.1-14 shows the inside and outside surface views of both

pieces. The outer diameter surfaces of the sleeve were heavily scored in the

{ circumferential direction except for two bands of material. One was located

at the motor side and was about 1/2 inch wide. The second was located about
3-1/4 inches from the motor side of the sleeve and was about 1 inch wide. The

- general color of the outer surface was a light gray metallic.

The inside of the sleeve halves contained the anti-rotation pin, a motor side
seating surface about 3/4 inch wide, and an impeller side seating surface

( about 1/4 inch wide. The bulk of the inside surface was recessed below the
seating surface to permit a layer of coolant to exist between the sleeve and

{ the shaft. A flow slot had been machined into the impeller side seating
surface directly opposite from the anti-rotation pin. These features can be

{
seen in Figure 3.1-14.

From visual examination of the wear and corrosion patterns on both the pump |

shaft surface and the inside surfaces of the thermal sleeve, piece "A" was
( found to contain the pin which had been in the cracked pin hole of the shaft.

The inside surface had an elongated circumferential wear pattern extending

{ from either side of the pin. This elongated wear band is shown in Figure '

[

[
-
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3.1-14 In Figure 3.1-15 this wear band is shown at higher magnification, and
the mating pump shaft wear patterns are also shown. In general, the wear pat-

~

terns on the pump shaft and thermal sleeve matched well. The heaviest corro-
sion deposits on the inside surface of the "A" section were on the chamfer
area on the extreme end (motor side) of the sleeve, a band about 1/8 inch wide
around the pin at the seating surface, and in a local area around the flow
slot. The chamfer deposits were red-brown and heavy enough to obscure machine
marks. In this area the film had spalled off revealing bright metal and faint
machine marks. The area around the pin was more of a gray-brown color. The

machine marks which were clearly visible on the majority of the seating sur-
g
3

face were somewhat obscured in this area. Both the chamfer films and the
films around the pin can be seen in Figure 3.1-15 The flow slot deposits ap-
peared to be heavy but had not been. subjected to wear, and the machine marks
could still be observed. A very narrow band of deposits could also be ob-
served at the inner edge adjacent to the recessed area of the 3/4 inch wide
seating surface as shown in Figure 3.1-15. This band followed the entire edge
of the seating surface.

The examination of the "B" section of the thermal sleeve revealed all of the
same results mentioned for the "A" section except the large circumferential
wear band in the vicinity of tne pin on the "A" section was not present on the
"B" section. Figure 3.1-16 shows the "B" sleeve section near the pin. The
area to either side of the pin had a corrosion film which appeared undisturbed
compared to the same location for the 0* pin in the "A" section (Figure
3.1-15). A small specimen containing the pin of the "B" section thermal
sleeve was examined on the SEM. EDS spectra showed sulphur to be present in
deposits on the sleeve's ID surface, particularly near the pin. No sulphur,

Ewas observed in worn or deposit-free areas. The cut edges of this specimen u'

also did not show any sulphur to be present.

I
I
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Measurements were made on selected locations of both the "A" and "B" sections
to determine if any gross dimensional variations were present. Figure 3.1-17
shows the results of that survey. In general, very little wear was found even
on the "A" section where only a 1-2 mil smaller thickness in the worn seating

| area was observed. Neither pin appeared to have suffered any metal removal
and had the same diameter of 0.375 inch in the axial and circumferential
direction of the shaft.I
3.1.4 ~ Visual Examination Summary and Discussion

The results from the visual examination of the shaft and thermal sleeve
revealed the following key points:

o The crack extended approximately 227* around the shaft
circumference,

o The crack path was not purely circumferential but had an axial
component or pitch of about 3/4 inch over the 227*.

t

o The crack was primarily on the smaller diameter (8.75 inch)
portion of the shaft, with a small portion extending up to the
9.10 inch diameter section.

The crack path was fairly linear but changed direction sharplyo

| near its ends, at the pin hole, and at two locations, cae on
either side of the pi1 hole.

o The crack revealed no surface deformation except at one endI where it went up to the 9.10 inch diameter and changed direc-
tion sharply. Surface deformation was seen in this area.

|

|

I
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Coarse machine marks were present on the 8.75 inch diametero '

section compared to the 9.10 inch diameter., ,

Io No cracking was observed in the 130 pin hole.

Bands of red-brown to brown-black corrosion product borderedo

the interface between the thermal sleeve seat and the shaft.
These bands were seen on the sleeve and the shaft.

As the crack passed 'under the thermal sleeve seat, one side ofo

the crack developed a worn or fretted area. This was particu-
'

lirly true near the 0* pin hole.
.

3 o A band of worn metal was found around the cracked pin hole and
partially around the uncracked 180* pin hole.

Neither the thermal sleeve nor the pins appeared to have anyo

major amounts of metal removal despite having obvious surface
wear marks. g

5
-

'

The starter hole for the 180* pin hole appeared to have beeno.

initially mislocated.

IThe wear patterns on the shaft and mating thermal sleeveo

matched very well.

Sulphur was found in deposits on the ID surface of the thermalo>

sleeve near the 180 pin.
,

,

!
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The sharp changes in crack path noted suggest that changes in stress state on
fracture mode were occurring in these areas. The sharp change at the extremes
of the crack are in the directions expected for entering shear overload. The
general orientation of the crack path suggests a predominantly axial stress is
driving crack growth. However, the slight pitch of the crack path indicates
that a small torsional stress may also be influencing crack growth direction.

I The non-symetric wear along the crack path under the thermal sleeve and on
the pin hole suggests that permanent deformation, possibly from torsion has
occurred leaving one side of the shaft crack in contact with the sleeve and
the other side twisted away. The band of corrosion film outlining the edges
of the thermal sleeve seating surface on the shaft suggests that localized
corrosion was occurring around the circumference of the shaft at this
location.

I
I
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3.2 Sectioning

Using the results of the visual observations and field ultrasonic inspections, g
a sectioning scheme was agreed upon by representatives of B&W and GPUN. Fig- u
ures 3.2-1 to -4 show how the shaft section was cut at the LRC to obtain spec-
imens for analysis.

Initially the shaft was longitudinally sectioned in half as shown in Figure
3.2-1 and labeled " Piece A" and " Piece B". Piece B was selected for fracture
morphology since it contained the thermal sleeve pin hole through which the
crack intersected and the smaller amount of uncracked material. To precisely
determine the amount of intact or uncracked material on Piece B, an ultrasonic
inspection was performed and is described in Section 3.2.1 To reveal the
crack surfaces, hydraulic pressure was used to separate Piece B along the
crack as shown in Figure 3.2-2. The two halves of Piece B were labeled Piece
B1 and B2, with B1 containing the outer diameter (00) step reduction. After
photography, the entire fracture surf ace was removed from Piece B1 in sample
B1A. Sample B1A was then subdivided into three smaller specimens labeled
B1A1, B1A2, and B1A3 according to Figure 3.2-3 Notches, to use as reference

points, were placed on one edge of Specimen B1A1 every 1/4-inch beginning at
the shaft OD. Scanning electron microscopy and metallographic specimens were
sectioned from Specimen B1A1 as shown in the figure, with the identification
numbers on the individual spc.:imens corresponding to the 1/4-inch notch loca-
tions.

Piece A was sectioned into three specimens according to Figure 3.2-4 and
labeled A1, A2, and A3. From Specimen Al was sectioned three 1/2-inch wide

strips, A1A, A1B, and A1C. Since the crack extended nearly the entire length
of strip specimen A1A, holes were drilled approximately every 1/4-inch through
which bolts were inserted to hold it together. Metallographic specimens A1A-1
through A1A-8 were then sectioned. Specimens for Auger electron spectroscopy

I|

I

- -



- _-___

[
.

RDD:84: 5183-06:01 Page 3-37a McDermott company

(AES) and electron microprobe analysis (EMA) were obtained from the crack tip
b region of strip samples A1B and A1C, respectively.

[ All sectioning described in this section was performed using either a
horizontal or vertical band saw with no lubricant to prevent chemical

l

{ contamination of the crack surface. Additional sectioning of specimen B1A1
was required to further examine regions of interest. A slow speed diamond saw
with no lubricant was used for some of these smaller specimens.

3.2.1' Laboratory Ultrasonic Inspection

After the initial longitudinal section providing Pieces A and B of the shaft, I

the method to separate Piece B was dependent upon the location and amount of
b intact material present. To precisely determine this, an ultrasonic inspec-

tion was performed and the intact material was " mapped out" on the impeller

{ end of the shaft portion. Details of the ultrasonic inspection are described
in the memorandum in Appendix B.

To prevent possible damage to the crack surface during separation, it was de-
'

[ cided to bend Piece B as described in Section 3.2 rather than pull the halves
apart.

4

[

[

[
-

%

[

[



|

Dabcock &Wilcox
' ~' Pade '3-38 |'

RDD:84: 5183-06: 01 "~

a McDermott company

I
1808

T P VIEW gy,,,,

I

'

g/ 6
w I

| 20* -

M +9081 I
818

\- / I
I8 1

x / gN _ i 1_ /

08

I
CUTTING PLANE 8ACTURE SURFACE-

CRACK LENGTH = 227 * INTACT METAL

Figure 3.2-1. Initial Section of the Pump Shaft,
Viewed from the Motor End

I
I



l| !| I

_
I253f4Nm5 =Eh =$y 2S wLo.

' ,

_

_

_

N [
N |N .

s .
,

_ ,' .
c
.

N

) s T .
s 4

A u U

N CE _o
L wC t

cAA
t SF .,

,

S

Y <,.,;C
.q

\ .-

m.d
a ,

.

s

= .

B z.
z.

t

SI

s

,.I

-B _ ,-

_ ,

D - ,
_Wp -r T,

O O - ,
L

. VC/E CbC "zAA Y
SF "

.

| 1t | ,



I
Babcock &Wilcox RDD:84: 5183-06: 01 Page 3-40

a McDermott company

ei
+ : 1.GO" CHORD

- s ,

LJ

I
'

8 g

10RCEO
FRACTU RCsig

BIA3 gg
/ REMAtNIN GI

| LIGAMENTT sg g q__ z

56"
'

~

_ _ _ _ _ _

. , .x |+ 4 9 0'--->+ 0.67 -*-

1. G o "~ 2.4 0'' ;=

THERMAL SLEEVE
PJN HOLE

.n y Il '
I.oT"

-

| '

,
-

! 4 .s* g.5

\ --

si
l l'" w.52AiP .st "|

ec".25
.c r es 9

'h3 .s o"
,

| 'S '
| g , g.,

'' n-20

.T

*- \ . 6 0 "-*

Figure 3.2-3. Subdivision of Sections B1 and B1A1
Into Specimens for SEM Examination

I
I

_ -_ --



, rm rm rm em m v m rm rm rm rm v rm r-v w
--4~

N s

4 s e.

N.
'
. e o

3I
'

c.
s

8. D
-

j .
~

I t. //
L_ __ ____/_________aic oeJ ''

|4 | [[ i__ _ _ _ _ - _ _ _ _ _ _ _ . _ 4, 5
rousuco 3,oce ~~ .

r

I
_ w$A | 1 - 2 _% *ia

\- M^
l G '/s-j VVlEW C-C

7 viseata csuca = sawcm r ca
..c .cao mg __

| .#: \\
L,4 m.s .. ~c! *z

. k -. :=
p _q ,___________. _ _ _ _ _________

c cl,e m
_ g |__._ . - -- _ _ ____--

,g,2, . x, i .
,

o___" _ _ n__,_ _ _ g__,- _ ____ , _ _ , . .

i =
c

_ _ _ _ _ _ _ _ _ _ . . .__ _ _ ' __ _ _ ._ _ _ ___ ___ 3. _ g . .g _ .p .g_ .3 -y,. .C f w

gsA tL ) zi et at _ _ _ _ _ T& T f. S 4 % % I **

- -- L o
*

A1 AsA sus 5tCYe ws *

1

| - _.

-z
1 ;

A

,~ .

- s}
VIEV/ A-A 2

gm a =-

w
I

,

Figure 3.2-4. Subdivision of Section A Into Specimens for Metallo- ;a: |
graphic, Auger, and Electron Microprobe Examinations '

- _



!

Babcock &Wilcox RDD: 84: 5183-06: 01 Page 3-42
a McDermott company

3.3 Fractography And Metallography )
l

As indicated previously in Section 3.2, piece B of Figure 3.2-2 was chosen for
initial crack separation in the laboratory and piece A was used extensively
for metallography (A1A-1 to A1A-8), electron microprobe analysis (AIC), and
Auger electron spectroscopy (A1B). Later as a result of fractographic
observations, additional metallographic specimens were taken in section B1A1,
specifically specimen 14-16M taken from subsection 14-168, and specimens

1-58-1M and 1-5A-M from subsection 1-5. Tne fractographic examination pro-
ceeded in parallel with the metallography on specimens from Piece A. Metal- g
lography on specimens from Piece B was performed in parallel with, but near a
the conclusion of the fractographic examination.

I
The fractographic examination was performed in three stages and will be repor-
ted in that manner, namely: 1) visual and light microscopy of the fracture
surface in the as-received condition, 2) scanning electron microscopy * (SEM)
and energy dispersive X-ray spectroscopy (EDS using Kevex on SEM) of the frac-
ture surf ace in the as-received condition and, 3) SEM of the cleaned fracture
surface. The cleaning was required to remove corrosion deposits which masked g
fine fractographic detail. Clearing was initially attempted by stripping with E
acetate tape, but was only partially effective. Final cleaning was achieved
using an electrolytic END0X solution. The details of the various stages of
fractography and metallography are provided in the following paragraphs.

*The ETEC Autoscan microscope used automatically records perinent data on the
micrographs.

Example: gLength Scale Working Distance (mm) Eh
001.0 g : :

/ ,05-3 20.0 13 100 118
} t '

Magnification Acceleration Negative
25x10 Vol tage ID Number

I
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3.3.1 ' Fractographic Examination

3.3.1.1' Mai:ro-Examination by Light Microscopy

The two mating sections of Piece B, B1 and B2, are shown in Figure 3.3-1.
Immediately evident was a well-preserved beachmark and colored corrosion
pattern which were identical on the B1 and B2 fracture faces. The fracture

| was massive in piece B of the shaft leaving only a small intact ligament for
laboratory fracture. This ligament was in the lower right side of B1 and its
mirror image on the lower left in B2. Based upon the beachmark patterns, it
was obvious that the crack initiated at the pin hole, in its upper right side
of the shaft surface when viewed on the B1 fracture surface. The crack growth

I pattern was not symmetric about the pin hole. The growth was more rapid in
the counterclockwise direction in the B1 view or against the direction of
shaft rotation. Crack growth which started out in the clockwise (B1 view)

I direction (or direction of rotation) begins to curve away from pure clockwise
growth as shown by the crack growth direction arrows in Figure 3.3-1. l

To document the beachmark and color variations, color photography at about 8X
was used to make photomontages of the initiation site and path along the
fracture surface starting at the initiation site and ending at the laboratory

I fracture. Figures 3.3-2 and -3 show these photomontages. In both figures,
the B view contains an overlay showing the beachmark locations as best they
could be interpreted. A total of 29 beachmarks were observed, 15 of them

I occurring within about 1 inch from the shaft surface. Table 4 provides a
summary of the beachmark numbers, and their distance from various locations
near or at the initiation site. These two figures show several important
features. The beachmark evidence clearly shows initiation to have occurred at
the upper right corner of the pin hole where it intersects the shaft surface.
Further initiation at the pin hole and crack growth rapidly enveloped the
entire pin hole so that by beachmarks #5 to #10 a fairly symmetric crack
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pattern had developed. By beachmarks #14 and #15, considerable ' asymmetry in

crack growth had occurred, with fastest, growth having occurred against the
direction of shaft rotation. As shown earlier in the overall view of the 81
fracture surface, this asymmetry in growth continued throughout the B1/B2
section. Based upon the prior visual examination results of crack position at
the shaft surface, and now the knowledge of the initiation site, it can be
concluded that crack growth was decidedly faster in the direction opposite
shaft rotation. The crack tip in octant #2 and the initiation site at the
octant #1/#8 boundary were both present in Bl. The crack tip against the
direction of rotation was in octant #5, which is now in the unopened piece A.

In Figure 3.3-3, the continual change in crack growth direction can be clearly

|
seen from the changing orientation of the beachmarks and the radial fracture

! lines perpendicular to the beachmark position. This change in direction re-
flects the bias toward faster growth in the direction opposite shaft rotation.

Figures 3.3-2 and -3 also enhance the perception given in Figure 3.3-1 of
colo'r variation over the fracture surface. To beachmark #15, the general
color was a red-orange to brown color with occasional small black regions.
Bright metallic areas were smeared metal from contact with the mating fracture
faces. The beachmarks appeared to be darker, or in some cases lighter, in
color than the general corrosion film color. Beyond beachmark #15, however,

,

the corrosion deposits were dull gray with some hint of a straw or bronze
,

'

coloration. Bright metallic streaks following the radial fracture lines

became prevalent. Nowhere else on the fracture was the color of the initia-
tion area out to beachmark #15 duplicated in terms of continuous area cover-
age. In addition, at beachmark #15 were rather obvious pits which were found g
nowhere else on the fracture surface. The changes in topography at beachmark E
#15 were also quite obvious. Prior to beachmark #15, the fracture surface

appeared rather flat and featureless except for color variations and beach-

I

I
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marks. Beyond beachmark #15, the fracture became coarser. The plane of

{ fracture was still flat on a coarse scale, but was composed of ridges and
valleys aligned parallel to the direction of crack growth. |

As was seen visually using the stereo light microscope and is shown later with
the SEM, the bright metallic smeared areas were on the clockwise (Figure
3.3-2) sides of the ridges and on the ridge tops. This would be expected from
the torsional loading and clockwise rotation (viewed in Figure 3.3-2) which

( would preferentially bring those faces into contact with the mating surfaces
of B2. Piece B2 was examined with the stereo light microscope and confirmed

[ this torsional smearing orientation. This coarse topography continued to i

beachmark #25 and then diminished into a finer, flatter structure. More

{ detailed evaluation of the beachmarks, topography, and pitting will be
continued in subsequent sections describing the SEM examinations.

Earlier in Section 3.1.2 and in Figure 3.1-7, two sharp changes in angle of
crack path on the shaft surface were noted at 1 to 2 inches from either side
of the pin hole. With the crack now opened, these changes in crack path
direction were located with the stereo light microscope and were correlated

{ with fracture surface features. This examination showed that both of these
changes in crack direction started at beachmark #15 and probably ended at

{ either beachmark #18 or #19. Figure 3.3-4 shows this change relative to
fracture surface.

3.3.1.2 'SEM and EDS Examination of the As-Received Fracture' Surface

As indicated earlier, all SEM and EDS work on the fracture surface was
performed on the B1A section. This section is shown in Figure 3.3-5 before
and after subdividing it into specimens 1-5, 6-9, 10-13, 14-16, and 17-20.

( The initial examination was performed on each of these specimens in the unal-

tered condition, that is, just after opening of the fracture and sectioning.r

|
|

[
.
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Each specimen was kept in a separate plastic container. All cutting was per-
formed dry af ter the band saw and blade had been cleaned to remove any resid-
ual cutting lubricant.

The examination of the specimens in the as-received condition was limited to
EDS and a general evaluation of the macro-fractographic features since the
corrosion films were potentially obscuring finer fractographic features.
Figure 3.3-6 is an SEM photomontage of specimen 1-5 at low magnification
showing the general topography, beachmark structure, and pitting at several
locations. The EDS spectra show the presence of a significant amount of g
sulphur (S) at each location examined. No particular trend with position on
the fracture could be observed. While the sulphur Ka peak does overlap with
Nb L series lines and there is expected to be 0.807,Nb, the effect of Nb in
this amount could not alone account for the height of the peak at the sulphur
Ka energy position. A higher magnification view of a typical film, its sul-
phur dot map, and EDS spectra are shown in Figure 3.3-7. The dot map shows

that although certain areas have more sulphur, there was in general a large
sulphur presence over the filmed area. In Figures 3.3-6 and -8, the change to g
the coarser topography can be seen to occur at beachmark #15 which contains 5
the large pits. The ridge and valley formation is readily seen as is the
preferential smearing on the one side and occasionally the top of the ridges.
Views of the pit interiors showed a cracked " mud-cake" deposit as well as
corrosion nodules as shown in Figure 3.3-9.

Specimen 6-9 was found to primarily contain the ridge and valley topography
with a continued general presence of sulphur. Figure 3.3-10 shows typical
fractographic features and EDS spectra for this specimen.

Specimen 10-13 was found to contain the ridge and valley formation also,'

j However, further away from the initiation site at notches 12-13 (about 3 to

I
I
I

,
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[
3-1/4 inches from shaft surface), the fractography gradually flattened and

{' began to develop small islands of a very faceted structure as shown in F1gure
3.3-11. Sulphur was still present at this location.

[
Similar results were found in specimen 14-16 shown in Figure 3.3-12. This
specimen also contained some of the coarse ridge and valley formation but it
was only in an extreme corner where beachmark #26 passed through the specimen.

( Sulphur was still present in specimens 17-20. The fractography before the
final forced fracture consisted of a relativly flat but blocky appearing

{ structure as shown in Figure 3.3-13.

3.3.1.3 Cleaning of Fractographic Specimens

Because the complicated and fine fractographic features were possibly being

{ obscured by the corrosion films, only a very quick and limited examination was
performed in this "as-received" condition. Each specimen (i.e., 1-5, 6-9,

etc.) was further subdivided into an A and B section. The A sections (8
section for 1-5) were cleaned in an electrolytic END0X solution using the
procedure recommended in reference 9. Prior to cleaning, terification that

( this treatment would not alter the fractographic features was made on
as-fractured and air-oxidized tensile specimens of type 304 stainless steel.

( The END0X treatment showed no effect on fractographic features at 10,000X for
exposures up to 34 min. This was the longest cleaning interval to be used on

{
the shaft specimens. In contrast, another common cleaning treatment using 6N

hcl solution inhibited with 2 /1 of hexamethylene tetramine did show fine9

pitting at 10,000X after less than 10 minutes exposure.

The END0X cleaning treatment was very effective in removing the corrosion

-

films after 17 to 34 minutes exposure. Only specimen 1-5 and 6-9 retained
.

[

(
:
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some corrosion products. Specimens 1-5 contained the heavy red-brown
corrosion film shown in Figure 3.3-2.

