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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 metal lographic 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.
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This report contains the Babcock & Wilcox (BAW) 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 BAW early in April 1984. The work scope on the exami-

nation included:

Visual inspection

Macrophotography

Sectioning

Ultrasonic inspection

Light microscope metallography
Scanning electron microscopy for fractographic features
Energy dispersive x-ray spectroscopy
Electron microprobe analyses

Auger electron spectroscopy

X-ray diffraction of deposits
Emission spectroscopy of deposits
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
near threshold crack growth rates. The initiation site was at one of the two
anti-rcctation pin holes used to position the thermal sleeve. The crack was
driven by the rotationa! bending of the shaft which produced asymmetrir crack

growth, with fastest growth occurring in the direction against shaft rotation.
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Fractography and metallography revealed the rracture 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
1 inch prior to the 1979 shutdown of Unit 1 for refueling. Rapid growth of
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 nperational history with the fatigue fracture
information were not part of this work scope but should be performed.
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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, 1lb, (rcp-1b) 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 shui 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 & 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
the pump at TMI-1 revealed the presence of an extensive circumferential 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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1.2 Reactor Coolant Pump 1-B (RCP-18) Shaft Description

RCP-1B 1s 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-1 pump shaft crack and two other pump shaft failures,
Surry-l2 and Prairie Island Unit-2 (Pl-2)3, are shown. The Surry-1 failure
was opposite the upper thermal barrier labyrinth, just below the radial bear-
ing. The Surry-l shaft had a shrunk-fit thermal sleeve in place near the
crack. Both the PI-2 and TMI-1 failures occurred opposite the lower thermal
barrier labyrinth, Both PI-2 and TMI-1 shafts had shrunk-fit thermal sleeves
over the a <a of cracking. Figure 1.2-3 provides an overall view of the shaft
configuration associated with the Surry-l failure (type A shaft) and the PI-2
and TMI-1 failure (type B shaft.) The type B shaft reflects design changes in
the area of the Surry-l failure. These changes4 include elimination of 1) the
shrunk-on thermal sieeve just below the radial bearing, 2) a groove in the

shaft below the bearing, and 3) anti-rotation pins, lock-welded near the site
of the Surry-1 fai.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 9.1C 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-rotation 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-1 failures would be less than 180°F under steady
state conditions.
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Figure 1.2-1. Schematic of Westinghouse Model
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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 Al182-71 Grade F347 with
additional requirements imposed by Westinghouse. The heat treatment of the
shaft 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 180C°F for 7 hours

(3) heat to 1960°F over a 1 hour period
(4) hold at 1960°F for 2 hours

(5) water quench

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

carbon in the form of niobium carbides and provide a fully annealed micro-

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

kst ultimate tensile strength, 53.5 to 58,0% elongation in 2 inches, and 67.0
N . 5

to 70.5% reduction in area.

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
residual stresses and a notch (kt = 5.3), the material has failed in 5 x 106

: 4
cycles with an axial stress of 7-8 ksi and no mean stress.
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1.4 Shaft Stresse:

A detailed stress analysis of the TMI-1 pump shaft (type B) at the TMI-l
fallure (location 1) is not available to BAW. From references 2, 3 and 4, the
stress state for type A or B shafts at location 1 or 2 are provided in varying
completeness. In reference 2, a general review of the Surry-1 pump shaft
fatlure 1s provided. This failure occurred on a type A shaft at location 2.
in reference 4, a review of the stress state and fatigue margin was provided

Y

for the TMI-1 type B pump shaft at location 2. While the stress analysis per-
formed was for the same shaft and primary coolant loop design, the location
was different from the current failure. Reference 3 provides the stress anal-
a type B shaft at location 1 but for the Westinghouse Pl-2 primary
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
e lTable 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, coe pump running mode produces the highest

stress levels at both steady state and cyclic conditions. This is parti-
ilarly 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

IMI-1 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-1 location

A

| fatlure, the location 2 data for TMI-1 can be utilized or modified slightly,
For location 1, motor torque, cyclic torgque, and rotating radial load should
be approximately the same as that shuwn for TMI-1 location 2. The axial

thrust 1s Increased to a stress of 826 psi during cold operation and 943 psi
b . f
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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 PI-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-1 location
l. [t should be noted that the largest alternating stress from rotational
bending (radial thrust) is larger in TMI-1 than in PI-2,

1.5 Shaft Operational History

Prior to the Unit 2 incident in 1979, RCP 18 had received 2.4 x 107 turns.>
Of these, 4.2 x 105 were in the single pump, cold loop operationa] mode (6
hrs. operation). After the Unit-2 incident, another 1.084 x 108 revolutions
were put on the shaft in the same single pump mode (1472 hours). The pump was
only operated in the single pump, cold loop mode after the Unit-2 incident
(the single pump operation history provided by J. Janiszewski, GPU).
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Table 1. Comparison of Shaft Loads and Stresses* for Pl[-2, TMI-]
and Surry-1 During One Pump - Cold Operation

P1-2 (H)1

TMI-1 (B&W)"

2

Type B Shaft Type B Shaft

Location |

Motor Torque 2880

(31566)

Axial Thrust 1183

rRadi d‘.

Cyclic

.YC ] 1C

Kotatin

*irst

i

by
)Vl, ues
“Values

(71140)

Thrust +1425
(5140)

Torque +16
(180)

Axial Load +5

(297)
g Radial Load 176
(635)
number 1S stress in psi, second number

from reference 3
from reference 4

Location ¢

2904
742
(50000)

+4454
(10000)

+87

285
(635)

In brackets

Surry=-1 (H)