I3.3.1.4 SEM Examination of the Cleaned Fractography Specimens

Figure 3.3-14 shows the B1A section reconstructed after cutting into the A and
B subsections. The two large gaps show where the additional fracture path
metallography specimens were taken. The path of the detailed SEM fracto-
graphic examination is shown in this figure. Initially, the examination
included a detailed examination at the pin hole initiation site on specimen
1-5. The examination then proceeded from the shaft outer surface in a path
parallel to the side wall of the pin hole until the end of the 1-58-1 g
specimen. The path contiaued on the left side of the 1-5B-2 specimen, par- E
allel to the cut edge. The examination path there crossed over to the A
sections of the 6-9, 10-13, 14-16 and 17-20 specimens. This examination path
traversed the entire fracture path from initiation to final fracture.

This entire path was examined on the SEM at about 500 to 1000X with frequent
increases in magnification to the 5000X to 15000X range. Location of each key
examination area was maintained by the use of low magnification " locator
photos" showing the area of interest relative to the nearest location notch on

Ethe specimen edge. As noted earlier, these notches were placed at u
approximately 1/4" intervals along the edge of B1A prior to further
sectioning. In areas where relating position to a notch was not practical,
position was measured from another readily locatable landmark (such as

distance to the 0D surface along the examination path line) using the SEM
stage micrometer. Because of the vast amount of surface to be examined,
documentation was performed by making a series of discontinuous photomonte es-

at regions typifying the general structure or where significant fractographic
changes occurred.

i

I
I
I
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In the following sections, the results are reviewed starting with the exami-
nation of the initiation area and then proceeding along the examination path
starting at the shaft OD surface and continuing to the laboratory forced frac-
ture area. Table 5 is a summary of all key fractographic features observed
along the fracture path.I
3.3.1.4.1 Initiation Region

Figure 3.3-15 shows a series of low magnification SEM photomicrographs of the
shaft OD surface at the crack initiation area. Some pitting was observed near
the pin hole, but none directly intersected the fracture plane. Examination
of the pits revealed an etched structure inside the pits with stepped grain
and twin boundaries and etching along slip planes. Figure 3.3-16 contains an
example of one of the pits. In Figure 3.3-15, it can be seen that these
coarse pits are all located within the wear area adjacent to the pin hole.
The coarse unworn machine marks are obvious outboard of the worn area. Close

,I examination of these coarser machine marks in Figure 3.3-17 shows that depos-
its have accumulated in the machine mark root. The sharp change in crack path
direction near the initiation site can be seen in Figure 3.3-15. This sharp
change in path direction at the pin hole had been previously observed prior to
fracture separation and is shown in Figure 3.1-8.

Figure 3.3-18 shows a series of different oblique views of the fracture
surface at the initiation site. From t;iese views, the plane of fracture can be
seen to change sharply over the first several hundred microns. Secondary

I cracks, or intersecting primary cracks from another initiation site, along the
hole edge and along the OD surface were also observed. These can better be
seen in Figure 3.3-19. In this view, it appears that the radial fracture
lines extend back to the inside surface of the hole as opposed to the corner
junction of the hole and OD surface. These indications seem to show that

I
I
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initiation was occurring at several locations: at the corner, at the shaft OD

surface near the corner and at the hole inside surface near the corner.

In both Figures 3.3-18 and 3.3-19, extensive amounts of smeared metal can be
observed in the initiation region and along the hole edge. Where fractograph-
ic features can be seen, they appear transgranular and crystallographic. Lo-
cations A, B, and C in Figure 3.3-18 are examples of this structure and are g
shown in Figure 3.3-20 m

3.3.1.4.2 Specimen 1-5B-1

The detailed scan for fractographic features started at the shaft OD surface
and traversed in a straight path parallel to the edge formed by the crack / hole
intersection. This path is marked M-M and is shown with arrows in the upper
part of Figure 3.3-19. Figure 3.3-21 contains the 100X photomontages across
the M-M path in this specimen. In each of these montages, the general crack
growth direction is labelled, and the numbered small arrows indicate where

beachmarks or features similar to those of known beachmarks were found. In

each montage are one or two vertical arrows which indicate the distance at
that location from a known reference point. In Figure 3.3-21, the distance
along M-M is referred to the shaft OD surface at reference point "a". Letters
are used to designate the location of photomicrographs showing important
fractographic features. While not all higher magnification views are shown,
Table 5 summarizes the key observations at each of these locations. The
following observations were made on this fractographic specimen:

a. A flat, transgranular, and rather cleavage-like mode of
fracture was present over most of the fracture surface.
Figure 3.3-22 shows several examples of this fracture mode,
and changes in fractography which occur at beachmarks. At
beachmarks, the crack appeared to re-initiate at many loca-

1

I
I
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tions along the crack arrest line. When the crack front moved

| again, the many small crack planes appear to merge after a
short distance to produce a broader, less detailed fracture
structure. In a few locations, fine parallel lines can be
seen on the fracture which are parallel to the crack front and
are spaced at about .1 to .5 .

b. Beachmarks which could be seen by light microscopy were also
| observed using the SEM. The features at these known beach-

marks are typical of those shown in Figure 3.3-22 at locations

| 4 and 5 As the examination continued, many areas contained

beachmark arrest features indicating possibly more and finer
beachmarks than could be observed by light microscopy alone.

This is seen in Table 5 where beachmarks 4 and 5 f rom tne SEM
exam are the singular beachmark #2 in Figures 3.3-2 and -3 and

! Table 4

3.3.1.4.3 Specimen 1-5B-E

Figure 3.3-23 shows a low magnification view of this specimen. The
fractographic examination path is again labeled M-M and key bedchmarks are

numbered in this view. The small arrowheads show the general crack growth
direction which curves downward in this view from left to right. Pitting was
seen between beachmarks #55 and #56. This is the same pitting identified in |

| Figure 3.3-2 at beachmarks #14 and #15 as determined by light microscopy. As
in the previous specimen, continuous montages at 500X were made along path M-M
and are shown in Figure 3.3-24. Each numbered arrow refers to a beachmark and
each lettered location contains a group of beachmarks or other important
fractographic information. This information is summarized in Table 5.
Observations from specimen 1-5B-2 include,:

I
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a. The flat, transgranular, cleavage-like fractography found in
the prior specimen 1-5B-1 existed on this sample to beachmark

#55 which is 1.2 to 1.3 inches from the shaft outer surface.
Figure 3.3-25 shows this fractography at location P just in
front of beachmark #55.

b. Between beachmarks #55 and #57 were the large pits found to

parallel the large beachmark structure in this area. Figure
3.3-24 includes a higher magnification montage of pitting in

Ithis area. The structure inside these pits, which were a
cleaned, revealed a faceted or grainy surface with intergranu-
lar penetrations. In certain locations of the pits, a heavily
etched structure was also present. In general, this etched
structure appeared to be nearer to the fracture surface than

the smooth faceted structure found deeper in the pits. Hi gher
magnification examples of the pits in the montage in Figure
3.3-24 are shown in Figure 3.3-26. Centered at the bottom of
many of these pits appeared to be inrlusions or the hole left
by an inclusion. These are shown by arrows in locations B, C,
E, and G in Figure 3.3-26.

I
The fracture surface beyond the pits had a different topogra-c.

phy. From the low magnification views in Figure 3.3-24, it
can be seen that smeared ridges and valleys are present which
are not found on the fracture surface before reaching the
pits. This structure continued into specimen 6-9 where it was
examined in more detail. @

d. From specimens 1-5B-1 and -2, a total of 61 actual or poten-
tial beachmarks were observed. Of these, 55 occurred between

i I'
: I

I
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the initiating location and the linear array of coarse pits
bracketed by beachmarks #55 and #56. This occured over a
linear distance of about 1 inch from the initiating corner.
For the entire fracture surface only 71 beachmarks were ob-
served during both light and electron microscopy. Thus, the
vast majority of pump operational history is beachmark docu-

,
mented in these first fractographic specimens,1-58-1 and
1 -5B -2.

3.3.1.4.4 Specimen 6-9

Figure 3.3-14 shows the 6-9 specimen location and the fracture examination
path discussed in this report section. Figure 3.3-27 contains four dis-
continuous fracture surface montages at 500X of specimen 6-9. The entire
fracture path on specimen 6-9 was composed of the coarse ridge and valley
topography which began at the large pits at beachmark #56. The smearing of

I the raised areas is very dominant in this section, indicating a coarser
topography. The smeared ridges lie parallel to the crack growth direction.

At high magnification (10,000X), the undisturbed " valley" regions revealed an
intricate transgranular structure which contained fine striations, typically
with about 0.2p spacing and lying parallel to the general direction of crack
growth. Figure 3.3-28 shows several examples of this transgranular, striated

fracture surface. The striated structure in these views shows that on a fine
scale, crack growth was proceeding on many planes and generally in the
direction of overall crack growth.

3.3.1.4.6 specimen 10-13I The 500X montages documenting the typical fractographic features are shown in
Figure 3.3-29. The coarse ridge and valley topography existed over parts of

E

|I
;I
1

-



- _ _ _ _ _ _ _ _ _ _ _ _ _

I
i

Babcock &Wilcox RDD:84: 5183-06: 01 Page 3-54
a McDermott company _

its examination path down to about 2.5 to 3.0 inches from the shaft outer
surface. The ridge and valley formation appeared to be less prevalent,
indicating less surface relief. The structure in the valley portion was still
similar to that found in 6-9 and shown in Figure 3.3-28. Figure 3.3-30 shows

this same type of intricate transgranular fracture with striations in specimen
10-13. In these views, the striations or line spacing were approximately 0.1
to 0.2 Over the fracture surface from about 2.5 to 3.0 inches, a gradual.

change occured in topography. The smeared ridges began to disappear and the
general surface relief became flatter. The fine transgranular structure with
faint striations still remained similar, but less distinct, to that seen in

the valley structure of specimens 1-5, 6-9, and the first part of 10-13. Most
notably, however, was the gradual increase in frequency of islands of a blocky
or faceted structure. This faceted structure was very evident in the last two
montages of Figure 3.3-29. Higher magnification views of this structure is

shown in Figure 3.3-31 Several observations were made about this
fractographic feature:

a. The faceted areas were isolated colonies approximately 5 to 10
grains. These islands are surrounded by the fine transgranu-
lar structure seen on prior specimens. I

b. The faceting appeared to be predominantly intergranular al-
though instances of very flat, planar structures were observed
occasionally. Grain boundary separations and triple points
were seen in many locations (views E, F, G in Figure 3.3-31).
At some locations, it appeard that intergranular as well as
flat cleavage planes may have been present within the same

faceted island.

I
I
I'

I
o



I
|

Bat > cock &Wilcox RDO:84: 5183-06: 01 Page 3-55
a McDermott company

1
c. The switch in fractography from the coarse faceted to the fine

transgranular was generally very abrupt. Locations E, F, and
G in Figure 3.3-31 each show regions where one side of a flat
facet was intersected by the fine transgranular structure.
The line of intersection showed a cross section of the fineI transgranular structure.

d. Several of the facets showed curved linear patterns on their

| surface. This is shown in the 1500X view of location G in
Figure 3.3-31. These curved arrays appeared to be composed of

very fine pits and/or precipitates or inclusions. These
patterns were bowed toward the direction of crack growth.

I 3.3.1.4.6 Specimen 14-16

The 500X montages of typical locations in specimen 14-16 are shown in Figure
3.3-32 In general, the fracture features on specimen 10-13 from about 2.5 toI 3.0 inches and deeper persisted in specimen 14-16. Islands of faceted
structure surrounded by the feathery transgranular fracture were the main
features. Smeared metal was present but represented a very infrequent oc-

| currence. It appeared that the frequency of the faceted islands had increased
and covered a larger area fraction. Figure 3.3-33 shows some higher magnifi-

| cation views of this faceted structure. Observations made for this type of
structure on specimen 10-13 apply for specimen 14-16 as well. In Figure
3.3-33, evidence of intergranular separation, flat cleavage-like facets and
curved patterns on the flat facets seeming to indicate temporary crack arrest
locations, can all be found. At location A, parallel steps on the flat facet

I were seen.

I
| While not documented at high magnification, faint striation-like markings were

occasionally found in the feathery or fine transgranular " sea" surrounding the

1

I
'
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faceted islands. Their appearance and spacing was similar to those previously
shown on specimens 6-9 and 10-13.

I
3.3.1.4.7 Specimen 17-20

Figure 3.3-34 shows the 500X fractography montages for this specimen. The
examination path ended with the laboratory forced fracture in this specimen.
The fine transgranular structure was still present, but a noticeable increase
in the frequency of the faceted islands had occurred. The cusp and void
formation at the far end of the last montage indicates the start of the forced
fracture.

At higher magnification in Figure 3.3-35 were some of the striation-like
features observed at various locations within the fine transgranular region.
These patterns have a spacing of about 0.3p .

3._3.2 Metallography

The shaft fracture was oriented in the circumferential direction (a plane
normal to the shaf t axis). Therefore, longitudinal views (parallel to the
axis) were used to metallographically examine regions of interest. A 10%
oxalic acid solution was used to electrolytically etch the specimens and
reveal the microstructure. Optical metallographs were used to inspect and
photograph all specimens. Regions examined are discussed separately in this g
section. E

3.3.2.1 Crack Path Morphology

The entire crack path was documented by photographing specimens A1A-1 through
A1A-8 in the as-polished condition at 50X. Specimens A1A-1, -4 and -8 were

etched and photographed at higher magnifications.

I
I
I
I
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1
Shown in Figure 3.3-36 are photomicrographs of specimen A1A-1, which contain !

| the first 0.260-inch of the crack beginning at the outer surface of the pump
g shaft. A 0.006-inch offset between the two halves of the specimen was ob-
m served at the shaft outer surface. Several other observations were made along

the crack path which strongly indicate deformation of the pump shaft at the
crack location during operation. The crack width (axial dimension) was wider

|

| in specimens near the shaft outer surface and became tighter near the center
indicating either sliding wear of the crack surfaces or plastic deformation in
the shaft axial direction. A lack of alignment between inclusions and grains
which were intersected by the crack was observed nearer the shaft outer

j surface. Figures 3.3-37, -38 and -39 show micrographs of specimen AIA-4 from

approximately midway along the crack and Specimen A1A-8 from the crack tip
region, which depict these observations.

l

Propagation of the main crack was entirely transgranular, with an occasional
intergranular penetration observed. A minor amount of secondary cracks, or
branching, was observed in specimens near the shaft center, while none was

| observed near the outer surface. The secondary cracks were also transgranular
and sometimes were observed to follow twin boundaries as shown in Figure
3.3-39

I Except for the relatively large population of inclusions, the microstructure
looked typical of an annealed stainless steel. Grain size was ASTM 4 to 5 and

g uniform throughout the shaft. Inclusion density, on the other hand, varied
| from ASTM Type C Thin near the shaft outer surface to Type C Heavy at the

center. Figures 3.3-36, -37, -38 and -39 show this variation in inclusion
j density.

3.3.2.2 Crack Initiation Region

The crack initiation region in specimen 1-5B-1 adjacent to the thermal sleeve
anti-rotation pin hole was examined using longitudinal views parallel to the

I
i
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right side of the hole. Micrographs of this region are shown in Figure
3.3-40.

The major portion of crack surface was present at nearly a constant angle of
12 from a plane normal to the shaft axis until approximately 0.060-inch from
the shaft outer surface. At this point, the crack angle reversed directions
and tapered off. In the tapered region, the crack surface was relatively
irregular and some undercutting, or branching, occurred. The undercutting was

most likely either " folds" of deformed metal or intersection of another pri-
mary crack observed in this region of the fracture surface using the scanning
electron microscope as stated in Section 3.3.1.4.1.

At the shaft outer surface, a small piece of protruding material of undeter-
mined origin was observed. A " lip" of deformed metal was observed in this
region using the SEM. The " lip" may have been caused by sliding of the crack
surfaces during pump operation. Although not observed using SEM, a burr from

Ethe pin hole drilling may also have caused this piece of metal to protrude in- E
to the plane of polish shown in Figure 3.3-40.

Surface damage in the form of machining grooves was observed on the outer
surface of the shaft during the previous visual inspection (Sections 3.1.2 and

3.3.1.4.1). These grooves were also observed metallographically as shown in
Figure 3.3-41. A cold-worked layer approximately 0.003-inch deep was observed
along the shaft outer surface in which slip planes were readily visible on the
grains. This layer was apparently caused by the machining operation and was

E
not observed elsewhere in the shaft material. 3

Inclusion density in specimen 1-5B-1 was the same as that in Specimen A1A-8,
ASTM Type C Thin, while no detectable grain size difference was observed.

I
I
I
I
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3.3.2.3 Pit Region

Thc band of pits observed on the crack surface of specimen 1-5 using the SEM
was sectioned so that the pits could be metallographically examined with lon- 1

gitudinal views. Figure 3.3-42 shows photomicrographs of the pits in specimen
1-SA. The pits were irregularly shaped and penetrated to various depths of
which 0.011-inch was the maximum observed. Some of the pits overlapped each
other. Crystallographic features observed using the SEM were visible within
several of the pits and on the crack surface at the pit mouths. Many of the
individual pits appear to have been located at inclusion sites, with theI remaining inclusion ligament stemming from the pit base. This observation may
just be an artifact, but it was observed in more cases than not. Since the
pits were located at beachmark #16 on the crack surface, this may indicate
that inclusions intersected by the crack front provided sites more susceptible
for initiation of pitting corrosion.

I 3.3.3 Fractography and Metallography
Summary And Discussion

3.3.3.1 Summary of Key Results

A substantial amount of information was obtained from the fractographic and
metallographic examination. A distillation of the key points is provided
below:

a. The fracture initiated at one side of the pin hole and rapidly
enveloped the entire pin hole,

b. A well preserved beachmark pattern was readily observable with
the majority of the beachmarks located within about 1 inch of
the fracture surface.

__ _ ____ _ _
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c. The area containing the vast majority of beachmarks was also

the area of;)ighest corrosion deposit, exhibiting a distinct I

red-brown coloration.
,

d. Crack growth eventually became asymmetric with the most rapid
crack growth against the' direction of shaft rotation.

e. The fracture surface showed a higher than normal concentration
of sulphur as measured by EDS. '3>

f. The #15 beachmark (by light metallography) boundary between

the heavy red-brown corrosion deposit and the remaining
fracture contained an array of large pits which followed the'

-

beachmark. This was the only location in the fracture,which'

had any pitti s,t

g. The pits were in general not deep (about 0.011 iilch max) but
exhibited an etched and faceted appearance on the walls. No

integranular penetrations were observed extending from the pttt

walls. Both SEM and light metallography suggest that the pit-
ting preferentially occurs at locations of inclusion string-
ers.

h. Tht fractography over the initial 1 inch of depth is a low
ductility, transgranular crystallographic fracture mode.

i. From about 1 inch, starting at the pitted beachmark #15, to
i about 2.5 to 3.0 inches in depth, the fracture is a fine

transgranular structure with crack propagation occurring on
many planes or plateaus. Striations were found, but not,

\

I
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consistently observed. When observed, they are about 0.2p in
spacing. The many fine planes or plateaus of crack growth are
generally elongated in the direction of crack growth.

;

On a macroscopic scale, the fracture surface is not as flat as .[
from 0 to 1 inch but is now composed of ridges and valleys
aligned in the direction of crack growth. The ridges are
smeared consistently on one side or on their tops from frac-

'

ture surface contact during continued pump operation.

J. From abcut 2.5 inches to the final crack position ( 4.75
inches on the fracture path examined) a mixed mode fracture

_

~

occurred with the fine transgranular fatigue still present,
but islands of intergranular and/or cleavage facets exist. .'
The frequency of these islands increases with crack depth up
to a point and then decreases to a nearly negligible feature.
Near the final fracture, striations when seen, have a spacing
of aoout 0.3 .

I
k. Although secondary cracking and patches of intergranular frac-

I ture were observed on the fracture surface, metallography re-
vealed that the secondary cracking was rather shallow, extend-
Ing only about 1 or 2 grains deep. These secondary cracks -

were infrequent and were predominantly transgranular.
5.

1. Grain structure appeared to be uniform on all metallographic
sections examined with a grain size of about ASTM 4 or 5 '

(about 80 to 55 micron intercept lengths respectively).

I The inclusion population appeared to increase from the outerm.

portion of the shaft toward the center.
-

..

f
. - .
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n. A deformed layer of 3 mils existed on the outer surface of the
shaft. This was presumably from the machining operations on
the shaft.

3.3.3.2 Failure Mode

The observations summarized above strongly suggest a high cycle-low stress
l' amplitude fatigue failure of the pump shaft. The presence of a set of well

preserved beachmarks about a large material discontinuity (the shaft pin hole)
are very incriminating. The asymetric fatigue crack growth against the

b g
direction of shaft rotation is a well documented phenomenon when rotational g/

bending occu,s.10 Rotational bending creates the dominant alternating load on
the pump shaft. The sharp char.ge in crack direction after a short distance
from the initiation site is typical of a change from Stage I to Stage II
fatigue crack growth.10 The trensgranular crystallographic fracture in the
initiation area is typical of Stage I fatigue or crack growth at low stress

intensity ranges (aK) in austenitic alloys.11,12 The fine transgranular frac-
ture with faint striations occasionally present is also a well-documented
crack growth mode of austenitic alloys.11,12 When this mode is observed, it

is generally in the early stages of crack growth but just after the transgran-
ular fracture in Stage I propagation. The mixed mode of fracture observed in
later stages is also associated with crack growth at near threshold (low oK)
conditions. This mixed mode behavior has been observed in type 316 stainless
steel,13,14 alloy steel and in Ti-6Al-4V ct low crack growth rates.15,16 17

References 14 and 18 provide good summaries of alloys where this mixed mode
has been observed and factors influencing its occurrence. Grain size, R ratio

(Kmin/Kmn), environment, K and K,g have all been shown to be important fac-
tors in mixed mode crack growth. In summary, the investigative results from g
fractography and metallography of the failed shaft strongly indicate a fatigue E
failure.

I
I
I
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Review of the available data on the PI-2 failure show it to also be attributed
-

F to high cycle fatigue with crack initiation assisted by residual stresses. No
L

contribution from chemical contamination was alluded to. The THI-1 failure
occurred in the same location as PI-2 and, as shown in Table 3, had higher
rotational bending stresses than PI-2.

[ The possibilities of stress corrosion cracking (SCC) and corrosion fatigue
were also considered but have been given a lower probability than pure

{ fatigue. The type 347 stainless steel used in the pump shaft is a stabilized
grade designed to prevent sensitization. Sensitized stainless steels are
well-known for their susceptibility to intergranular attack and intergranular
SCC in various environments. In the absence of sensitization, many grades
susceptible to these forms of attack become immune. Type 347 is inherently
more resistant to intergranular attack and SCC than unstabilized grades.
Reference 19 showed that in oxygenated, high temperature water, type 347

( stainless steel was the most resistant to intergranular SCC of the commonly
used austenitic stainless steels. The effect of the presence of sulphur in

20the form of the thiosulfate anion has been recently reviewed and has been
shown to cause intergranular SCC in sensitized type 304 stainless steel. Even

for this very susceptible condition, a stress intensity, K, of 33 MPa/iii or
lower did not cause crack growth. The steady K value for the pump shaft is

estimated to be less than 11 MPagiti for the entire crack path examined. Fur--

- thermore, no intergranular cracking except for small isolated patches was
observed in the fractography or metallography. Thus, even though a form of

( sulphur was present on the fracture surface, neither the metallography, frac-
tography, shaft material condition or stress level support a case for SCC.

It has also been shown in reference 21, that the fatigue behavior of types 304
and 316 stainless steels is essentially identical in air and in PWR coolant
chemistries covering a range of pH from 4.2 to 10.5. The strongest effect

-

%

[
-
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came from the stress intensity ratio, R. No information was found regarding
the effect of sulphur on the fatigue behavior of stainless steels, however,
there is general belief that for unsensitized material such as type 347 there
would be little or no effect.

The results do not indicate any gross metallurgical defects which would clear-
ly have inituted a fatigue crack. However, the presence of the sharp cor-
nered pin hole and the associated stress concentration factor are obvious con-
siderations in the initiation mechanism. The coarse machine marks and the de-
formed surface layer may also have been factors parcicularly if tensile resi-
dual stresses were created at the surface. The rather coarse tooling marks
observed inside the pin hole may also have been a factor through surface fin-
1sh or residual stress effects. Residual stress from the welding operation of
the anti-rotation pins into the thermal sleeve was previously ,3 assigned2

chief responsibility for raising surface stresses into the range where fatigue
failure could be predicted based upon fatigue limit data derived from S-N
curves from actual shaft material.

Wear areas on the shaft and thermal sleeve at the pin and hole and at the
thermal sleeve / shaft interfaces delineated by corrosion deposits also suggests
that fretting may have been a factor in crack initiation. The wear patterns
need to be considered, but it should be kept in mind that a substantial amount

j of the wear probably occurred after the crack had grown to a certain size and
shaft deflection at the crack opening was responsible for most of the wear. A
limited review of the fatigue analysis approach in references 3 and 4 using
the stresses in Table 3 still shows a factor of safety greater than 2 or 3 for
this shaft. However, all of the above degiading factors need to be considered*

in the detailed stress analysis for fatigue initiation.

I
I
I
I
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3.3.3.3 Implications of Beachmark Distribution,
Red-Brown Corrosion Deposit and Pitting

The heavy red-brown corrosion film present on the fracture from the initation
site to beach, nark #15 (by light microscopy) indicates that the fracture up to
that point had been exposed to an oxidizing medium for a longer period of time
than the balance of the fracture. Crevice corrosion under stagnant conditions
may have selectively oxidized the Fe. Crevice corrosion of stainless steels
is a well documented phemonenon. Wear in certain areas of this fracture sur-

( face over a longer period of time may also have produced fine particulate mat-
ter which oxidized and coated the fracture. Only tight crevices or areas near

{ tight crevices and near known or likely wear or fretting sites contained the
rad-brown deposits. These were probably composed of mainly Fe 0 * H 0. The23 2
outer surface of the shaft, for example, still had a relatively shiny metallic
coloration. The presence of the majority of the beachmarks in this region and
their close spacing suggests that the crack was slowly growing in this region
for a relatively long time, i.e., covering many operational transients.

Variations between the number of beachmarks observed using light microscopy
and scanning electron microscopy can be attributed to two factors. Using
light microscopy, only 29 were observed; using SEM and light microscopy
combined, 71 were observed. The higher magnification and resolution of the

SEM made it possible to locate fine crack arrest features not visible using
light microscopy. Howevei , some of the fractographic features associated with
beachmarks visible by light microscopy were often observed on the SEM in

smaller and less continuous lines. While some of these were legitimate beach-
marks, some may also have been crack fronts moving through tilt or twist boun-

( daries associated with grain, subgrain or twin boundaries. In this case, the

crack may have halted for several cycles at a localized region while the crack

[ continued to move forward in other areas. Thus, some of the beachmarks

counted in the SEM examination were arrest points and they did not necessarily
~

represent arrests associated with pump shutdown. Therefore, a minimum of 29
,

[

[
-
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and a maximum of 71 beachmarks were observed which were associated with punp ,

starts and stops. In reality, the correct number should be somewhere between

minimum and maximum. This pump's startup and shutdown history is available to
GPU and can be correlated with the number and location of beachmarks
identified in Tables 4 and 5.

The occurrance of pitting only along beachmark #15 (by light microscopy) and
nowhere else on the fracture suggests that the crack front remained at that
location for a considerable length of time. The corrosion deposits found on
the pits suggest that the pits were not longer actively growing. This pitting

probably occurred unoer acidic conditions at the crack tip and nucleated at
locations where the inclusion arrays intersected the fracture surface. The
results from light metallography and SEM of the pit interior surface strongly
suggest that stringered inclusions were the sites for pit nucleation. Nucle-
ation of pitting in stainless steel has been observed to occur at MnS and FeS
inclusions surrounding Al and Ce oxide inclusions.22

I
3.3.3.4 Implications of Fractographic Features on Crack Growth Rates

Although a complete stress and fracture mechanics analysis of the shaft as a
function of crack length is beyond the scope of this investigation, the
fractographic data and relevant literature provides some insight into these
stress intensity values and crack growth rates. This will be attempted in the
next few paragraphs. What will be done using the fractography is but one
approach or one part of a ciosed solution to the problem; the other must come
from the calculated values. If both approaches are on target (and mother
nature is kind), the results or predictions from both methods should agree.

Estimates of the stress intensity range (aK) and resulting crack growth rates
at various locations on the fracture can be approximated from the fractograph-

! ic features observed. From the initiation region to about 1 inch in depth,
!

I
I



I
Babcock & Wilcox

RDD:84: 5183-06: 01 Page 3-67a McDermott company

the transgranular crystallographic fracture mode dominated. This mode of
fracture in type 305 stainless has been associated with crack growth rates of
10-0 mm/cycleandlowerforaKvalues<10MPa[E. From 1 inch to about 2.5_

inches, the 0.2p striation spacing suggests a aK of about 25 MPafiii and a
crack growth rate of ~ 10~ mm/ cycle from the reference 23 data. The occur-
rence of the patches of intergranular and cleavage facets from 2.5-3.0 inches;

18' to final crack position can be related to the oK level through the correla-
tion with the reverse plastic zone size P where

I
= _1 AK = yield strength1 ,op

r 3n (2ayj y

I
I0It has been shown that the mixed mode faceted structure occurs when the

reverse plastic zone size is approximately the grain size of the material.
From the metallography performed, the grain size lies somewhere between 50 to

200p. The yield strength of the shaft material is approximately 31 ksi (214
MPa). Using the two grain size bounds, the aK can be calculated to be between

19 MPa /Eiand 9 MPa /hi These values of AK can be taken to be the values at
which the greatest amount of faceting occurs. At AK values higher or lowerI than the 9-19 MPafdi range, decreasing amounts of f aceting will occur. From
reference 13, virtually no faceting would be predicted for aK = 25 to 30 MPa
[ As aK decreases from this range, the percentage of faceted fracture would

increase to 5-10% of the fracture surface a' about 12 to 20 MPafii, From
there to AK~ 5 MPa fdithe amount of faceting would decrease to zero. This
gradual increase and then decrease in the amount of faceting was observed

on specimens 10-13 through 17-20, although the area fraction of faceting ap-

I
I
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pears to be larger than 10% in some locations. Thus, the faceted fractography
from the 2.5 inch depth to final crack position appears to suggest either an

increasing or decreasing AK over a range from 5 MPa/iii to 25 MPa/iii-

However, the changes in R ratio in the shaft with crack growth may also be
influencing the amount of faceting even if AK was unchanging. Reference 18
shows that for many alloys as R increases, the crack growth rate increases for

the same AK and the apparent threshold stress intensity range, AKth' d'~
creases. However, the amount of faceting observed is less as R increases. In

order to evaluate the potential affect of R on the crack growth and fracto-
graphy of the pump shaft, a simplified model of the shaft loading was evalu-
ated.

Using a simplified fracture mechanics model of three point bending of an axi-
ally loaded bar with an edge crack, estimates of aK and R could be made as a
function of crack length. Steady axial tensile stress from the axial thrust
on the shaft and an alternating bending stress from shaft rotational bending
were accounted for in these calculations. Two geometry cases were considered;
one where shaft deflection was not limited and AK increases with increasing
crack length, and a second case where AK was assumed to stay relatively con-

stant because shaft deflections become limited by impeller rubbing on the pump
housing. For the unrestricted deflection case,3K increases with increasing
crack length and R is negative but tends to become less negative as the crack
increases in length. A negative R implies complete fracture closure during
cycling, but with increasing crack length the tendency for complete closure
becomes less. Where shaft deflections were restricted and a constant AK was
assumed, the R value goes from larger to smaller negative values to about 2-3
inches of crack depth. At 3 inches and beyond, the R value was positive and
increasing.

I
I
I

-- - - - -- - -



_ _ _ _ _ _ _ _ _ _ _ _ ___ __

!
|

Babcock &Wilcox RDD:84: 5183-06: 01 Page 3-69
a McDermott company

|

| -

The latter case's credibility is supported by the heavily smeared fracture
| features (negative R) over part of the fracture surfaces, decreased levels of

smearing at the far extremes of the crack (R becoming less negative and going

| positive) and the GPU observations of impeller rubbing. If the latter case

(constant aK) is applicable, then the increasing positive R ratio could also

| explain the decrease in faceting observed in specimen 17-20. The case for a
constant AK over the region from about 1 to 4.5 inches is also supported by
the relatively constant striation spacing observed in several areas along this
region. If a aK of 9-19 MPa/iiIis assumed, a microscopic growth rate of 10-5
to 10~0 mm/ cycle would be predicted from reference 23 data. The macroscopic

growth rate may be considerably less because of difficulties in keeping the
i

crack moving through grain, subgrain, and twin boundaries when AK is low.14 A

factor of 3 difference has been observea between micro- and macroscopic growth '

rates in 316 stainless steel at a aK = 28 MPa/iii~ This difference is expected
to increase at lower AK.

In summary, the fractographic data suggests that from about 1 to 2.5 inches,
the crack growth rate was <10~4 mm/ cycle; and from 2.5 to 4.5 inches, the
growth rate was <10-5 to <10-6 mm/ cycle. From these growth rates a straight
crack path of 3.5 inches could be traversed in about 148 hours at 1180 RPM
shaft speed (10-4 mm/ cycle from 1 to 2.5 inches, 5x10-6 mm/ cycle from 2.5 to

4.5 inches), assuming each cycle produces incremental crack growth and no ad-

d! tit nal cycles are needed to cross microstructural boundaries. As an upper
bound on growth rate, if 10 mm/ cycle is assumed for the entire crack path,

I only 12.6 hours would be needed to propagate the crack to its final position.
As a lower bound on rate, if 5x10-7 mm/ cycle is assumed for the entire path,
2511 hours would be required. Considering that the actual curved fracture

1 path would add a fractional increase in total path length and that the macro-
i scopic rate may be less than tnat observed on the fractography, the time

required to move the crack from beachmark #15 to its final position would take
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less than a few thousand hours. The time in one pump, cold operation of about
| 1400 hours falls well into this range.

'
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Figure 3.3-1. Shaft Fracture Surface on Piece "B" Sections 4,

A, B: Overall View and Initiation Area on B1 ~

C, D: Overall View and Initiation Area on B2
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Table 4 Beachmark Locations From Color Montage ,, I
E trga

OnLIGNT LINE NUMBER ON LINE NUMBER ON LEFT RIGNY LIGNY $
CIRCUNFERENjlAL LEFT VECTog RIGNT VECTgR CIRCumFEREatgAL g%MICRO $COPI (NITIAllON MONTAGE PATM MONTAGE gp

SEACHMARK NO. IFIGURE 299 IFIGURE 308 |NTEACEPT INTERCEPT INTERCEPT eNTEaCEPT INTERCEPT g gg
n

I l 1 ----- ----- ----- 0.068 0.286 3.75* j
2 2 2 ----- ----- ----- 0.300 0.909, 4.67* t3m um3 3 3 ----- ----- ----- 0.426 0.693 8.99* 3 gg
4 4 4 --- - ----- 0.695 ----- ----- M ()
S S - 0.572, 7.49' O.561 ----- ----- >(
6 6 - 0.675 0.84* 0.636 ----- ----- -----

7 7 - 0.771 10.10* 0.699 ----- ----- -----

8 8 - 0.827 10.83* 0.737 ----- ----- -----

9 9 5 0.937, 12.27* 0.808 0.721 0.651 0.954, 12.49'
to 10 6 0.970, 12.70* 0.836 '.742 0.674 0.970, 12.70*
II II - 3.462, 19.85* --~~- --- -~~-- ===--

12 32 - 1.543, 20.21* ----- ----- ----- -----

13 33 - 9.653, 21.65* 9.258 ----- ----- -----

le 14 7 3.68S. 22.07* 8.302 0.084 0.869 1.208 16.87*
15 IS 8 9.749, 22.96* 1.372 0.907 0.894 1.370, 17.29'
16 16 9 ----- 1.476 0.936 0.956 1.375, 18.0l*
97 17 - ------ 3.543 ----- ----- 3.489 18.53*

fh98 IS 10 ------ 1.768 ----- 1.024
39 19 II ----- ----- ----- 3.084 ----- C3
20 -- 12 ----- ----- ----- 3.272 **-----

hk28 -- 13 ----- ----- ----- 1.812 -----

33 -- 14 ----- ----- ----- 2.162 ----- **

23 -- IS ----- ----- 2.797 ----- Un
p

24 -- 16 ----- ****- ----- 3.358 ----- 00
25 -- 37 ***** **~~~ ***'' 4*I44 ~~~~~ J

26 18 ***** ***** ***** ***** ***** CD
27 ,, y, -_--- ----- ----- ----- -----

.C.h28 -- 20 ----- --*** ***** **--* **-**
C329 -- 21 ----- ---** --**- ***-- -~~~- >"

gCTES:
All measurements medo from montages uslag a planeee ter. Distances were divided by photo magnification to obteln true dimensions. Arc angle compute
from arc length by

1805
9= uhere $ = are length lint,

er

shaf t redlus = 4.375 In ard 8 = sentended eagle la dovrees. Seacheark !=99 seasured on Figure 3. 3*2 mon ta ge ; 20-25 on Fleure 3. 3-3 mon tager =

2First number Is arc length lini from centerline of pin hole to beacheark la tercept a t surlace 3 second number It angle
sub tended by the measured arc feegth.

T
' Distance f rom L V. S . or RV vector origin to beacheark l a te rcep t. Units are Inchas.

4 U
$ase as 2 eucept arc length esasured free crack initiation et right side of hole in sentege.

(.a3
1

%4
BO

E E
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Table S. Summary of Fractographic Results From SEM Exam as
5

N$Dist.ec. rre.
o.s.re.co .le,. ace rrect.re s.rt.co striottee aXcois,s. Eac..s s,.cleen re. tore s,ecle . . Co.ees,s gy7,,e t.bela P.o.e
=,

0.0,7 1....l P.sst... st,..t... . 8.. 8 0.38 .t,0.t,0.s ..,, t...t. .e., ...st,...... l. .....,....
n

3E18-18.
2,
2 a6.079 l-$8-8 Seechaark #I 18-169 -- Note I M $

N0.130 1-58-1 Be e c h e e r k #2 18-179 -- no te 1

0.172 l-SB-l Beecheark #3 18-183 -- note 1

0.38e 1-58-I Seschaark and de 18-173.18-187 -- These beachearks I #4 and f$) are visible es esePossible S tr i a tlos 18-188.18-190 40.2 beecheark. #2. es the IIght alcrescepF celer .Setate
lleltlatleet. Strlettees are very telet and highly
g.estionable. Cleeve8* **d Flver Petteres dealeete.

0.193 9-58-1 Seech. ark #5 18-173.88-187 --

18-188 --

0.200 1-58-9 Seech. ark #6 18-174 --

30
C3

0.238 I-58 -1 Possible $triaties 8 18-174 <0.2 Striations very talet. highly questleeable la appeer- .h18-198 esce. 00
4m

0. n , i-3.-i ..ech..,k ,7 iS-i?> -- .ete a
-

0. n, i-38 -1 ech.e,k ,8 is-i?. -- ete i g
I0. n . l ,8-I .each..,k ,, i s-i n -- o ,. 3 . 8. a c ... , ,, c o.. . s. . e t .. 81.,heas.e.,hs. g0.234 l-38-3 Fracture De t a l l C 10-192 -- Cleevege med river patteres destaate. ..

O0.249 l-58-8 Seecheark #10 18-175 -- hoto I "
0.749 I-58-l fracture Detale D 18-179.-176 *0.2 Closeege and river patteres with very felet striatless

And $triatles -208.-210,=280

0.286 l- 58 -8 Beacheark #18 14-177 | -- he te 1. Cleavage and river patteresi Seecheark dll
0.286 1-SB-1 Frac ture Deteli E 18-177 -- la characterised by a change to fleer river patteres

18-193 Sver a short distence.

T
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Table 5, continued a
e, E
k01stence From

tur f ace Re f erence Fractere Serface Strletion C3

O '

Polets. leches Speeleen Feat re Speclag. e Comments
7ppe Lebe48 Phote %

98n

0.292 l-S8-l Seacheark #12 18-177 -- Note 3 O

18-194 -- Note 2
~ ~
3 8

0.297 1-58-1 Seeches-t #13 18-177 -- Note I wg
18-195 -- Note 2 g

0.306 1-58-1 Seeckaark #14 18-178 -- hote 2

0.316 1-58-l Seechnerk #35 18-178 -- No te 1

0.324 I-S8-9 Seschmark #16 18-178 -- No te I
18-196 -- No te 2

0.324 I-58-1 Fracture Devell F 18-178 -- Seecheark fl6 choresterlaed by cheage to a fleer cleo,

18-196 -- age and river pattere str cture over e short disteace.

0.345 1-58-8 Beechaark st? 18-179 -- Note 1 :X3
O

0.346 I-SS-1 Seacheark #18 18-179 == Note 5 C

Co
0.348 l-SS-1 Seacheark #19 18-179 -- Note 1 .J.h|

m
0.348 |-SS-l Fracture Detall G 18-179.-2nS. -- Cleevege and elver patteres changleg meer beacheark >=

-206.-207 -- #19. CD
I bJ

l

0.354 1-58-1 Seechnerk #20 18-179 i
-- 8eachearks 20 and 28 are the start of the very visible C3

0.334 l-SS-1 Seechaark #21 18-179 -- besc haar k #3 on the light alcroscopy celer montage .?
Fracture De ta l l #25 18-197.-198 -- (lettletion) Note 2. o.*e

0.370 1-58-9 Seechaark #22 18-180 -- 8eacheark #22 Is la coster et #3 beechmark en the
light alcroscopy color montage lleltletgeel.

0.380 1-58-8 Beechaark #23 18-180 -- 8eschmark #23 d e et the end of beechaark #3 le the
light elcrescopy color moetage llelfletteel.
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Table 5, continued y
ae 5
EDistance From a

Surface Reforence Fracture surface Striettee $
Polets, Isches $pectees Feature Spectat. e Coenents

$' Wy,,. (..ela ree,e

: Se
j g. 394 I - ,8 - i .4.ch.a,k ,24 it-iSI -- .ete 1

D
$$0.403 1-58-5 seacheark #25 18-188 -- No te I

x0
0.408 l-58-8 8eacheark #26 88-101 -- Note 1 M

0.419 l-58-9 Seecheark #27 18-182 -- No te 8

18-182,-202.| -- Change le detall et' cleavege end Fiver pattere et S0.438 l-58-8 Fracture Detall H

-203.-204 boundary.
0.43S l-58-8 Beacheark #28 18 182 --

0.443 I-58-8 Fracture Detall I $8-182,-183, -- Typical cleavage and rlwer pattere tepegraphy.
-199 --

0.945 1-58-8 Seachmark #29 18-269,88-247 -- May be Beacheark de es light microscopy color sentate
Fracters Cefall 2 84-277,18-278 (taltlatloel mote 2. 3D

C3
Q'

Fracture Detall K .*

0.976 I -S8 -1 Seacteark #30 18-247, -248
'

-- este 1,2. All 3 beschearks 130 31 and 329 are withle
18-279 L -0.004 lech. ..

| 50.979 i-se-I so.che.rk asi

0.980 1-58-I Seechaark . #32 W
l

O.

Fe acture Deta ll L m
1 **0.986 l-SS-I 8eacheark #33 18-248 -280 __ No te 1,2.

0.987 1-$8-1 Beechmark #34 | Note 4.2. h
0.998-0.994 1-58-9 Beacheark #35-45 mo te 1.2.

Freclare Detall M

0.995 1-58-1 Seacheark #42 88-248 -281 -- Note 1.2. Bescheark #46 Is the start of beacheark #9
0.998-l.002 1-58-l Beechmarks #42-46 I le llSht microscopy color montage. This beacheark, 9 to

to, has residual corrostos, l.o., more adherest,
coarser topography, and seeered metal.

.
4

)
"O
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CD

W
s
N .
(.F1



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ - _ _ _ __

Table 5, continued g
h 3

kDistance Free
Surface Reference Fracture Serface Striation C) g
Potats. Inches Specimes Feature Spaclag, o Comments I h! prt,. t... . emotoi

: SeFracture De t a l l N g
I.014 l-SB-l Beacheark d47 18-249.-282 -- Note 13 Seacheark #47 is the other end of the breed 3

beacheark #9-#10 la the light microscopy color seatege ] ,,
(faltlatleal. The change appeers to coaslet of gelag to 3 f%
fleer fracture details. $I

M
l-58-9 Fractere De tal l 0 18-251

1.071 6-38-9 Beacheark #48 18-285 -- Note I. Seachmarks very falet on $[M.
1.074 l-SS-1 Beacheark #49 18*285 |

l-SB-l Fracture Detall P 18-254.-255 -- Beachearks ver y felats barely visible es a groep
~285.-206 Jest on the faltletion side of beacheark fl4 la t he

3.248 l-SS-1 Seacheark #50
.

light alcorscopy color monta8* llaltlatloal Note 2.--

3.247-8.248 1-58-l beachearks #S0-55 -- Posolble striations le 18-246 but se f alet and unuseet
8.249 l-SS-1 Seacheark #$4 ~~ looklag they are not counted.

1.260 1-58-I 8eacheark #SS 18-2S$ -- Start of beacheark die in light alcroscept color sentage
llaltletloat. 3D

Fracture Detall 0 18-255.16-287 -- 8eacheark s #56 & #3 7 combined fore beacheark ftS em
1.279 l-38-9 Beecknark #S6

'

-- light microscopy color moetage. ..

1.200 1-58-I Beacheark JS7 |
--

Ln
Fracture Detall R 18-257.18-238 -- Probably corresponds to beechmark fl6 on II0ht alcro- hh

I.519 l-58-9 8eacheark #S8 -- scopy color mentege. Change la fractog*ephy Is teleg to LJ

;,e fl..r fract.,. st,.c,. ..

Oh
I.SSI l-SS-1 Beacheark iS9 18-237 -- Probably corresponds to beacheark #17 on light misre- **

h3scopy color montage. Change la fractographic from flee
to coarser s tr uc ture.

1.411 l-SS-l Beacheark #60 18-260 -- Corresponds to starts of beechnerk die on light alcro-
scopy color montage linItlationi. Start et coarse frac-
ture ulth adherent corrosion depostt.

90
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Table 5, continued a
.k
E "'XDist..c. rr.. a

surf.co n...r..c. Fr.cter. surf.c. striatio. E? e
gApoi.ts. I .c h.s s,.es . rester. s, . c i . g . .,_ c ...ts

7,,. tah.r p..te o 3r
:: ge

i.Si. :-58-1 s..che.rb ,61 it-263.-264 -- Corr.spo..s to be.ch..rb ,89 .. ilght encrose.p, c.I., 8
so.t.g. li.iti.,i..l. rr.ctor. ..c.nes s m.oh.t fi..r. jg
se..r i .g .. . noc h iesa corr.sie. ,r..uct ..her..c..

. f%3

* CI1.546 6-9-4 Fractere De t a l l A 18-004 to-000 Meetage 0.80-9.95 Coarse sacrotopography. Large sneers. Fine gg
18-040.-004 De ta l l feathery type f rac ture at high segeliscotles.

1.004 6-9-3 Fracture Detelt 8 10-075 to -079 Meetage 0.37 $ase as above het lateret spread of smearing seems less
17-0945 to -049 De tall than De tall A.

l.986 6-9-2 Fracture De t a l l C 18-070 to -074 Montage 0.15 Saoe as DeteII B above.
17-09 3 to -096 De tel t

2.283 6-9-9 Fracture Deta l t 0 10-063 to -067 nostage 0.15-0.20 Saee a s Deta ll 9 above.

17-09 7 to 8 8-002 De tall

i 2.553 10-13-8 Fractere Detall A 18-020 to -025 montage 0.12-0.15 Generally same topography es is 6-9 but less sneerlag
! 17-916 to -919 Detell and possibly less relief. Some flee feathery tracto-

graphy at high segelficatles.
C3,

**
2.672 80-13-2 Fractere De ta l l 8 10-026 to -030 nostage 0.12-0.36 Same es A shove le 10-13-0. Also heglanleg to see algas

i 7-920 ,o -925 De tail of lo,ge cioas..e facets e, g. . faces i. eit. fea,he,, Se
fracture. **

UN
>*

2.864 10-13-3 Fracture De te l l C 18-038 to -035 Nontage 0.16 Same as 10-53 8 above. CD
87-931 to -934 De ta ll jd

C3
2.926 10-13 Fr acture Detal t 0 17-935 to -939 De ta f f 0.12-0.36 planar tractere areas at lov eagnificeflos have sity tes Ch

.o e.t.go st,iatio.s at bl.h .ag.lfice. ... ;-,
>*

2.947 10-13 Fracture 0 tall E 17-940 to -943 -- la to gr a n u l a r fracture of 5 grales surreended by trans.
No Montage gresular fea ther s tructure.

3.228 10-13-4 Fracture Detall F I4-036 to -041 neatege -- Generally flatter topography than In prior sea tege. Less
17-948 to -059 De t al l seeartag and more Islands of 30 and coarse cleevage la

fleer f eather f racture backgroend.
1

,o
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Table 5, continued *
c Ergn

Distence Fros O
qSurf ace Re ference Fracture surface Striatloa 3Polets, feches Specleon Feature spacing,e Cemeesta k
;: 88i, ,e taheiaFhoto

O
3

3.250 10-13-5 Frecture Detall G 18-046 to -50 Montage -- Same as for DeteII F. Mlgh eagelficatlea clearly shoes **
18-04 2 to -04S De tal l costleelty between feather and le fractography. IG fece %C

appear to beve arrest marks le some l oca t l oa s. gg

3.448 14-16 Fractere Detall A 37-898 to -900 -- Island of IG fracture levolvlag 9 grales. Some seces-
no Montage dary IG crackleg. Sorrounded by f ea ther y s tr uc tu re .

S ome saearing at elevated grale boundary corners. One
face has coarse fleear marklags ulth a speclog et 0.6,.
Generally more 10 shoslag op than se 10-13.

, 3.928 14-16-3 Fractere Detall 8 18-098 to 102 Montage -- Same as above f or 14-16 Detall A.
37-092 to -097

4.00 84-06-2 Fracture Detall C 18-107 to IS-Ill Montage -- Some as above for 14-9 6 Detall A.
38-103 to 106 Detal t 30

C3
4.25 17-20 Fracture Detall A 17-901 to -903 .33 .C.3

00
4.368 17-20-1 Fracture Detall S 18-085 to -089 Montage .28 Ba sica ll y same frectography as seen In 14-16 but less

17-905 to -908 amoest of IG or coarse cleavage. Seell amounts of LA
seearleg. {{

LJ4.699 17-20-2 Fractwre Detall C 18-003 to -014 Montage .27 to .3$ Some as ebove for Detall S. I

h
17-909 to -912 De tall

..

4.758 -- Fracture Detall D Just below Montage la C -- taboratory forced fracture.
h33 7-913 to 915 Detall

Note | Seacheark mot visible on light alcroscopy color montages.

2 Beacheark characterized by a change to much flaer cleavage and river pattern ee+sark over a short distance.

3 Reference points shown la Figure 3.3-14. Reference pelat *A* used for speclean I-58-I s reference pelat '8' used for speclean I-$8-23
reference point *C' used for 6-9 10-13 14-16 and 17-20.

4 Label on SEM fractography montages.

9D
Of
W3
@

00
I

%J
00

M M
_ _ _ _ _ _ _ _ _ _ _ _ _____ _- .__. ___ ______.



{
,

6

f
L

l
[. _ _ . _ _ -

[ /go@
r

.

r'
'

! r- .st

1

o

a

r'

{-
-

.

t'

I
t.

LV

i

!

e Figure 3.3-2. Initiatio
I A. As .
/ B. Overi
i

i



\
Babcock & Wilcox RDD: 84: 5183-06: 01 Page 3-79

a McDermott company

|
IL

' y -

. , _ _ .

_

_

. g ..
"

.e-
~ ' ' *

,,

.-

- _

TI
APERTORE
CARDc

av

1/4 INCH
: :

Also Available On
"

Region on Shaft Fracture Surface
tured
Bith Beachmarks Emphasized

8410170270-D5
-- -



-v. - - - --- -- ___, _ ___ ma mm

f

i
!.
<

;

t

: .
s

I

i,

l -

_-

_

m.m .y. ---

' I.
.

w __,,-

. -
-

,

e

I

n

Figure

.

I-I
,

i
c.



;{,h:'.Y'"'$it...;f.%. tis. ,: 2 \ ? . >-[. '.;,||.'i | x] '-Q 14 |, :''i :hr::| ::*; ' '; W.: ! A' :|9:, , i - .+ ~ + ' qk [j:+; 'h: ' '. '| |
'

'

' '

_
.

.
.

1

Babcock &Wilcom RDD:84: 5183-06: 01 Page 3-80
a utoermore company

Also Available On
Aperture Card

-, -

y, ,

, ..

. Il '

,

4 * , * Y
a

R:;. ..

.

- 3

-:

'l

3.3-2, continued AVEBg

6410170270_06



. . . _ . . . .. - - _ . . . ._ ._. . .- - -_ - - -_ - .. -

..

l1
| 1

4 I

i |

[

-

i
L 1

, . _

!

!

t
i !
|
,

1 +

t
|

|
>

|
'

.

)
i .,

ff.-
1

!,,

I

-! --
1

i |

|I |

! l .. |
.

4 ,

! !

!

,

1

Figure 3.3-3. Fractu
A. As
B. Ovd

s

.>
L.

|

I' |
I

F

! I
,

_ ,

F

1 :
. ' i

_ ____ _ _ _ _ _ _ _ _ _ _ - . _ _ . . . _ _ . . . . _ - - - _ _ _ _ . _ . - -



_ _ _ _ . _ _ _ . . . _ .__ ___ _ _ _ _. . _ _ . . _

t

|
,

i

Babcock &Wilcox RDD:84: 5183-06: 01 Page 3-81
a ucoermotr compan,

|

|
.

Also Available On
Aperture Card

,

| r
.

. ..
.

,

4 a

. .

s, ,
..

,

>n.

i*
*

'
, ,

.. ,

. .., m

.msh. .

. m beb

1/4 INCH
W

. . . .

,

i

P

.

Er. amination Path TI
.ractured APERTUREblay With Beachmaiks Emphasized-

CARD

,

1

\
8410170270-D7

_ - _ _ _ _ _ _ _ _ - _ _ _ _ . _ _ _ - _ __ ___

_;



. _ _ _ _ _ _ _ _ _ _ _ _ _ _ ,

-

-

NM&Mmx-

RDD:84: 5183-06: 01 Page 3-83
a McDermott company

?

6

m

f f^
.

BEACHMARK 3 INITIATION SITE.

I

, , ,.

BEACHMARK 3 INITIATION $1TE

| ;yn +.
~; :

L

I .

.,

A

| |c
BE ACHMARK 15 OCTANT

|

Figure 3.3-4. Views of Crack Path Changes Relative
to Fracture' Surface Beachmarks

_ __- _ - _ _ _ _ _ _ _ _



. _ . . ._- - . . .- - . _ . - _ _ . .-. . .-- .- -. .

Babcock &Wilcox RDD:84: 5183-06: 01 Page 3-84
a McDermott company

i

-y>wmy-_

. :.
. ..?

;> _e?

.
s

,T ' --. ,

" h3

|
|

D

PIN HOLE OCTANT 8

I
I.

.r
S

,: 'M f
,,L(Md

M :i :,3-2 $Nt "*

j

[' hY Yhh3

,

E
|

BEACHMARK 15 OCTANT 8 BEACHMARK 1819

Figure 3.3-4, continued

I
I

- -_ --- _. _ _



:

I
" "

I RDD:84: 5183-06: 01 Page 3-85a McDermott company

? ? Y E 8
e 6

- *
g

I t

I
e. .

E

c m i e.

I 8, 8.1 ..
' p:- Ti 3 *

' ' ~

j$#t,
,

'| k. 'E - 8 ", 5.
.

- "73
'

8 M
&:~ 5 ,,&:c

,| 3 ...

-[% {w]. iw . -
,

!B E8~
|5 $ '28

z m Q";
S 5 205

.I o - etE
W E%S*

z e -zm
8o 'I y g #4a

o o

| m ji
"

o; i.'l'''L'''Ti i1i
-

? 9 P C E 1 0
S3H3NI

I m

I
.

. . . - .. .



--si.e u - - - ir, m

!
,

(

! w
_

;;'

,.

x '

.

-

.
,

L
"

's ,

,.
_ _ .

k en

f
'

,

s

..

F1gure

..

.m

i

__ .



___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

|

Batpcock &Wilcom
RDD:84:5183-06:01 Page 3-82

a McDermott company

Also Availa'>le On
Aperture Card

.

,,

.. .

! 's
,

9 g

># cWS

e

8410170270-DJ



-
-

o

$

I

4

,

-,

L J

$
$ >" 64
e gem,

5 5$E
R "E,

j i 4
"

10,

,_, c -

g. . 's '

; .

' !

t

(d?
," %di_ . ,

v
*

_ _ _ _

!

! &' go,
L E !'g

9 ai
*m-

Figure 3.3-6. Low Magr.i ;

to Cleani

%*

.

t

_

1

/
.

- I!
L.

.

_ , . . . . . . _



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . . . - .

\
Babcock &Wilcox RDD:84: 5183-06: 01 Page 3-86

a McDermott company,

2

!

i

i
|

I l

!

|
I

i 8
8
"i

! @

? E

N

6
2

!
~$

k)$"

7Jg ?tM 1

Also Available On
Aperture mdo

71 cation SEM Montage of Specimen 1-5 Prior
ag EDS Spectrt. Taken at Several Locations

APERTURE
CARD

1

i

8410170270-Of
_ _ __ _ . _ - _ . . - _ -. -



- _ _ __ ._ __ _ __ _ __ _

-.

s

I ;

I
_

7j^ , -
'

7 . .
.

.<

< .

. m g;;f %%? E no. ,

s.' Os gE
; . ;s,.; & ;,, % c.

'e -x
. ,.

.

_.
- . . = , 2:.

r;< on,.. 1 .

.
.~ ,"L. %. u

xo.

.-

Q^,
.

~&:?&yx G
~ '~~- ru

':
$- ,. :.rf! :

:, .,. .. ..
..

~ . = _9%.y'

|
-. . ,

, , .

_
. .

, .

. Q ;fe)(W .' ~

i',| ..
.

rr ,,7 . ;|
- y-

.

.
. . .o ,

-

, ,

:
_

_

:
.

o
1 A B C .?

m
,

- mz a t.,6
' .i

wun.a, .....u ,,,.. ,,,

;;;... > u ... . ... ,, , ..

U$ENN$ 5
-

.' liillGERIBEIRDIDHIRHHill! .?
i M!4dMDIRilHHlIHilflBilllh C

c

I

j D

2'

Fi gure 3.3-7. Typical Surface Film Structure in Specimen 1-5 %
A. Secondary Electron Image, B. Sulphur Dot Map w

:
I C. Backscatter Electron Image, D. EDS Spectrum of Film s

. y

_ - - _ _ _ .



1! ! i 1,l

~

f E R : s a0M ae ?b$|3e S ?Qe y$
s?ii ax L

N
O
I

T
C
E
R
t

o
N
O
I

T
A

AT
O
R

"
T
F
A ,
H ,

s

"
e
g
d5

"i 1
R#
ok
t r

a

W
em
ch
ac
f a
re
uBA S

m
d

ee
rt

" ut
ti" ,' cP* a

er rt
Fa

=
>

a t e
ar
l u
Ft

m
cmu

or
rt

FS

e
ny
oe
il

tl
i a
sV
n

g
adx

e\, rn
. Ta
o, ;
R

.
o, 8 ,R -
.A 3
. .

./ A 3

e
r ,u

E g
C iA
F F
R
U
S

R
r

E i

T
U
O
T
F
A
Hs
o
T

T*1
;5

GAN K
IYRTTAA
PIRMRH

AC
A A,
g

.

lI ||l>lj!! || 11 !\ I 'I



1 >O' I 1 O O O O O' O O' __O O O 'O __C

to

E
n
0
2
3
o

- - = 8eg . ; p .~ . r ym n

$h ,. y-' ~
'

'# " .[, , ,,8 </ 1 . .j'' * .
'

q .ya.,

yd,. * ;g.'a +f sQ f

(;" '

g%, ,:g' ' g, hft 'g.y'.. ,f. !
, _

, ~ . *f *r.k ,'^
.

.

., .y$y' t*
*

- g
'

-

N % -

.'' ,e' '- , 1: . . . - '

''

* , ' , ' ' _ }' _ 2_I 's
,_ : ,'%':''_- . _+

- V- .' - - ; .' ,

) P N * #- j' _, ' , '. ,u. % ,j.5%g' s-

- 4 !

,.
- ,

g' .: ; ,,. :L' (.h|]'. ID
s ,: -J' % .Q . jy{q q sr .~, g.'. , *'

' ., e . ' . * v4.c . .c
aggtp.gs

' -

.%4 y _
. %v sy..., . . . .

*
's.& -'e __y ..

n v nyi , . . , , . . -. '. .y / dy g%m:3 y
.. w.

^

:s
.,

..%.
~ $

j. m.
_

,
.

e,-
,_

.

? ._ , )
.

$..<.eh s h 8 f f.Jf ;.4 4 ' g ;%
.

<

.

' ^ ' - f .
i

'

%,;s.:.:-f;{ haw,y
- Wg -- - -? ;&.xx.t: m.+ m:.gj. : %$ . %

-

, ;.4 >N.
V , A M. M' .fg

%.; '

Q. . . f 4rL ?.

0 l4
,

;Je 4% . M y;.3 5tg'g Q !j &g. 4; W . ,
' **

'

Agi<}3eigy$$, 9, ,... .'.i sy .%3.'. , .
w p' .nq - ;;;.. A

, .' ' A y$r
.:. .

.

T. .j.gf, } . ;g7. .. s - w- y

3 . .. %j, .
. .

.

..w.,?
, _5 y: _

,
.x

g gm g
,/

.

s g _ ,:y - _- y
. .

L sp . :.gr--

-g

'

.. ,. .

A B
Fi gure 3.3-9. Appearance of Pits at Beachmark #15 Prior to Cleaning

a,

c
@ |

W
I

Q
c

!'. '.f ,. f ','
, : , ,. .f . ':.e , c. . , . ..< ' - ' ,' .. . ' , .

^ '.'' 4,
' ' "' '

'

' ' -
..' '#.

'

' * ".s. 7 , . , - '
.

-

,



_ _ _ _ . _ _ - _ _ _ _ _ ._ __. __ . . . - -
. _ _ _ . . .-. . . _

|

F:

5g
?Rg x-
=n
iE
3|

M

?
I

. KEVEX i- Fe s ':!Ni!!NH!
|

'

.'>[ ' filiihili.
i 41

~~'

^} IH H ' si!
,,

(h!!!!i; , , ,
, '" ,:i!!!Hi,

til N !!Ni v o > " n!%; ^^
,; , ,

hih!i;'.
_

|tj!iilbii g

_
'

, y Fa . j siti!!!

i t P,Q,n ' *._ oHHHiti ,o
[ 7 , j! g,

i :'
.

3 . __

'- }}}it ":! ;Ng 'jp{UpH g
%' y ijHHHI gSMEARED ,

'^ bMETAL RIDGES -

/ e
* ARTIFACT *

a

Fi gure 3.3-10. Ridge and Valley Structure on Specimen 6-9.
Examination Prior to Cleaning, Overall EDS
Spectrum Showing Sulphur

E

Y
' 8

m m m m m m - aus e e sus e sus e e e e
_ _ _ _ _ _ _--_



1 n o r i r, o rm o n o n 17 o o o n n, o F--

F
e5a

72
2K
Em
it
i=nx
Oi

Mi -

, ,
-:v n p' .

'
e| ,- . ,

,, a , . -* *

' '

| % S J ~'s.
'

.. .

4- . ~.k g
,

;gk y> . '
'

4 a,,|
. ~ , . m,~.. , ,- . - - -.

' on.mp1 o.% , ,
,

,
.

.9 n.:nnu o c .: 7. : o o t- o; 4 ra,.T' ,, .
*

* gr ,j;, M (tiili.h:is:: ' i-
'

# i ).b2;t

~ i -
4 '

* ;.t;; ,i A3;p pnte, ;

- .
* ''

;' H ijjilt!D .: o b i . ti i ,* Uli r

P ' '' / "n u,o o n N'" ,e o n o n

+,

, . .
1. y

,'$-p ' "
-

'

.,
lippu;q P ,ougngmIn,''A'

;Qh' . . . . .p. / w1

' e

,, '.h ,,
- e

. '~ 7.*7
A n., a: $,r p

' "
.

o
A B C T

o
w

Figure 3.3-11. Faceted Structure in Fractographic Features of Specimen 10-13
A. General View of Facet Islands, B. Enlarged View at 1
C. EDS at Spectrum Location 1

o
m

w
E

@
w

- . - - - - - - - - - - - - - - J



- -- _ _ _ _ _ _ _ _ _ _

|

.

W
.e
N$
FR
!=

( ma-f :
,

n- -
a ,

-'

7;p.
. ;>.3, y 4 j" * % , ..j.*' ''

hnW'*k*. ,

''
- a

.

A B

Figure 3.3-12. Typical :aceted Structure on Specimen 14-16
Prior to Cleaning. A and B are General
Vi ews. C and D are EDS Spectra of B y

E.
W

m aus sus sum uma sum . emElm aus mm um usa e sus '

:----- -

=

- . -. . . .. . . . . . . . . . . . . .



_ _ _ _ _ ____ - - - - - _ - - - . - - _ - - . - -

M M- . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _
. _ . _ _ _ _ . . . . _ _ - . . . _ _ _ _ . _ _ _ _ . _. ..

.M. . .M :M M M M
----

M M M M
;

i

=
c; n

Ph .

'

: a g.
2
~ 3,.

i
,

$2[|
-

, an
j

-
sMK, K 2 m f( $- *O;

- M ;
' ~

3ee SEC3xte-2s e 26 xEu .

! va tax ... n .. neau as
1

| Mggb .
p*

.

.e

| (f S Ec).b |~ Ni G -

| MMMUN- ]. %
~

| e, 3g33338ei -

~
,

' ;c

, ' ,
,

.{- .| :% - .|'- :j f a|
<

.
- - a4

|
"

. . .f :! 1 j ., 7/ - -pj;
j 11||g

* *.

;

,p 9 u %.pg g- g
'

-

.
m-

a .n . gj w. . .; ... .

: :
o:

-" - ~ .?'' '

o
w

- me
[

! C D
4

i

!
F1gure 3.3-12, continued

|

| E
: e
4 m
I
i w
1 e

i @

|
1

|

|
,

E

!

I

I
-

. . _ _ _ - - _ _ _ _- - _ - _



- ... _ _ _ ______ _

8
|

:

E -.r.

.F;

sR
?R

,
'

!r
:>w .'* . : y; .g- g

,
-

. . . .

FORCED .

.. s ' .f ,

. , , . ,

, [- -

FRACTURE -

nW.jh]E~~$-j %a

. e. .-

..

.w-

( j . - gQh 'a* :-

+4;x%@.f:u# wh =L!er.sn,t.L[ .. ,

.
.ew ~: - --

.,,
j,[$1 hE$ M .h

8'h ih[h y,$h [5 ,W[*SERVICE
h20 -kb^ *'

* r, Y :,g s:;;* Y..A %byCr
'

:. . i
"

FRACTURE ' wL..; *
.N#EM f| [$hi * b, $ $ Y,$ 'W ,%. 8
? [,,*\h|$~h[, Nk ;,'.h '' ' .)

^
..

5-
w.

. nwm
._. .. ,,_

A B

Figure 3.3-13. Typical Fracture Structure on Specimen 17-20. ,

B Shows Enlarged View of Location 1 in A g
to

2

..

' '

I T %_) .
" + . . * ' <eb*



_ _ _ _ _ _ .,

r
L Babcock &Wilcox RDD: 84: 5183-06: 01 Page 3-95

a McDermott company

"
REFERENCE FOINTc

p

1 58 - I My

{ EXAMINATION PATH START
EFERENCE POINT a

: 1 - 58 1

[ '

-1 - L - 24

69A

[
< 6-98

10 - 13 A

[
~10 - 13 B

,

14 - 16 A >
'

[
14 16 B

[ 17 - 20 A :

[
-17 - 20 8-

'

EXAMINATION PATH STOP

|~hlN.d
'

( Figure 3.3-14. Section B1A1 Reconstructed
From Individual Specimens

-

- _ _ - - _ _ _ _ _ _ _ - . _ - . _ _ _ _ _ . _ _



, __

.I
5Y
?R
!=
5*

ae
M

'.'ff 5| ptN HOLE
'

e - > *'

%
. ;

s ; :Dh 1WORN AREA * INITI A TION S tif .PIN HOLE p.y 1

~
+

'
t

'JJ A ' . h*- -PITTING

'?'} WOR M
OAREA;

. 3,

PIN HOLE \ - (( .gre e + - ,7 a ,' *f
.?

4 5,3 $54. c .j
2

WORN AREA _ . '; E ', 5, ': .
^ :=' ' '

0 ,'e i.S ! -4)

8
B f

*

A -

Figure 3.3-15. Shaft Surface Condition N;ar Cracked Pin Hole. View
A on Octant 8 Side; B in Octant 81, Boundary; C on
Octant 1 Side

o7

Y
M

|

M M M M M M M M M M M M
,

r .



1 m rm rm m rm rm rm rm m rm m- m m .m . rm _ _ra m c- 1 r

F
e

NA
VR
sw
2D
3E
i=ax o

M
_ .- ,-

'
,

-
.

u ..
. q,

. w

' . ' . . , . , .i 4- ,m,f . .

''

h ", / -
.. %$| m ..}I t .. ,.-

-

_ ,
.

..
' ' ' , ,s '. ,

4. g
-

%g, # '
n

- %- w Oe - " m
t ,- , y+ --- o

: l *V
. ; . ; ' g * ;. ,. g

.? j- ~
' + - -

| y
. ,,

,
_,4 - .

! . ,

o
m

' 5
A B C

Figure 3.3-16. Typical Pit Structure Seen Near Cracked Pin
Hole on Shaft Outer Surface. Views A, B, C
Show Structure at Increasing Magnification

I |
8 '

Y
8

_________ _ ____ ._ _ -_~



-

|

.F
52
8' R
4=

-

.-
.

j*s
-

y qjpg ;.- .

, ;. . _gp!rg.

[ h'

.
.

,

'

f, j-f [i j ,. . , g. 'yM - - ~~''l Qp'

j":f3[ hk
'

' jM
.

',4m!
- -s ,.~ . . . ~

. 4 -

: . f.' ' ~ .

f t,l g.jij t ,' ' ? > - f4;f
-

.;, , g . g s,

--

--

f
.

,

i
, p|m..f

-

- "#1 -, 2

' , . ,p. e ..

q: i &o,.
- .g.

, r. ,

r . .. e =.

pi . ..
.

1 . A .g

. ,. f . .

c

g ny : ,' .

-j-
- . 'h '.,

'

..

th . . .yYs pg h S
II'

_

: - --

n- .a o*

1_ .| Rh : J

A B
Figure 3.3-17. Debris or Corrosion. Product Accumula-

tion in Coarse Machine Marks y
S

Y'
8

aus -- sum e mus - >>. sem aus muu eaus m ..
...

. -- . .. . -
.

. . . .. .. . . . ....



m m m sums e e m -T n n o El F

F
5Y
?Ra=
5*

1x$
$

x0
M

i n -- / .e , - = .e 4 n;.

-j?/j$ t

. ,f
, <

..'.d..QfN
-

3
"

, ,
, ....:,

.
,

. g%~,.

-oe. . . < ~ - . ,
.7 Lys; , _ g- .;g +

. ~ . . i

$$,55$;;)g 'i
g*4

+ : +;pg .

. . . , -

e, '~ :-,

3 ;--

'

': .?
w
w
@
w
.
o
.$ |

A B C S |

Figure 3.3-18. SEM Photomicrographs of Initiation
Site from Different Angles

1

m'
o
(D

(,n)
e

@
@

I

. _ _ _ - -



_ _ _ _ _ _ . .

i-

!

-

F
5K
?Ray

N [i 'I - ' ; : c.t - n 1"-12qg- y,
-

1[;$5$fd,$. ,, i;[ j }e,[$ /$5I
~

,O @g ;hh , f< |:

2|_
'

i
.~, 7 . .#. 4 '~ .,3 . . , .1 ^' ^0:[ '

7 . , ', f
+

,
. . . .

4, , '

l $4 0
M

- ;
&r

'

.

.

; w -

[ CRACK INITIATION
w

'

RP 8
y. yv _ ;-.=

k W6 e
w: g

p
9I o
9

h *
[
u PIN HOLE EDGE(
e
_

,

Figure 3.3-19. SEM Photomontage of Crack Initiation Area and
Examination Path Along Line M-M. Prominent

--

Crack Arrest Marks Seen by SEM Are Numbered
E

'

i
e

Y
! -

. 8
,.

K

:

g g . . . . . g ;., , ,, a _ r .-" g - @ q q q q u. . . + , ,

's
.. _---- _ __ w
.



___ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ .- _ - _ _ _ _ .

F
5Y

:
ER

r !3r
ii >
I$2

.| E O
n,

I

R ? p$: . f f K B @ f @f'
' , ' . - ~ ^ ' '. *

'

-

'

.

% ge h|k:fj 4- - _
;~$ .p %r.

; *s
+c wp

.

, ...
(-W y..pp . ;: : p.p ->-

m. , s v3.v - ss s . .,

w$C .|.
!

'

if '

.f< C ' $
.

:' - @~ %:|f h _:. $,-} f.|0 .rg.
h-

|T /~
d g. p

,

s t 4>
, , . o

& ' |$/; c .|| $$f f
W ' Q} Q'b:,%j),' . t ~ ? ,||r}eg.

*
q \ :' 'cio

... ,

.\O
~. .?

;*g ;k_ ft i;Uf ':||
x.

' ''
y-

I
, .i . *%

, S!
'

Figure 3.3-20. Typical Fractography in Crack Initiation Area. Locations
A, B, and C Show in SEM Views of Initiation Area

,

| E
: m

. ~

|

|

v

i

____.________._ _ _ _ _ _ _ _ _ _ _ _ _ _ _



m
|j|| 1 |1

IYRwD ErON .8O a YEN'

. s?8~ i:*

1
-

B
5

-
1

n
e
m
i

c
e
p

S

f
o
e
g
a
t
n
o
m
o
t
o

- h^ P

M
E
S

.

M
1
2

-
3

3

M
e
r
u
g
i

F

g

g

g

-

I| | t



NE E C88 RDD:84: 5183-06: 01 Page 3-103
2 MCDermott Company

/ . D'

A-,/ . . . , .
-

, . pf. , ~ . u g,
'

+. .|c
,

-
.

-.

.,

.,'f
'

,* .| '
^

. e '- s _s-
.

.

.,..

ik
ia

"~
' . . '> ,

- i ,
|., A|y^

'-' .*-
.

.

, %_, 1('C
*

'T WT(f y
'4 (t kg t''

eg;, 7. . y 1 it..,

?. ' h Y''Y hhe, wk, & a
+

+ e 2. '
*

, ., .

.' I 9' '!
. ). * D,

h,.{ ' ';. h. .,

'
. -... ,.

<

. ; -
.

,
:.,

. ts:,.Jh v
- r ,

. 5'

-

3. e , , A
-

9 ; yy . a
,

.% e
* "' - ' r. LW 4*. : .

'' _

t;, % . 7 En

.-

e 5-) S, L %[ ['#

,, il-
. , .n,, .

<
. .

x\ '
s .-

- ' ' '
. ' -..,.

..
'

...,,,3*'
,

.r .. '
s-fg:M g 4.,g-

. , - - -. 7 - ,, .. .

g ., .,

*{y?~ [. .-

. , , ~

'd' * * ' ~ . .
v. e .

.

i < g
.

,
- * b, x ; . * 'a> ,

.g
.. ' 5 .'. /~ J r

- $_ . yf ' '''** '

ej ., -

.. R . q,,
r.$ . e

s
,,

.

.

. , : y- -



:

| !

F 2 R W> E= oM $ee o" % yea -5FR= $24

.

-

-
-

<

r

-

d
e
u

. n
i

t mn-
. o uy c

,

1

sc 2
-
3

.

3

e
r
u

. g
, i

F
/

.

s

-

-
-
-

-
||!|Il |1



~

M M M M M
- - -

l .,

5
2R
!=
Em
3E:
*O

N

' k . J '' -

,
.e

5:
,

,.; W
! ; 3y,. ?-< + : ,

~ Y nr . d ,
:,qV.h? '

~ ' ? k& &<'

|

_
_,

$
o

'

A B C D .9
S

Figure 3.3-22. Typical Fractography Features on Specimen
1-5B-1. Letters and Numbers on Photomicro-
graphs Refer to Previous SEM Montage i

|

|

Y
5m

--_--_-__ _ ._ __ _ _ _ _ ____________________ __ _ _ _ _ _ _ _ _ __



m
*tYRS * $ 0Mt . x8 g*~g h 3 ?% wba- *

5?$5$2A

m
.' ;

s
,~

A

: .

,

~ .
-

' . , '' H
. , .~
.

I -

;,'.'
~

. c' '

; i 4y?-
.,

. ;~
i

syA_:}(' gf.yL' % ~' .
g

q .~
-

'
. .e

,

- .

m
f F

*

y"

,@~j - ' + *~
:

i ,;&-
'

G: - -D x
N d

K W ek,k , ui n

MW-
d i

% t t
n
o

- c
- V

M
,

2
2

-

_ e
~ i" j. 3|

s

iha?' -
3

,

Mg ?? , e_

rj

-.m^ ys. u
g

g~.
e

~~ ig F F

; ,&~~ n2 M
p:B .~,

~

. , .

. f" 71 ,.

Qis wf.1%ff,- .>

s f ' ,,+ <.
<

'

_
e'

-
.
.

_
_ r

M
_

g;

.g_h~
s
t

p?%f b," M
, c

)-

. g%p'. E
$ . '

.

- s .

;, M <g, '?
'' f ,

r
,,

-3

M
| |



, m m_ s t i t m m m m i 1 O m m m im fm O m n [-- ~

a.

E 8
Kn

O
2
3
o
N$n
oC
?, 53

==
CRACK GROWTH :3 e

t *O
M

{
7;mg 1 -., s

,

y2s///;[f,.::-s,j:v. . -/ .
,s x 7, , Agjyg >

S lip. , ,v.r f _;; f. 3f,gM 3 r y/ $ $. v o ::5so''ME;m+.4 hup #g;
3 3 , ,, .

c g[.g.;49,J.".i@n!M; e.
m;;;f.e. . s ,- c.. . n s

.

7- .. g@.gi.].,e w, . .;e5p/Q9M: . . ~-
8

, , ,

* f [d ' 4.;d'Y$ f ];. ~ h.* O[f .i g]I 3 hk S Y N .-h k 'M I * ~
' C- - ' ,j.N;2: .a

a-y .. 38p -: n~e-

-
-

h[
'

| ')g , f hj $ ' ~ 'j ]
'

''~

- ' . ' . _"
. . - :ev - . . . sc

' -- x a~
.,

fO SHAFT SURFSC I. . ,'3
.

'# i,I8d $ ' '. ,* ' f M(W ;,, . . / _p . .
,C

. . < > - , % :. .
..

*

;, * 5% e . ,Sc. , :. . w
. . 44 ' @ .. - ,?. . . .". g an , g .. .

- - *vJ. - : .

%Y,Qh{kt*j.$[,_ %; c?;y. T ? * '. g},,
-

.m.

w _ ,:, y ,y+. ...w .~ .;, -

Agd%x;r.
: Q, 2 W ts gW..F. A

' -

,;,

.9 - ,,.. . . k;, a % .O,g,,7 .
.

. < ,.? g g: ;3 a . .t3 ;MN
. w

ry *dr 6
r, n 3-m-~ -

<.s - . .s,
. a

,, s

e-a
.

.

Figure 3.3-23. SEM Photomontage of Specimen 1-5B-2. Frac-
| ture Examination Along Line M-M. Prominent

Crack Arrest Marks Are Numbered

o
na

443
CD

W
s

W
Q
N

I

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ ____ _ _ _ _



Ji||

_

- M-

M
.ataR rD I=n0Msr e

W, WOCDms g ,mWow.Oc .O*e- mo,C(n. D.
c

* 5i3On n3ix

M

3g)- !rf M
'

?

yMg^,7
i" 6

- - f%g,
-
>

> i

pgf. y~
;

~
- 4

y,g2g67v ,-
f,+g%

,
i M

f g
n

fh(?
t5
t

g(7,b%@g'V
n ie

M
. o P g

a
M ,t

- 3 n
7 M o

gR7 I eM
0 e g

M282 n a

y%y 3gs..
i t .7

gv$;N. pM
J . L nEg o

. g M ,

n h' n 4

$yQI G.5$y;,,.. M
o
l . e
A Cg.

- Th a

? : D - f t g; e
e ,t
r 2 n

pMD
W v u o

f 3 g; ,.a
0b }Mp;;iep M

- t eM
g- c g

1+ . a af .

F nD
i r t .

g''? vh 4,t , o
- f M

eN%gge
,

M
. . - o 2A.

?g${* s . ef- e Bg

r %
3

g2 a
;Q. a- ,ti t81 nj:h4 n5 o

1- hi o eM

T,R$Dh%f7 h
.

o anh%
-

m1 g

7.T h%pg
t nt o

hM:EW q,-
?

-

h mop
oen

; PiM

TT
c r

f' DA;Q Me a
, E p . e

?y j SSAN1 t

_m U " M
.

4

N h $ h ' ,. 2
- -

3

g %' &m,,Lkyh4'
.

M
,

y,4.Wh{ -

e
3-

Ec?
= r

kq;;M%qf(%hsp-
u

*h g

R i

M
F

f,,f;T,fdw-
J
y ; 6 Sf

?

.,j :. O7
,'s..,"

y+. . Q,kgw,

,-

*,

-@J'
dp.

.

<~? '
~-

"
. Dp'-

. , -

t I,(|



_ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ .

~

=*ag* * ***x, aco:84:s183-os:oi page 3-109

|

|

I
i

I -
'

| |I '

l

g j$m

:
5

. .

-
4I ;-
e

s

.

.

9

'

.

nkr;t n

$f(

'

e,
,

| .

"



.. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I
Batacock&Wilcox RDD:84: 5183-06: 01 Page 3-110

a McDermott company

"

1 OS,A 3
.-g ,.

I
I
I
I

. I
,

-

I
I
I
I
I
I
I

C
I

Figure 3.3-24, continued

I



I
hM&Mm RDD:84:5183-06:01 Page 3-111

a ucoermott company

I
,. .

.,

.- ( M| .

. . g,"
.

n ,I iY h
,

. .eii J,,

g dip d
.

y#. i. . . y m. , -

$.3: .

. .

,
- .n, ., ,

|nA $.

I ./
'

v /. 2
'

-

i .c =>

, :

.
.y,, s4 8

_g ~ u-a
. , . . - . . y,
_ 'Q.f f 'g|,

y;f ww
&.
',

. . . t x1 ijg ; .
- :

. ' <Y -p ' ?, '

,

2 %o
; gj.

ib$ h $4
7p

g op. .

I
- - - _ _ _ _ _ _ . . .-____-_ -



___ _ _ _ ._.

Babcock &Wilcox RDD:84: 5183-06:01 Page 3-112 E|
a McDermott company g

i

i I
.

* 8,

,4 !:

4. , ' |m m,f
' i s'

,

,IN) ,.

[

-

. Ih\ . .. s ..

. ..

.~

,

? .~

=,,[
'

,\.4#
e f

,a |, <|,\,1$i,d '

*

, . ' .- - - .. >., ,, ..

. .._ ..
'. .. tf '

* ,',p.A .: -i)k( '-
A - ~*
*' .~

K
-

u# 4 s. +-
4 %

'*.%
:.,'. .i ; :., Y

-. ,- y

g.
.

.
. c. . . . ..: c, y a

. f, * . . 17 . . .-
. c #,; 8 g*

ay.
' $ *t ', #

' j', ' MJ''I O W |
'

a. . ' r, -,

'', ._' j
,4, *V vf(, A 3

'

j CM,
.-

; ? ./' * j' A
..

E,-c.t
- w-

s
. ,s v ... -

2*
, , . ,. CD

.. ,, ,,

| . , . . ,

, * W

7

':{%k '|igh, ., - . f
''s1 ). j,

'
-

,

f .'? - f
' ,h.

,, ,

,- M g'2 ,

. g-

- , - - , .

*,( . . . ',,

Eg i ..

-

. , ,

,,h ]
-

g
,

.
,- :-

I
_ _ _ _ __ _ __ -- __



i e rm e n _n r7 n n n _n_ F7 n. r1 F-v r L_;

I
sK-

?
Eo: >
2$
a8
"

.r u yu .

., ,. . ,. s .

~: :. ~ |,; .. . - -.

, |y%
. ~.n..y , *

,
,.. .

, 4 ..ym ,

Sh5, . .f. * A -5
'

_

- ?# % y , . ''" ' ''
-

. ,

' - ; '

, ..
-

',')y .c%g;' .; u ,A _ h u%. ..

'' ^'

,EQ l
''

' i..

, . . . , . ,
. .. .. n .

'. ,

' h, ,' ~. Ns *'

_ .. . .w f. y 6
.

\,
a.

e
.

..

' S

A B C

Figure 3.3-25. Typical Fracture Features
in 1-5B-2 at Location P

2
2
't' |

|:
w

_ _ _ _ . _ _ _ _ _ _ _ . ._ ___.



_ _ _ _ _ _ _ _ _ _ _ _ _ _ - . _

4

i

!
1

i

! r
i 5F

o,

$
O

: D
i

$
i-,

-8
M

a

1

*'

.pe.. p ".

- (/ . . ' /1 Vi
'*

vx. .- .

j i''y $8g . . ~_
3 .

(|g~d.i*
I ; '3 ~*ig . :. - j'

i

.

L q
- $ 'J.'s g>f ,,

j Je .; ., gw s ,,

U sjs .
.. . 8,_ . , ' -

s

| .M A ,' , ' f ,. - e cfM,- %
- +

''

.h
S

Figure 3.3-26. Typical Structure Inside Pits in Specimen 1-5B-2.
' Arrows Show Inclusions or Inclusion Sites

|

|
:
2
Y
-

b

!
,

._ _ -_ _ _ _ _ _ _ _ _ _ _ _ _ _ _



L

F
# E E*"'

RDD:84: 5183-06: 01 Page 3-115a McDermott company

r
L

p
'

, . -

( .y .
..

*'.6,9
[

~> 7 - .

/u . > .

f ,', h ~

[ ;f . .'
-

~
. , ,

. . a h :, - -

[

L ' py!; J . }
.; h .. 'y

( . . .!*
,

- O

L ': .
. .

*{ }
?f; < '

. <!,

'|' - 41
'"

-

n. , j . g

(

( aw. -

V . . ,

t
.

C
'

*

-".s :~,,_ ,, ,

. s$ a

. - - -



.______________ - _ -___ __ __ _ _ _ _ _ - -_ _ - - ____ _ ____ - _ - - _ _ _ _ _ _ - - - _ _ _ _ _ _ - _ _ _ _

I
5K
?2sa
5*
I
a8

. . e uosuc M

i

!

!
i

4

8
| ?

! ?
$
$i

$1^

5
Figure 3.3-27. SEM Photomontages of Typical Fracture

Structures Observed on Specimen 6-9
i A. Montage 1, B. Montage 2

C. Montage 3, D. Montage 4

2
%i

y;

C
cn

i

l

l

lum aus aus uma uma uma met . m imus mum uma mas e aun num mum
__



t im w rm rm rm rm rm v rm rn rm rm Ma _r m sa r

.I
srOm
*K
$W

, =,
| 8eag'

E.*

an
*O

M

'mrt, .m .
_

I'. t. , '?
~ ifN . . p

, s. 5 - , , . -, .. gw.- -

' - - - - . S,-
. - __ _ r ip , ;% , , g e .,

-

., . _ _
.,, .,.

,_

, ;' 5* .

. . ,y - a., _

, - . a ,
..

,_

..c.g;
. .;w g1 . ,

.

,

> .. . .

Aj ' -
, ., . ,, ., -

'
*

' '

,
,

,

-
-w ^ < . . ~ ' ,'- v/;. x,

'e - ,$$f. ~ ] [ r
, ,t - ,c- s. 'Wp .[ 's

.

~

h- .I
-' >-

|

'

f*p . .',; .. , -. %. '?-

J w._
.

n.. , + .

-

. .
. . - : s'

s .r 8~[ pL _

,:y
.. .. . gue .

. ,

.8

,'
.,g ou4, ..-

~

-[i"q, .
_

,, y _ ,=.
%e . . .5:.

.

-

.
.cn.
o

' -

B

Figure 3.3-27, continued

m
Do

D
@

W
I

w
H
NJ



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ . ._. ___ _ - ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _

,

;
'
,

1
j

-

.i

)

.I;

o. K"
' c

n

,

3
' O
( = p
l 8

$E
4$

1 M
i
1 ,
; .

'

|4 f< v. '. |
'', i ,,s s

,
,

~. ..:..
94- . * e'

,
y . ' * ~ ,/ -

' *
/ , , ,

. */ e,
c. , q _ , c, ' - -,

,, .,

'N''',.__ . ." ~O
.

s . .., f f;,
,' _ -m 4

; , J'''

$ s, ' y\ -

, ' * : . C ,' ' ' _
,_%, * s

| y ss ,

.
ca z, sg_A *, w . , - ~. , .

% .4 7 ._ - .

. ' ' ,'-'
-

.
4' * * ' -'

,

- 1. ~M u .

' . ~, % :".;4
' :rg f -4 2: ) i'[ .y_ . . .

i w
.

.4 2j , - r: .t
-

4
,A.+ :% . . ,,'.

,

i
-g- w: c

-

u,.

, _ . ~ *
__

,'c: , . . . ' - , ty;
-

:

. %
.

. / W
.

__
;, g_

. ..

.
o,
.o.

C o
w

Figure 3.3-27, continued

I

a
De -
C
ID

W
s

N
H-
@

O E @ g g g g g
_ _ _ _ _ _ _ _ _ _ _ _ ._ _



. _ _

!

Qgocyamscox R00:84:5183-06:01 Page 3-119
,

|

|

I
1

'

t

i
1

I
\

.

..

i

I
i

5 i
3 (o

)I
-

- j
I

I
I

I

I
I



. . _ _ . . _ _ - _ _ _ ._ -. - - . - - - _ _ ._ - - _ - ._ - _ _- _ -- _- . ._

I '

52
ERsw
Em

il
M

t_
' %: .

' '

, s m: ' ''& .

! '? k g .
*

.. ,
-

T

| wg ./s. . .

'~~

\ .. L.
*

'9|
A \ $.. %

i i j- N M i

[: 6
#

\ e'i! - y
\ .U) V 1 5

'

-

yo

t'
.hA B C D

| Figure 3.3-28. Typical Fractographic Features of Specimen 6-9 Viewed at
| High Magnification. Views A Through D Are Located on
i Previous Lower Magnification Montage of Specimen 6-9

I

i
I o
| 8

Y
Z

|
o,

,

I

1

I,

.1



.___ . _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ _

!I
:
l
! N AMIC#X RDD:84:5183-06:01 Page 3-121
', a McDermott company
.

.

!I
:
i

Y
- .

; .

o
,

' . . , -
*

I . ~ ,

3 [ As,

'e . .52 0 |
:

.A. ..hi
,

'

. hr - h^'

)" ,

|
:

l'

'

:
.

:
, ;

'

=

' '

I
,

/ - 8 ;
.

p |i / . u.
:r n

- M

i $
''

ki i I
|l '

i
,

!I
i
1

p . .-'I ,

-J- p
;

! >. ,

% f k* '
e

<.. . w
.; ,y i ,. . -

(f,M' f '"A
k

|| |t.-r ,

u-

,,

|
'

i

;!
I

_ _ _ _ _ __, _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ , _ _ _



_ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
_ __ _ _ _ _ _ _ _ - _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

!

!,

1
i

j F

I !(
..
?>'

il
a8

-

M.

. . ss' ' * ~ Y & s' {~\_.x N Y
' '

- .N''
~ .

.

.h .. \..x q.
' % . U :s 1(k N _ "f a* <

..

'. X f
e

,f ' . YQ' :& .: RL: -QW' ' ''

. ? "% <ML : . 4
x, ,.

.. . -[ ? $ - .

''

%. %. ' _ ' | i
_

;.
, ..

E
! ^ Y

| .?

| tigure 3.3-29. SEM Photomontages of Typical Fracture S
Structure Observed on Specimen 10-13!

A. Montage 1, B. Montage 2
C. Montage 3, D. Montage 4

i E. Montage 5
|

|

!

|
?

!

! Y
n
~

.

|
|

|

'E E E E E M M E E E E E E E E
- _ _ _ - _ _ _ _ _____-__



_ _ _ _ _ _ _ _ _ _ _ _ _ -

L

e

L Babcock &Wilcox '

RDD:84: 5183-06:01 Page 3-123
a McDermott Company

F
k I

I
!

-

L | gg-.

'

. q', ,

_

.. . ~ .. .

., .
. , . , Q.I '9,? ,,

4) . , ,e

Y .) , Y.') I
,

t

i , ' t''o ..

pi b |/w,
( ( ". r' 1:

c mp ,..

( w., 4-.

,
c ='- g- je. s

: o
~y Al .

m 'D
'

.
.

f.
~

,

, :c .
[' '7

.
, e.

. , f. ') 5
[

>

. .
. -

.. m'' : ;_.

c
.

. ..

f hk[
# ,; .

,

,

[ it I,t
.

,

* -

.

[ # i( k. : , @
. : .

[
-

. . . . .



_ _ - _ - . . . . . -.

|

hkak&Mmx RDD:84: 5183-06: 01 Page 3-124
a McDermott company

I
I'
I

.

I

I
.

I
2

! | se$,L
-;

e -

ybyg; -|a51"{ j I.

,

s.

'

'

[ !i s .

,

~

: . &W |,

gpW9:>
;<w n,

g;- a<

I

. 6-

satM 8 3
: ..k <? a},

!A pi
?h a

4^ 5

I
-- __ _ _ . _ _ _ _ _ _ _



- - - - - - , - _ _

E

[EMIN R00:84:5183-06:01 Page 3-125

I

I
I
I
I

.

I
;

' A
<

.

]

g r g,

a 8

. |
a

I '

i
a

I .

.

I
I
I
I
I
I

- ____



. _ _ _ _ _ _ _ _ _ -__ _ _ - -. . . _ _ _ - - -

|

| I
I
i hd E E"3 RDD:84:5183-06:01 Page 3-126

a McDermott company

|

, %'

j, j s
-

-

g . . .,
~:

g
- <** .,

.' 3 A . .,
. g

-

h.. ;

j ,,A',

, . g r q ,. g,s,,
,

4
' %

},. . -
y,
+ g

-

>.

.

<( ) }
t, 7 < (,'? .:5

'
, -

<. ; y y |
. >

(f[/.4.
,> [. ( 8, ,

4 ; I*p g
. %< 9n - ;

.

n,,
e

r ,I '

e%

~ ,

|
.

8ij g,
-

,

.c . (. ,.

'
$ '

; ( s
j ....3 g

'

..

\ f ,,, r ..a
g!

, ' , ' *j- ) ,4 g.. [
\ ,\ v - .,f

^

p

|# . 'f g
'

,- , " , ~ . , , ;,
'

. c. ,, E, -

.,

'. ''

- . .
^Q,, |

.

I
_-- _ _



- - ____ - _ ____ -- _______ _ _ _ _ _ _ __ .- - .-. .. . ..

t
B
2
$W ;

5* I

sg -

2-
=8

M
1i :

,

' k %
. . .

,
*ug - %

q ..

_D e. 4 - !
' '

g

\\ 5
~

'
_

E !
'

. j T.P
..

o i,
'

f i~'
, .

+,

- '%
l \ (5 Y % '

{st .'s % _,

~

$ |
. . .9

- *

i

Figure 3.3-30. High Magnification SEM Photomicrographs of Fine Trans-
granular Fracture With Faint Striations in Specimen 10-13.
Views Are at Locations A, B, and C of Previous Mosaic

o",

Y
iG
~

_ _ _ _ _ _ - . _ . . _ _ . _ _ . _



_ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ .

.I
i 5%
| ?R
f RW
l 3#

2 |.
i 3
1

.

4$;

M
; yn :. n- - -

,

' 'y
_ .r,

,f ~ b 4 ' :1
_ _

''*?
.; :l

'

un; ... ..

| --
'

d_. w

. EQ
''

,

j f[. 1 -

~
,

! %. / 8-

- z. J 4 -

g
,

bb
'

'

l
'

,-,

$
! a

A B C D .?
i S

Figure 3.3-31. Typical Mixed Mode Fractography Seen on Specimen 10-13. Letter at
Top of Photo Refer to Location on Previous Montage). Cleavage andi

- Intergranular Separation Facets Occur in Colonies Surrounde by a Fine
! 1ransgranular Structure. A. Intergranular Separation, Enlarged in B,
| C. Intergranular Separation, Enlarged in D
!
,

E
1

Y'

G
i =

|
.

i

l

M M M M M m M M M M M M M M M M M M



MMM M M M M M M M M3 T~T TO _F'

.

5
0
2
23r
5*
$.5-

c ag
*

. .

'
e .

'

.>A..
'

_.- .. .., _

> , , . . ,. , .

s% - ' .. Y g| . _

~ .

k be'~ -
,

3 %S'.' L~ . g g> a.., ...
. ,,

i* m &. |
*

; * , ' g, e. .t j
,

, . $ 1
**

' )
. $ |-

.h.
E F G S

Figure 3.3-31, continued
E,F. Intergranular, Plus Some Cleavage
G. Enlarged View of F Showing Possible

Crack Arrest Points on Facet Surface
(Arrows)

$
Y
G
e



___. . _ _ - - - . _ - - - .. __. _ - _ - ._. - - . _ _ - - _ _ _ _ .

:

.I
52

i ?Rs=, .

::
$ ge$

i

'

2=an
x0 -

M

~''
- -W

_e <. m. - - .
,,, .

- _3 y
-

.

.
.

-

q
,

. . . . ' .- ' .yv - *

-

z., _ . - , 3 , ,. . ...

eq +, - ,- ,- '

,1
-

-

%%. '' T '
_

%,
,,_

'

. _ .s.

_ % ,. -QL
~< :- _ .

s'
_

p '; - .
, ' (' '*y . g;.
- -( g . . 7 g%~ fw .

s,- p. .

-M b} _

- *\
.

- - y,

ms
x

. - .f .

' 4 g
, , W<

i ,

o t

?j A o
j -

1

( Figure 3.3-32. SEM Photomontage From Specimen 14-16

| A. Montage 1, B. Montage 2
> ,

I

I

| |

I| *
o .

\ * !

l !y
e

'W
W I
O

|

t

I !

|

| \
t

M M M M M M M M W W W W W W |

- _ _ _ _ _ __ _ __ ._ _ __



_. _ _ __ _ - _ - _ _ _ _ - _ .- . _ - -

'

.,

c
. n

I ER
, EW
| :D
'

ig
2.

a$!

i M

1
-

> .

tr .
.. ... ou.c -

.

,

\ - _.r' '9 w .
. * - .

. Q4f~| - '-

_ _

-$iN' ?j w '
'

W}. _ Q ~?.

'

?.[c'
Aa, ,

Zi'
' f S N ij ;

_% ~ g
#. %

^

; /
~

*
| 8,

-
.

.

i ,-.
.. .9

,

_ .'x - ~ ~

= w: e-,
,

,

! ! +
__

. . % f
_

um

- .

, .

..
\n

'
'

'' ' ' '

h- .. ; _% _ ,.
W
.
e
cn

, B 'd.

-

Figure 3.3-32, continued
;

!
|

|

T
Op
tt:

CD

W
e

W
IW

,', w
l

i

i :
i

!

|
4

I___ _ ._ _ __ - . _ .. _ _ . _ _ _ _ . _ _ _ _ . __ ----_ _ -_-_- |-



. _ - _ _ _ _ . - . . - _ _ _ _ . .- .- --- . _ _ _ __. - _ - - _ - _ - . _ . .

.

!,

i

! ,

E i
'

2
: 5 I.

!D
E52 ,

a8 |
M i

QN 'S [ f- C. b
--

% Y.
~

w

" p, , f .f r . .
:

.- _

.
, _u . ,

- pl <d||yrg
---/ ;- .- ,.- e c- ,

!
.

s
. fy-

. *~ .

' '

.y -
,* y {' %,*

s,s.. , ,

'm 'y % . ~_ g . g' '
'

.

_

,' #p-Q, - -' t
,

V
- -

,. ..

~ -

",j .
.z 344, ~m~-..

.. . f._ j' *h g.
'' ' p. & g j4~

' ^'
.

y g u m y |
'

- , .. ,

.? |
-

g ,.

A B C

Figure 3.3-33. Typical Examples of Faceted
Structure in Specimen 14-16.

,

t

!

?
-

;

t' !
- <

N

M M M M M M M M M M M W W W W W W
- . _ . _ . - - _ ___



i

L

F
L Babcock &Wilcox

RDD:84: 5183-06:01 Page 3-133a McDermott company

F

L

F
u

i. 9 -

'

+.

, , . ,

.

e

- ' ,''

- 9 t +=. g

. '

. .; .. ,

'
% '

c ..11
~'

'
' . ' |:(, h..

_ .- , -

. ..;

. [-'
'

' $ .* ' ,y

[ j. 2 _ ., s .. ,
,

.
.

.: . w m
'

,
.

.T) ;

[ . . . < ,
N,

.

* '

. .
p. ' f ..": . 4 , , ' .*%0

'

.) . .i-
fI

' ~ ^ 1, f4. e( g g
- (s y

- - c

C
O
V

m
n

[
I

M
e

O

$5
L.

[
. . g. . r.. c

. , , .

ny -.

~
. . .

[ f; / 2?
N-

s''.,',,,f h.,

g.. .
. - ..

[ -

: gh..t. ,4g|p ffY, - . ..;.-

3 -

- w$,w a
( /

.

- . wy:
._"

~ $$'|g
x. ,

,"
* \

eI .

9 ,.

'

s

..] ,

s . .

,g s i;
.

. . g .. ; .

[
s .

, s .
r

,
c.,,

,e ' N

\, 1 ~~ k
. , _. {' '''

[
-

m. _ _ _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ __



l. !.! i

x >| 8M ,ao" 3 y g .3 DE yOa. e

, 52j;i2e. .
_

.

_
_
_

_
.
.

_
_
.

_

_ .

_ s4 .
_

_

,i
.

c
. ,Y|

% _

_
. .' y.y

- wy .-- r
-

~
_ ' r

.
~

4 7
_

-

* ,.. :

.~ . -
_ . 3

-
w e

_
'p g

, a
__ ' , > . . t -

n
_ 0o

2M
-'

7 -

1 .

C
n

- e ,
m2

a i

4. ce
eg
pa

,
Stg.)". nmoS oM3 r-

-
p f -

- ._

_ - eB
~ g_

b , a ,
_

t1
.

. A n_ oe>
.

oa
mg

cx .

tt

~

_

_ ' g%
-_

~

, .
_ on_

h o
4a- c, .

-PM .

J -M. ,.

E .- * : / SA

s.'
-

.
-: ,.

h -. ,. .

4
~ .

. 3
-

t 3 -

r . ,r' . 3
e
t m

-

M,
et. ' ,- rs

v ;+ u
g
i

m(.p
- F

, - .

. U4~~q-'1h*
_
_

-

F _': _

,i.
M, 4- -

s

_

_
.

I
_
.

_

_

i! ..iili l1Ji,1I' ,<i)|I) i'



E E' W W W W W

.

I
?
5o
58
3$E

E$
M

x-~- . '_ .A x 1 -i
-

%,

' N .' - k-'

q.s,

V...- %. iV . eg a \
-- , -

'''
-

w +xL:
. w +y~, , -

% . - . . , - #y ? ' '' 'J @~-.,g 2. ~ ' m ,e *

.

g .. ,o
g_
-

- - -

- ' ' .
.

%
. . .

,

- - ,
.

x, vs -

, , .
. .*

., '

-~%
_- m.s.

f ' --

4 |. , ,

', N''

w..
,

f 4 _ _ ,- N- s e ;"- -

j y y,
1-

.

. . _-
. - -w / - m '

w- . , gs -

' . t [,y ' ' %* , j . . $ b ., -~b...':,,., - '' ' : ' ' . . .
- O

.
' %. .. , ,

.._s
: . . , .

,o,
o

B -

1

Figure 3.3-34, continueo

v
Qe
C
@

W
s
-
W
U1



-44a_ _ . _ _ -. - - _ . - . _ .-m__ -_m,- .___ __..m____ ,m_w__ .a_ , . , _,, _ _---

I
IE I * RDO:84: 5183-06: 01 Page 3-136g

.g ,-
.

1,y

; E
7

. s

9 |. '4
.sa

/, \ (
'" ' '

|
'

'

,f g> |
> s )

VI |i

'

| W .h 3
; .4

,

. !<

.

f.
|,\43. ,

- .. *''
;

5./ 5,
:

I
'

k
' '

.,

> |,
'

' U$; }
; ,-

./< |'

<

,

'

gy
,

,

|;

~

|| 1 s
. _ - - - - - _ - - _ . - _ . - _ _ . _ - . - - _ _ - . . _ - . - . - . - . . - _ - - - _ - _ - _ _



W W W W W_-_
_ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ .---- - - - -- - - -- - - ---- - - - -- .- -W W W W M M M M M M M M M E

;

!

i

!
|

*

;

! =

| E ,

- O i

,

2
58

48
M

i
; y- .,. ,

Is .
.

@ _
" ,Q j

;~. , . ? 'L]
'

J'g j y 9-,

.;: ; f1
.

,, . j- N !
-

, s ,

N-
~ '

-
-

~

'

.
;

_ ,

.? !N P _ ..b s ,a,

'%' E i
- . - ,. .

o 1
'

g |x n c o4

-
:

|
Figure 3.3-35. Higher Magnification Views of Fracture Surface Structure on Specimen *

Views B and C Taken at Location A. Views D and E Taken at Location
B Shown on Previous Mcntage. Views F and G Taker at Location C. i

!

1
;

i

e

8

!~
1

|
~

|
t
I

_ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ - - - - _ _ _ _ _ _ . _ _ - - . _ . . _ _ _ _. - . - _ _ - - - - . - _ __
_



- _ ___ __ _

.. . _ . - - _ _ _ - _ _ _ __- --____ -. _ __ - _

1_

1
4

,I
.;

.,

c !
n ,

o :.

5W
.

, :>
$'

ir
*O

M i

~ (' -% m

A : - - .. g ., m 7- ;. '7 ' 5
. a

. .

, -,
,

). -~~;g gg-g:; ' ; |

L,:- S. L;.;s:-3 y e v.4 % j~-<% __s._.a.. .

>- .- ,

L g i-- . s m,, . '-~= *
*

- 5 ; . , .-
'sr.-.

%. {: -[i';'d5 % g*
,

~ , . < ,
;3.f); 'f ..

*4 ?*

, s.
- G i~ ifi , ;

s -

8* -), " ). s 9o - ;

s ,

.
- -

. e ,

.9 is - '

o i

** !

!

E F G |
,

!

Figure 3.3-35, continued i

i

|

! .o
-

143
t>

tas
S

w

1 as
I

1
!

)

,

.__ _ _ _ _ . . _ ____ - ._ - _ _ _ _ _ _ _ _ . -. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



.,
5Y
n' R
!=

yym - ~ m mampuss ' *? A

-

N

%,C(h$$;pp'y''ibbg&Ed;T un
5,

g $fhb[[Ni$yks.g -d~ (| b~a fj.f ~:$.s Nb$b[$5b(g)k.O-d l 5 - y
Gv

-

cme. fe.qpg+3 og ~. Y- tiet

'8dbEhNE[4

t i1
0.020-inch

b
.i

GRAIN SIZE ASTM 4-6
INCLUSION DENSITY-ASTM TYPE C THIN **

,,

E
wSHAFT AXIS

e
?

LU "o
0.004-inch

or

Fi gure 3.3-36. Longitudinal View of Specimen A1A-1 S
Y
C
e

. _ . _ - - -



W Otk& Wilcom ROD:84: 5183-06:01 Page 3-140* "'U"more comp,ay
.

I
s..g ggy sn g;

rc:maa %;;:::
. -.. < n.se ex-

pi'.y"Ep v@k. f ' a.%, "

'm%ysy,;s
.

' f .s ;

it - sc. _ sy ; , ,n . *

, 4;r w4 . , - .y;
..

,%. g
.,e ,x e. . , A

(4 - 'kb[WF y,p
2

b-$5;;

a@pzg' %.-
.* .,

; 2., g

Mb'Yh*Q .r.
th. ; ;& $4 jqp Q Gyh d@ h : a s!?ih

; <e,m
m. . .w. %

,.

r. > c

. ,
. . , .

wA,,. v.
v .. .

: s: ?g |
.

^ b . .. -*

- y'';j; d .I
y

W+
.

-

., [ ''j m.[ v

Mx c ':;
g

s- !!
"

t@9%94 |z ; y.y.1
.

f

1+=. g
E-

-

i%g%p%R - ;;fpk l -u xw.s t-
-

.

;e. ro,v,9 "f " g, . ,
- $

g
. ~e W j >, . A, 4 r - ME& ~~ t YL

L _ g p'< q riwe7
|

. ,s . -
I

r u. .
' -

@g- .o. w.. , QL.
.. . . ,

. .- b f" q;!. j, qr %

Th *'I,' '

' f, *k, t;'93 Q- ,]- ;je ^^

NTV Jg');]y ,.? cn

W.+ a-
, "u

-

gn '

, c -
-. *.

_ , ,
'-

, ' * ?*Q .

A .. 4 ,
5),J %'

.

'

N, g-~. =

,
p.

-MYM% , msay - b. ,
o cA e. r :s

wf er M aa y.
~ o

p& s..$. yd .; LA.2 _

3 B, <

.
5 ty E

W i %m; g
shgp 3: 8 h

? a t-w s.e z%2
- ,y

5 yPggh. .g E
5;- -y 3

{rf- ,
s-

pg tr. g-

;4 f. E
1_% ..

"
._ I

I
--



_ _ _ _ _ _ _

.

Babcock &WHCox
RDD:84: 5183-06:01 Page 3-141a McDermott comparty

x._. t,: .
m)+,M*1M ~.H, h+-)

=

\ ;yf;* :.

.%p s - ux. i n. .., ,s ; m ;rmn- s s e--

; @g .w. , p4..
.. ,

h =_ b,- .

p-1-%|:gM"h)-%
f }

. .an 3 . r.*

/. ' f c c:, . . W vyg
-1..? g it v* '(u,;

z.x| S'Y4 ff~ a s h , '[[(9'-'.**y** ;,1
.. 3, ~ y +o .vs.uqc.t. -,. v

$ !I Y

u.sw+'.I
e. w =

. d tr* . . .ps ;
f'O::g)m.':-n 9 , V ; 11 - <c

b
a,w'?,1# .pv a', 6 p ?SQ..ea
:Q, f 'm .MY5 ; N ' P |

,

- i 'w.. r ce,

W{U,, w?<iM> ; . w sfh WEj' f |Y, *[y

.p~ p.g,A 1-
W u i. c e

- bN I[ 5%bf' [ +

. ~,:g'*MN |

,ca$ m ;~ .. _ u

r - . ..k !%_.

*:= V2 sU, m%-yst,j:'
- w u

Y ; o
Ta-% s . 4n,,; -y ,,

e=9 r - # ~5 N ,) ,'dfk -

p*.** M+9..b. %/ e ***p-9 #

y9 j ? a we

f ' $ yCCADl 94*g . . . a

_
>

h % -? pA .
,,; (lk[ -

3 #c
Tve - %*. - * y

- > g.
Mg- 4 C

Q**s % g!
- ., i -x. Me' ,,, -

4<%s u., . - a m,c>#,v =- y a
'QR ? y 9, h * 'sQWjf $

f@d k 'p a!h*~q)k ,E
%

,,,,,

h_
' ' -g b' , ty eng> - z

*
r C

. .s.%.w.,i f ., w .Q f"T,::.
#* 2 O

e> .J,,

W e Ja.~ ? . F;M,s 3
.

n. *x ;.~ e,

Q% w. m'- s ** xx.m

) I Cd,

N.**m,rm.. , . . w* U s. N- N- |
~. s t mU

E
. I ;'- **MFgM,.

.M;,7ya*=> * fe t
k D/ "E M

pfD4 o w :w., hj :/ js Mt
'

i. r$jQ f+/ .. . i Wn;.m.dW!|sC 3g|
.

A.t.s m. 4 ** *= Q A.,.c-
- o
e L- p

r g a
y"4 * W

-4
a 33[=. w gta

f
.

5'e - -a di
.

rQ c ;1#. f [w-fk. h LS.
u?n}<D.
p J *

.L %-p%h e 'qQ4b %b.
yV.1p5g 4M m;Y, *,.:.-q
E YE[ ;in'U p' & 5{~~

& c W.7,y$- R: .

.a J ..m:..
t* g, ;; ',, , V ,,

g +s.-- % -#*7,)o~ ray' k,f ,

p , h' .y ,.,~.[,'H 4fd ' .''*VA- Jv pa ,
s n . . x_

U . .' .W . "t e/ : - 9-e - n :.1 (.' ms

* j'' "8- * ^ * NO ;
,E % *; ,

3 t- *a- g _..s eO j..- '

- m5
O *ff ?% - % ,.A * * T s., , p9 4 ..A

~

g

.kh ~ % *. '%A' p A \ ' ?. Z w
. . i ; s. M,M pw ... p- r. s! .6 %*** N;< $ i .. 4!!! .' ; 6 ;w .,yp4#wprn --

p g 3 ;3Cv h ' fly
' WW.%.w-9

U %,.,50
<>

,,.g J /.eg(4~ ~
54N5dI Ekah*k()o

-

_ _ ______



.E
e-n g
Oa
OMBy.OSHAFT AXIS

n
O

: DIRECTION OF OUTER SURFACE ''

. -

.w.h Q(
.T }. } , 't, [t|[8 ,c[.] R.} );{ . (. ;j},f?|y{ ' f ~'

*' l:_' {]C ' .if '(f( *,, F ,|'_ jh?.Q ?
" , y". !'' - Q , ''. ')

* ' ''
.

J,l ^ $| k|..f ~'.f, )Im
5 . , -| ii s . .,1- p . ''

..
-'* -

-* 4. i ..y y e..y.,- , *b. ., -i a # e
, , , ,

[ ' ' f ,", *f /@%[#J- TR ANSGH Afd>L AR f R CTURE f 'M. t TI 5

. j . 1[' ch.; . f . . .4{f'f',{ f.". h ,'ij|1 $~g , s''p .'-
8

'
- -)

'', ". '' ;, . p

> y,, 4 N,J.'{ h / - , Jjf,
p

n; /. 1 .r.., , - 3.g . ej j.y
*

s
- +.

fI . - ,J ! ,

,

g. ' .,; ?.'

|"A g . . g y, t r . f-- fc 4 . . ,( ,

${ L ,;,Y',') QY. f
*; gy,

- ~ v :. . ,% 1e , - ., .

Qh'd N $jf I! t'; N c

-y J R % y Q'|;h.'y f f |:Q:&,5;f,.9% h ! h g$'* Q'f Qqih]
,h %f&; g:

Q V }' j$r i %
.k (., W,4 - r h(. ' h. y. ' f( YN)

' ' '

' 'i L
- ; :p,"S ,k]i g4.1- c ..,I, ~ . ' ''

.1L, w? }~ Gs . .. | , Dh j 4 .. ~: !R ? L '

-

if f }1'!j
'

.f- % ||, ( = , , . d
' W) 4-J "3) # * gr . . - v , , .J

' - > -
. * f-j t - v, , } .;, -. Oc , '- 11 :g- sJW. . ' .

" ''

'TJ
, ,c, v. - .. ?

h j ~||i:,L,,.h'j,o3 .
>

4.q$ {y ,
.

.?!');g jf 0)N i'f.i ' '|l &pd * 4 :eQ:. '$ ~ c
; I. ' ' ' w

.

* "' ,|f ?c . -j.i ' ' #'

d "?$ ., ~ ?) .T ;|5
'

.. ,;

. V ;.{ & h' 1 h ,j (:i:-A N k' .b ' ' ' 'n l|'$ h U .'' .' $s,,i(f' .l . . [ ] " '%
| ]*'

s

500 um :33
I i i . e 1 C3

0. 020-i nch ,C2

co
b.,-e., n.

t-Q.t-vf4,.myp.m.j,1
, . ... - 43. -

.

a; . ; ~ v gv 3 v. g . g g,t ., .

4 -L , 1 :Mi # y.,<, 4 / N ~' C . 1 '22i 5
((,,!h;';'*N' .& -n t wr

" -d [ .

f.
>!

'

h
-GRA:N SIZE-ASTM 4 5

T' .
1

N[..y'e"d. c on wh i -? '"W
>.

3

4|M7
N f. INCLUSION DENSITY . ASTM TYPE C HEAVY t rr i r 01f%

1 -" -n i o' -
,

|.<L -Y| y

my, . Q* ;, . w p|' p|.- ' >_
'

.F,..u&|
_ f'*

., . , .

mv-

u

I b,Y;
.

ai,
100 um

I * ''3100 un
I ' ' ' I 0.004-inch T
0.004-inch W

D
G

Figure 3.3-39. Longitudinal View of Specimen A1A-8 Near Shaft Center Y
-
4
N

'

- _ _ _ _ _ _ _ _ .



;em ,
^

SEE BELOW ; n

.

O = 12o
0a

SHAFT AXIS Qg
bW*

. . -
* . -. ; :, ..

e
:: p

.. ' . ' " -j n
*

.> in.- . ,* , , o
-

;t , ?
,*

.J ,.,t t - | ': . * ' |~ '; ', .

+ .! . . .f ' ' - g,

? 3
,

e. , ; , t
f

.' <- h ? ~' e i t. Y $$TRANsan#NULAR FRACTURE',
Iof f. .,

i,. ,g

' *
y. [..' e .:

, . * . : 'r * , , *O,) .

. c
*r - .

. . a. t- + ;
..6 )

- '-
, , , s y,,+4.. ,c, n,

, .,
18 9

,
8 . .9-, s.

. ..t,k ,

,r p I A.'
{f'

8' !.' ~

.f g * e ' 4 . 4 , " .9--
..

, ' ;' 4|-
. .7

.. s
, f.**, 9i, J, pn

.8
<,

L ' g | ,' k - .
,

**'
- e

' ', *4 s , ,
?

.

e. s;

I| ,

!.. .

c i,

'- -L'

, . ,,- js- -
, 's ~,

*-

. , , ; ,;
i.

*e

.

,

1 -s - ' - .s

I I ' " O- * ,'b
'.' y;|

< "-/ t f-
. f.r

k*f
$ HAFT OUTC5. SURFACE --m r. . ,- -, ;-. . s

,
. . -.-4

. .4.. . s. m # . . ,
,

$ , :co m
*

t # -
*

Ie it I,
#

.
, 0.008. inch

:oe' --

_ o,,-
:

h ~. - #* ..
. e = , s

' CRAIN SIZE-ASTM 4 5 00
, , . INCLUSION DENSITY-ASTM TYPE C THIN Jany . ,. .

. , .. . .,
-- +- ,

f. , n.

. sL 3
* ' -- ~

<<3a
, .. co,- - - . - w.

*g E h- m.,/
'

e

7 ,, . _ . . . . ..

o-
.. .

4 ' '~' ': W
.

,

. s .. -

Q .i
..

.

> . -
- ..

..f p g
' .'**4B Q. ,

-

.-. ,

50 um g,* i
I e e a e 1 ( g

*J.002-inch *

o
os

Figure 3.3-40. Longitudinal View of Specimen BIAL-1-5 at Crack Origin g
u>
I
ea
b
G>

|

1



I
Babcock &Wilcox RDD:84: 5183-06:01 Page 3-144

a McDermott com,pany

J'G. min [. .,dj h.'.5 3

. Q
.. s. wa .; ~ ~. s %:. . ,|.L. s}? J.3 u sy-d a c:h::.21bif |

- c

4 6
p. - < ? ~! 7 3
Q f & |,N~[TRANSGRANULAR FRACTURE 3 e,MfQQ]LJ;',~Q7~|"}. . *ff' q. -:p ;y, .. ; .a .

;. ; c
. 4~;..

+k;y.;g; ; a n :. g,.. ;,. 9.q w.; 7 T.. ;
,

:7 : .

y/' w. 4 . . . , , ^ A.m:...!+ 7~oU* 4 O (p./?*4,,_
m .. . ,. . .. ..m..

4 , .. , . . m .ay , .:e 7,.,; K,4 .-

n ,:y y. .;m ;,y G;' *;
s yas

-wh W 3% " <;cQ -: .ji;;tk.-.

e >yT.tp ty - . . e, c 9. - , .e NW
. - 5 y

~ % ; N .,1 ,g. .. . , < .
3; et.c. w-r ^

~. . m , -?~ . y ,y _. f-3. ,~ . .
4

. .

m,:
.&,g; r - .. . ,. ..-. + . ; ... - m . -... . :~'fv e.

.
-. . . .

sr . v,
-Gp>s ?

[.,,.s,'.,. 'g e...'? . y, [. ,, - s L ~ ~g
>)- , s. s e :: Ax; :..ywin<g . .,, ,, .

a f>
.

uwn,. m ,% ~ ; x
~

.fy ;.
.1

.

y- s rp' , , - -,; .. .

. ..

w. . ~ c .. .r.. = . . n a. u ..

I
50 um WdCO,LD WORK*

l ' ' ' *I 6g A [4'! (270.002-inch k; -7

m..- +s ., c ,.
-

. sm.
tw ',e.c,. v|' s. - ; ? a,n

P~ ,- a - &. ~
*

O:yu n. , x y',
a* 4. ~~%*s _ r,s. w

. ..
t- -*s - ,-

. ]g % ,,2 s _ ..-y,
.

3; 7 v-(
, .

C- g, M' .
.

<

, j.4'T. W ;g.'; -7f:% %p C..a
SHAFT AXIS

.t t,
.t' . -, .y .- e - ,..

*. ; f {'q T @ ,
p' - y,"

3 ; E,
._

wq . .:. t w % , ., E
U ;? ? .A NJ Cb=, .&,,MX >_

J ': _.z,~-j\..
e

*h. 9,:y 4, ~ z w.

i;SilAFT N $ U.X [s.f?-,$3
:1

~ ~.. re ..,.

4 OUTER
.e. - A'.

nSURFACEs 4'h' EMU - %
' ' ' N.:fi.

GRAIN SIZE-ASTM 4-3
'$*i...INCLUSION DENSITY-ASTM TYPE C THIN

'

.A. .: ., c rga :A.. % i
x

..

#

; A 4
_ __, = x..
} N . [ M. Ni ;.

>

w
wmaa; u al a

50 um
e i i i1I

0.002-inch

Figure 3.3-41. Longitudinal Views of Specimens B1A1 1-5B-1

I
-_ - - - . -- .. . - -- _



,

.. - __ . . . . _ _ . _ _ . .. _. . .- _ - . - - . _ _ . . -. -.

1
i

!

ock&Mcox RDD:84:5183-06:01 Page 3-145
l 3 MCDermOtt Compar1y
I

1

i

i

\
rl'- -t

| i . -.

1, gi . 'j n. -

,

.fi{.
t

- -

-;[ .
'

| [ :

:
- %~ /* n,l .4 M.5.;f| [; *

.. , -. .

i
.

. , . ,

e ,
', s- ,,

g\o ,9 gji *:
i

i \g-
..

I j' . s'' .; ' . ;'. :s |
' '

Q , J ~.- . ' . . . ]:*'

..

j. w' ,'t .4 flNCLUSION E' ' -'

/;i .
-

t' ). , -7 ,

+
. l 'pg .

: ,

po .
.;. * -g J '

-

i

Q' M
-

.e ).f; .(}pc a;. lS|
;-

, ,.

|
' ' ' ' p9 -.s.,

, v ucb . c
; g '.

- ;vc
.

. ' f. ny- ,

u/ /# .

,

P h;. . ( - - . cf .w% 3fTy. - .. f..

:g; . , .

GRAIN SIZE-ASTM 4-b i

INCLUSION DENSITY-ASTM TYPE C THIN |

|
|E yNe 5's

| T...,

;E TRANSGRANULAR. , , .
,.. FRACTURE 9*

: ?g - ;s
. ~ > > .A

.>- m: .ay y :,_

,
..

. '( \; - j L _M f :.a.}.
_ '. - \ _.' " | * ^

: p ) .. _.s ' . .4,. ,-. x 3 N~..

y {: . ;., S, -
: s

. ).
7 ge r - a; . i , - :;. ;s

| . .- , ..e. g 3: : ,,3.o._, ) k.
', . ..g . j jm .s. ') x7.

.w.- p+3 .;
...\'. 4.4 :. .-

.
.

,

. y , .'- .'J . lNCLUSION ,: . J,
j @,4 O ,;'/

i -

.

J ~

,- -- s .,_
*

n}>[ ^) * '-
|

'

u. .
- . ~

g ~. . .
,

; ;
) %' %-

,

6
a w: . ,c . i . 1 F)-

, , .* t ~ - sf1 e

I ; O. ' g . .['
~l

- .} ;),

.

100 um

ie i i 1 ;

0.004-inch |

Figure 3.3-42. Longitudinal Views of Specimen
B1A1, 1-5A-M Pit Region |

!

!
, - _ - - - - - . - . - . . . . . - . - . . . _ . - _ - _ _ _ - _ _ - - - - _ - - _ - _ - - . .-



I
hdEE"

RDD: 84: 5183-06:01 Page 3-146a McDermott company

3.4 Chemical Analyses

A variety of analytical methods were used in 1ssessing the surface composition
on the fracture, the composition of the corrosion film and the bulk chemistry
of the material. Auger electron spectroscopy was used for the surface
composition of the fracture near the crack tip. Electron microprobe analyses
were performed on the fracture surface, on a cross section of the unopened
crack, and on a polished cross section to examine the composition of the
inclusion population. Bulk chemical analysis was performed on a section of
the shaft in sound metal adjacent to the crack initiation site. Scrapings of
corrosion film from several locations near the failure were analyzed for bulk
composition and for sulphur contents. These analyses were used to determine
if chemical alteration at the fracture or of the bulk material played a role
in the failure process.

I
3.4.1 Auger Electron Spectroscopy Results

Because the EDS analyses performed on the thermal sleeve ID and on the
fracture surface during the fractography examination indicated the presence of

sulphur, it was desired to confirm this with a surface analysis technique and
to determine how deep in the surface film the sulphur existed. These analyses
were performed at the B&W Alliance Research Center (ARC) using a Physical
Electronics Model 545 Auger system. Appendix C conttins a copy of the ARC
report.

I
The examination was performed on section A1B. This section had been cut from
the shaft with the crack unopened and only a thin ligament remaining at one
end. Just prior to insertion into the vacuum chamber of the Auger unit, the
specimen was pulled apart to expose the fracture surfaces.

I
|

I
I

|

_ - __ _ _



. _ _ _ _ _ _ _ _ - _ _ . __

[ " RDD:84: 5183-06:01 Page 3-147a McDermott company

[
Sputter depth profiling was done at four locations, two on the failure area

( and two on the forced fracture as shown in Figure 3.4-1. The concentration in
~

atomic percent of the elements found along with the depths at which they were

{ detected are recorded in Table 6.

.

{ The graph seen in Figure 3.4-2 represents the sputter depth profile of the
major elements to a depth of 5000k taken'at't.ocation A on the surface as
viewed in Figure 3.4-1. The sulphur concentration reaches a maximum of 13[ atomic percent at 400k and then decreases to 3.6 atomic percent at 9500k.
This indicates a film that was significantly enriched in sulphur when compared

h to the sputter depth profile of the forced fracture Area C. The sulphur
concentration was highest at the surface (5.9 atomic percent) in the forced

{ fracture region and decreased slightly at the 100d and 200d levels to 4 atomic
percent.

The sulphur was not expected to sputter completely away. The rea' sons for this
were that the Auger system has a continuous background level of sulphur of'ap-
proximately 1 atomic percent and that the sample was known to have sulphide
inclusions which would be virtually impossible to sputter away. This explains

( the remaining 2 atomic percent sulphur at the 1700k depth of the forced
fracture (Area C) and the 3.6 atomic percent remaining at 95004 on failure

{ area A.

Another characteristic of the film was an enrichment of manganese at the sur-
face and to a depth of 2004. Below 200d, manganese was not detected. The
concentration of manganese was not calculated because of interference from an

iron secondary peak; however, it's presence is noted by a checkmark in the
table. Manganese concentrations are reported in the microprobe data in Table

( 7. The Auger findings also indicate a high level of oxygen in the failure
area.

-

5

[
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In summary, the contamination film appears to be predominantly an oxide (s)
rich in sulphur throughout, with manganese enrichment near the surface.
The metal oxide composition of the film was not determined by Auger analysis
since it is an elemental technique ar.d a multiplicity of met ils were detected.

3.4.2 Microprobe Analyses

Microprobe analyses were performed on the A1B fracture surface opposite that
used for Auger analyses, and on specimen AIC which had been metallographically

polished but not etched.

Based on the results of the Auger analysis on specimen A1B, the following ele-
ments were included in the microprobe analysis: Cr, Mn, Fe, Ni, Nb, S, and 0.

The results of the quantitiative analysis on the A1B fracture surface are
.

given in Table 7. Four randomly chosen locations were analyzed on the surface
away from the forced fracture. The readings were compared to normal base ,
metal on a piece taken adjacent to the Auger sample such that a plane perpen-
aicular to the defect surface was analyzed. Fracture surface readings were
taken, but the surface roughness proved to be too great to achieve good quan-
titiative results. A beam search for sulphur revealed high concentrations in
rough surfaces adjacent to the forced fracture, but again surface roughness
made quantification impossible.

Based on results listed in Table 7, it can be concluded that the entire defect

surface contained sulphur at levels significantly higher than the base metal.
The surface was also enriched in manganese, probably in the form of MnD be-

;

cause oxygen readings showed the surface to be oxidized. Niobium levels were
found to be lower than the base metal levels in three locations and signifi-

cantly higher in the fourth location. This higher level may have been caused
' by a niobium carbide inclusion present at the fracture location being excited. I

1

I'
i

i
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[
Based on oxygen readings, it appears that the oxidized, sulphur-rich surface

( was less than 1-2p thick and the underlying base metal was simultaneously ana-
lyzed due to normal beam penetration. This is substantiated by the results of

{ Auger sputter depth profiling which indicates base material beginning at ap-
proximately 0.5p below the surface.

An SEM photomicrograph of the polished defect cross section can be seen in
Figure 3.4-3. The crack was very tight and microanalysis along this plane
only revealed occasional oxide patches. The white line in Figure 3.4-3a in-
dicates the location of a beam traverse for oxygen while Figure 3.4-3b is the

( associated oxygen profile to illustrate the presence of oxides. No sulphur
enrichment could be detected along the defect line in this sample orientation.

[
Several stringered inclusions were observed in the sample orientation ana-
lyzed. Elemental dot mapping was done on several inclusions for the following
elements: C, N, Ta, S, 0, Mn and Nb, and A1. It was observed that the major-
ity of the inclusions were of the form Nb (C, N). Figure 3.4-4 displays an
SEM photomicrograph and several associated element dot maps of a typical clus-
ter of inclusions seen in the sample. The white ppearing inclusions were

( niobium rich. The carbon and nitrogen maps were abnormally faint, most likely
because material had smeared over during pclishing. The surface was in the

f unetched condition. The grayish inclusion was identified by mapping as Al 0 *23
MnS had precipitated out around this and other observed oxide inclusions.

{
MnS inclusions were also found separately in clusters with oxides and Nb (C,
N) as well as isolated in the matrix. Sulphide inclusions were found much
less frequently than Nb (C, N) inclusions throughout the sample.

3.4.3 Bulk Chemical Analyses

[ A slab of shaft material was removed from the shaft just adjacent to specimen
1-5. This slab was sent to National Spectrographic Laboratory for bulk,

-

[

[
-
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chemical analysis covering all elements in the material specification as well
as a few other elements not specified. The results are listed in Table 8.
The shaft material conforms to ASTM A182-71 Grade F347 chemical requirements.

3.4.4 Deposit Analyses

Scrape samples were supplied by GPU from the thermal sleeve and from the
" flange area" of the pump. A subsequent sample was collected at the LRC from
the inside surface of the thermal sleeve "B" section near the pin.

Emission spectroscopy was performed on the GPU supplied flange area and ther-
mal sleeve scrape samples. The results shown in Table 9 indicate a difference g
in composition betwaen the two samples. The flange area scrapings consisted 5

mainly of Si, Fe, A1, Ca, and Cr. The external sleeve sample was principally
Fe, Cr, Ni and Mn. The thermal sleeve sample was a dry, black powder. The
flange area sample was rather inhomogeneous, consisting of large black sticky
pieces of material, powder and lint-like particles.

The composite flange area sample was placed in an ultrasonic bath with freon
during which the powdery material settled out from the larger pieces. The
large pieces were discarded along with most of the lint-like substances. The
remaining powder material was washed in freon again to remove any traces of
oil or grease. It is expected that the low percentages of elements in this
flange area sample was due to a high carbon content not detectable by emission
spectroscopy.

I
X-ray powder diffraction was also performed on the scrape samples. The ther-

I mal sleeve sample consisted mainly of Fe 0 , with some Ni substitution, and34
Cr 0 The flange area consisted mainly of alpha quartz with some minor a-5 12
mounts of Fe 0 , free carbon, and cristobalite.23

|
1

| Il
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I

Wet chemical techniques were used to analyze for total sulphur concentrations
[ in the flange area sample supplied by GPU and the thermal sleeve sample ob-

tained by B&W. An insufficient quantity of material prevented total sulphur
|

analyses of the GPU supplied thermal sleeve sample. The flange sample was.

I
found to contain 0.156 + 0.016% sulphur and the thermal sleeve scrapingsI < 0.13% sulphur.

3.4.5 Chemical Analyses Discussion

The key chemical analyses results are outlined below:

a. The abnormal presence of sulphur in the surface film on the
fracture surface was confirmed down to a depth between 5000

| and 9500A.

b. Sulphur was observed in the surface deposits removed from the
, thermal sleeve and from the flange area.
!

The flange area sample was rich in silicon and probably carbonc.

and was probably contaminated by extraneous material. , The
thermal sleeve sample was composed of Fe, Cr, Ni and Mn. The
compounds of Fe 0 and Cr 0 were the predominant phases in34 5 12
the thermai sleeve deposits.

I
d. The inclusion population consisted of principally Nb (C, N)

with Al 0 and MnS. The MnS was observed to have existed as23
separate inclusions or precipitated out an Al 0 or other

23
oxides.

I

I
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e. The bulk chemistry of the shaft material was found to be
within ASTM specification limits for type 347 forgect
materials.

The analyses for sulphur confirm the observations made using EDS. The frac-
ture surface contained an abnormal concentration of sulphur. The relatively
high concentration of Mn found in the surface film down to 200A is not well

understood. Higher than expected Mn contents were also observed in the emis-
sion spectroscopy results of the thermal sleeve samples and in the electron
microprobe results from the fracture surface. Two possible explanations are
the dissolution MnS inclusions and the selective oxidation of Mn from the al-
loy matrix.

The presence of MnS inclusions alone or precipitated on oxide inclusions lends
credence to the hypothesis that these inclusions were the sites of the local-

ized pitting at beachmark #15 as demonstrated in reference 22.

While the chemical structure of the sulphur observed in the film analyses is g
not known, its source was most likely from a sulphur species in the reactor a
coolant.

No reportable quantities of chloride were observed in any of the chemical analyses.

I
I

;
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Table 6. Auger Electron Spectroscopy Results; Elemental
Composition (Atomic %) of Fracture Surface As E
A Function of Sputter Depth (Angstroms) .y

i
. j

:, , >

n$.
I

.

4.g
~ MForce Fracture

Failure Area A : Failure Area B t Force Fraciare Area C . ' Area D
Sputter (See Graph #1)
Depth A 0 100 200 400 600 1000 1400 5000 9500i 0 100 200 ,' 0 ,100 200 1700 0 100 200 '

Element .

C 43.7 22.0 15.2 16.2 12.7 10.5 9.4 10.4 12.3 34.1 16.2 11.4 17.1 13.0 12.0 10.2 40.6 25.4f 22.0
' 1.1 1.8' .1.70.9N --- --- --- --- --- ------ --- --- --- --- --- --- --- ---

0 43.3 49.7 51.2 46.4 46.8 44.4 44.1 28.2 18.7 ;43.5 55.6 58.2 41.2 33.0 25.0 3.2 31.0 30.3'24.1 $
s 3.9 9.9 11.0 13.0 11.5 11.0 9.9 5.5 3.6|6.8 8.2 8.2 ; 5.9 4.0 4.0 2.0 . 3.8 3.3 3.0 9

cm
,

0.3 0.1 0.05 ;>--- --- 0.81.1C1
--- --- ------ --- --- --- --- --- --- --- ---

0.1 $Ti --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- ----

/ 3.0 8.0 9.0 19.7 / 5.0 '7.8 81.3 2.1 3.3 4.6 5.3 9.8 12.0Cr --- ------ ---
*

| / / 8--- --- --- --- --- -- - --- gMn / / / ------ --- --- --- --- ---
,

,

Fe 6.2 13.5 15.5 16.9 19.5 23.3 24.8 39.5 47.8 11.5 16.8 18.7 27.5 36.0 43.0 54.7 20.1 29.1 35.0 g
""

Ni 2.9 5.5 5.7 5.4 6.2 6.3 6.5 6.7 5.5 2.2 3.2 3.5 2.6 4.0 5.0 6.6 1.8 3.4 4.4

| 2.0 2.0 2.0 3.4 1.4 1.5 1.7Nb --- --- --- --- --- --- --- --- --- --- --- ---

,

o
Da

%.
w

* Areas shown in Figure 3.4-1. h,
w

1
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Table 7. Composition (Weight %) at Fracture
by Electron Microprobe

1

Elements Random Locations Away From Forced Fracture Base Material

Cr 18.05 17.50 18.39 17.57 18.30

Mn 2.32 2.09 1.95 1.88 1.32

Fe 62.90 57.15 58.08 61.06 68.02

Ni 9.68 8.88 7.56 9.09 10.39

Nb 0.40 0.66 0.42 6.73 1.17

S 0.10 0.35 0.10 0.10 <0.03

0 4.65 8.11 5.60 2.67 <0.50

I
I

I

I
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Table 9. Emission Spectroscopy Results
from GPU Furnished Scrapings

I
F1ange Thermal
Area Sleeve

Compound * Scrapings Scrapings
(Weight %) (Weight %)

Zn0 .50 <.10
Na 0 .29 .252
Cu0 .43 .29
mod .045 .080
V0 <.030 .0692
Cu0 1.9 .25
TiO .74 .112
Sn0 .042 .122
C00 <.030 .054
Zr0 <.030 2.72
Mn0 .13 3.02
Cr 0 1.1 2523
Ni0 .80 8.1 g
Fe 0 12 >25 m23
Pb0 .17 .18
Mg0 .61 <.030
Al 0 5.0 1.723
SiO 16 1.72

*The compounds listed are based on the standards used. The chemical
form of the element in the sample may be different.

I;
I:
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Figure 3.4-1. View of Fracture Surface on Specimen
A1B Which Was Used for Auger Analysis
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[
4. SHAFT FAILURE HYPOTHESIS

E
'

This failure hypothesis was assembled based upon the fractographic data, the
implications of this data on crack initiation and growth, and, to be sure,I some conjecture. It represents the most likely cause of failure.

At some point prior to Unit 1 shutdown, a fatigue crack initi-o

| ated at the pin hole. The cause for the initiation at this

location is certainly related to the stress concentration fac-
tor of the hole; however, other fatigue resistance degrading

,

conditions were found which could have been a factor. These
include fretting, residual stress, and surface finish effects
in and/or near the pin hole,

o At the time of the Unit I shutdown in 1979, the crack level
had advanced to the beachmark #15 (light microscopy). During
the ensuing prolonged shutdown, the tight crack underwent cre-
vice corrosion and pitting started at the crack tip, preferen-
tially nucleating at MnS inclusions which had precipitated on
other oxide inclusions.

When the pump was started again for wet layup conditions, itoI was the only pump running and the primary loop was cold. This
raised the stress intensity range for rotational bending to
its highest possible value. The stress intensity range which
occurred produced nearly constant striation spacing of 0.2p
and eventually a mixed mode fracture. Crack propagation was
relatively fast to the point of final shutdown.

I
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o The introduction of a sulphur species into the primary coolant ,

is not considered to have accelerated the failure of the
shaft. The crack growth rates and the fractography observed
are well within the range of behavior for stainless steel in
sulphur-free water or air environments. The sulphur may have
contributed to increased acidity at the crack tip during peri-
ods of extended shutdown, thereby enhancing the pitting ob- g
served at beachmark #15. E

I

I
I
I
I
I'

I
I
I
I

I
I
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5. CONCLUSIONS.
,

o The pump shaft failed by fatigue from high . cycle rotational bending.

o The failure initiated at one of the thermal sleeve pin holes. InitiationI may have been assisted by residual stress, surface finish effects and/or;

. wear / fretting.
;

. ,

o Well defined beachmarks were present on the fracture surface with the
majority occurring within about 1 inch of the shaft outer surface.

I

o The 1 inch region with the majority of the beach marks contained a dark
red-brown film. No other region of this shaft fracture contained a '

! similar film. This region was bounded by a beachmark which was pitted.
!

This was the only pitted area on the fracture face.

o The fracture was predominantly transgranular with only minor secondary
branches penetrating for lengths of 1-2 grains. From initiation to about
1 inch deep, crystallographic transgranular fatigue fracture was present.
From 1 to 2.5 inches, a fine transgranular structure existed with faint
striations occasionally visible at approximately 0.2p spacing. From 2.5
to 4.5 inches a mixed mode fracture occurred. The fine transgranular
structure was interrupted with small colonies ( 5 to 10 grains) of coarseI cleavage and intergranular separation. This mixed mode structure first
gradually increased in frequency and then decreased and essentially dis-
appeared at the final crack position.

o No intergranular penetrations were observed extending from the pit sur-
faces. Pitting appeared to nucleate at inclusions.

I
I

I
_ . .
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9 Sulphur was found in the fracture surface film. At the crack tip, sul-
phur was present in levels as high as 13 atomic percent before reaching
background levels of 3 percent at 9500d. No chlorine was detected on the
fracture. Bulk chemistry of the shaft was within specification limits.

o While a sulphur species was found on the fracture surface, it is not g
believed to have enhanced fatigue crack growth. The fractography 5

observed and crack growth rates projected from the fractography could be
achieved from fatigue under normal coolant chemistry conditions.

.

I
|

I
I
I

1 I
.

I
I
I
I
I
I
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6. RECOMMENDATIONS

6.1 A correlation between pump operation history and the beachmark location
and fractography should be performed.

6.2 The stress state, stress intensity range, and stress ratio (R) for the
( failure location should be calculated as a function of crack length.

Th'ese should be evaluated against those values predicted from the

[ fractographic observations in this report.

6.3
{ If judged necessary to experimentally verify the effect of sulphur

(suspected lack of effect) on high cycle fatigue, tests should be run on
actual shaft material with comparable surface finishes both with and

[ without sulphur preser.t. The influence of load ratio, R, should also be
studied.

[

C
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APPENDIX A

{ Calculation of Axial Thrust and Bending Stress
at Location 1 on a Type B Pumpshaft.
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SHAFT CONFIGURATION

I
I

COLD OPERATION CALCULATIONS - ONE PUMP

Axial Thrust at 2 = 50,000 lbs, Find Thrust at 1

Mass of Bar Between Journal & Thermal Sleeve

Use 9.2" Dia. as Uniform Dia.

I
A = y (9.2) 66.48 in E=

4 W,

!

I
I

A-2
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E
Vol. = (16.1)(66.48) = 1070.27 in3
Density (using S.S. 0.29 lb/in3)

Mass = (1070.29)(0.29) = 310.4 lbs.
Axial Load at 1 = 50,000-310 = 49690 lbs

Cross section at Location 1-

I A = w (8.75)2 = 60.13 in2

4

Axial Stress at 1 = 49690 = 826 PSI
3ETI

I
Bending Stress at 1 for F = 10,000 lbs (Reference 4)

(10,000)(18.65)(8.75)
a = _liY. = 2 = 2835.66 PSI

I ._L (8.75)4
4 2

HOT OPERATION CALCULATIONS

Axial Load at 2 = 57,000 lb (Reference 4)

Axial Load at 1 = 57,000-310 = 56,690 lbs

Axial Stress at 1 = 56690 = 943 PSI
60.13

Bending Stress at 1 for F = 4750 lbs (Reference 4)

(8.75)
I a = E = 4750(18.65) 2 1347 PSI=

.1, (8.75)4I

4 2

A-3
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; Laboratory Ultrasonic Inspection Details i
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The fact that it was necessary to isolate the crack region from contamination
| prevented the use of an immersion technique, in particular it prevented the

use of an ultrasonic C-scan. Therefore, a contact technique was used with aI 10 MHz .25 inch transducer in conjunction with the USIP-11 field instrument.
The transverse crack covered approximately 95% of the area of the sectioned
shaft. .Some false indications were initially observed due to crack closure

I which allowed complete transmission of sound through the crack. This gave
an erroneous indication of " good" metal within the crack region.

I Further inspections with a much higher signal amplitude allowed a reflectad
signal to be observed in the regions of crack closure. Therefore, the
window of good metal was readily mapped out by simultaneously observing the
signal from the crack and the end of the sample. This procedure was repeatedI for both ends of the pump shaft and the agreement was 100% concerning the
location of the window. Also, the entire procedure was repeated several times
in order to increase the confidence level of the measurement technique.
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INTRODUCTION
,

- Samples of 347 SS pump shaft material were sent to ARC for microanalysis
of a failed surface for its chemical composition and bulk material inclusion

3 analysis. The original failed surface section from which the samples were
removed can be seen in Figure 1. The samples were taken in the area away from

the notch beyond the fatigue striations just beyond ~the view in Figure 1.

SEM/EDX analysis was performed on similar samples at LRC which indicated

high levels of sulfur on the surface. The result is potentialb/ significant so
. that qualitative surface analysis and sputter depth profiling by Scanning Auger i

Microanalysis (SAM) was requested along with Quantitative Electron Microprobe
Analysis for those elements detected by SAM. i

!I
i
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Auger ResultsI
| The sample received at ARC was cut from the pump shaft in such a manner

tnat the crack tip was intact. A narrow ligament held the two halves together.

| The failure surface was exposed for Auger analysis by breaking the sample into
hal ves. Auger analyses were done on one half, and microprobe analyses were done
on the other.

Sputter depth profiling was done at four locations, two on the failure
I area and two on the forced fracture. The concentration in atomic % of the

elements found along with the depths at which they were detected are recorded in

( Table 1.

I The graph seen in Figure 2 represents the sputter depth profile of the
' major elements to a depth of 5000A taken at Location A on the surface as viewed

in Figure 3. The sulfur concentration reaches a maximum at 400A (13 atomic %)
f and then decreases to 3.6 atomic % at 9500A. This indicates a film that is

significantly rich in sulfur when compared to the sputter depth profile of the
forced fracture Area C. The sulfur concentration is highest at the surface (5.9

I atomic %) in the forced fracture region and has decreased slightly at the 100A
and 200A levels to 4 atomic %.

The sulfur was not expected to sputter completely away. The reasons for
this are that the Auger system has a continuous background level of sulfur of
approximately 1 atomic % and that the sample is known to have sulfide inclusions

which would be virtually impossible to sputter away. This explains the remaining

I 2 atomic % sulfur at the 1700A depth of the forced fracture (Area C) and the 3.6
atomic % remaining at 9500A on failure area A.

Another characteristic of the film is an enrichment of manganese at the
surface and to a depth of 200A. Below 200A, manganese is not detected. The
concentration of manganese was not calculated because of interference from an

I
I
I
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f ron secondary peak; however, it's presence is noted by a checkmark in the table.
Manganese concentrations are reported in the microprobe data in Table 2. The

Auger findings also indicate a high level of oxygen in the failure area.

In summary, the contamination film appears to be predominantly an oxide (s)

rich in sulfur throughout and with manganese enrichment near the surface.

The metal oxide composition of the film cannot be determined by Auger
analysis because it is an elemental technique and a multiplicity of metals were
detected.

Microprobe Analysis of the Failed Surface

Based on the results of the Auger analysis, the following elements were
included in the microprobe analysis: Cr, Mn, Fe, Ni, Nb, S, and O. The piece

which was analyzed is the mating surface to the Auger sample (see Figure 3). The
results of the quantitative analysis are given in Table 2. Four randomly chosen

locations were analyzed on the surface away from the forced fracture. The
readings were compared to normal base metal on a piece taken adjacent to the
Auger sample such that a plane perpendicular to the defect surface was analyzed.
Fracture surface readings were taken, but the surface roughness proved to be too
great to achieve good quantitative results. A beam search for sulfur revealed
high sulfur in rough surfaces adjacent to the forced fracture but again surface
roughness made quantification impossible.

Based on Table 2, it can be concluded that the entire defect surface
contains sulfur at levels significantly higher than the base metal. The surface
is also enriched in manganese, probably in the form of MnD because oxygen
readings show the surface to be oxidized. Niobium levels were found to be lower
than the base metal levels in three locations and significantly higher in the
fourth location.

I

I
.
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Based on oxygen readings, it appears that the oxidized, sulfur-rich
surface is less than 1-2um thick and the underlying base metal was simultaneously

L analyzed due to normal beam penetration. This is substantiated by the results of
Auger sputter depth profiling which indicates base material beginning at

[ approximately 0.5pm below the surface.

{ An SEM micrograph of the defect surface prior to opening can be seen in
Figure 4a. The crack is very tight and microanalysis along this plane only
revealed occasional oxide patches. The white line on Figure 4a indicates the
location of a beam traverse for oxygen while Figure 4b is the associated oxygen
profile to illustrate the presence of oxides. No sulfur enrichment could be
detected along the defect line in this sample orientation.

( Inclusion Analysis

{ Several inclusions were seen to be in stringer formations in the sample
orientation analyzed. Because sulfide inclusions may play a part in a proposed
failure mechanism, the inclusions were analyzed to detennine if the inclusions
were sulfides.

Elemental dot mapping was done on several inclusions for the following
elements: C, N, Ta, S, 0, Mn and Nb, and A1. It was observed that the majority

( of the inclusions are of the form Ti (C, N). Figures Sa through Sg display an
SEM micrograph and several associated element maps of a typical cluster of

[ inclusions seen in the sample. The white inclusions are niobium rich. The
carbon and nitrogen maps were abnormally faint, most likely because material had

{ smeared over during polishing. The surface is in the unetched condition. The
grayish inclusion can be identified by mapping as Al 0 . Mns has preciptated out23
around this and other observed oxide inclusions and MnS inclusions can also be
found separately in clusters with oxides and Nb (C, N) as well as isolated in the
matrix. Sulfide inclusions were found much less frequently than Nb (C, N),

inclusions throughout the sample.,

-

e

[
-
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DISCUSSION

Identification of sulfide inclusions was desirable because of the
possibility that the band of pits located in Figure 1 has been caused by
corrosive attack of sulfide inclusions. There is evidence in the literature * to
suggest that sulfides are sites for pitting attack. MnS inclusions were
identified in the pump material. It has been found* that in the case of pitting
at MnS sites, both the inclusion and metal are attacked while for FeS sites, the
metal is attacked but the inclusion is not. Work done at LRC indicates no

remaining material in the pits seen in Figure 1 which is consistent with the
attack of MnS inclusions specifically. It has also been observed * that the most
susceptible sites for pit formation are complex MnS-Al 0 inclusions. Such23 g
complex inclusions were observed quite frequently in the pump shaft material so a
that a mechanism of pitting attack at either MnS or MnS-Al 0 sites is consistent23
with the inclusion types found in the 347 material.

I
O. .

M. E. Scott T. R. McCue

db

Attachments

I
I
I
I;

*Z. Szklarska-Smialowska, " Influence of Sulfide Inclusions on the Pitting
Corrosion of Steels," Corrosion 1972, Volume 28, No.10, pp. 388-96.

l
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TABLE 1

TMI Pump Shaft AlB
Sputter Depth Profile

Atomic %

Force Fracture
Failure Area A Failure Area B t Force Fracture Area C I Area D

Sputter (See Graph #1)
D:pth A 0 100 200 400 600 1000 1400 5000 9500; O 100 200 ,;O 100 200 1700 0 100 200

Element -

C 43.7 22.0 15.2 16.2 12.7 10.5 9.4 10.4 12.3 34.1 16.2 11.4 17.1 13.0 12.0 10.2 40.6 25.4 22.0,

0.9N 1.1 1.8 1.7--- --- --- --- --- --- --- --- --- --- --- --- --- --- ---

0 43.3 49.7 51.2 46.4 46.8 44.4 44.1 28.2 18.7 43.5 55.6 58.2 41.2 33.0 25.0 3.2 31.0 30.3 24.1

S 3.9 9.9 11.0 13.0 11.5 11.0 9.9 5.5 3.6 6.8 8.2 8.2 5.9 4.0 4.0 2.0 3.8 3.3 3.0j 3

C1 --- --- --- --- --- --- --- --- --- 1.1 --- --- 0.8 --- --- --- 0.3 0.1 0.05
Ti 0.1--- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- . - - . ---

; Cr 1.3 2.1 3.3 4.6 5.3 9.8 12.0 / 3.0 8.0 9.0 19.7 / 5.0 7.8--- --- --- ---

j Mn / / / / / |------ --- --- --- --- --- --- --- --- --- --- --- ---

Fe 6.2 13.5 15.5 16.9 19.5 23.3 24.8 39.5 47.8 11.5 16.8 18.7!27.5 36.0 43.0 54.7 20.1 29.1 35.0

3.5|2.6i Ni 2.9 5.5 5.7 5.4 6.2 6.3 6.5 6.7 5.5- 2.2 3.2 4.0 5.0 6.6 1.8 3.4 4.4
| 2.0 2.0 2.0. 3.4 ;1.4 1.5 1.7Nb --- --- --- --- --- --- --- --- -- , --- --- ---
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| TABLE 2
. 337 Defect Surface Compositions

|
Elements Random Locations Away From Forced Fracture Base Material

Cr 18.05 17.50 18.39 17.57 18.30 m

Mn 2.32 2.09 1.95 1.88 1.32

Fe 62.90 57.15 58.08 61.06 68.02

Ni 9.68 8.88 7.56 9.09 10.39

Nb 0.40 0.66 0.42 6.73 1.17

S 0.10 0.35 0.10 0.10 <0.03

0 4.65 8.11 5.60 2.67 <0.50
.
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Figure 4a. SEM Micrograph of the Crack Prior to Opening to Reveal the E|
Surface Seen ih Figure 3. 3|
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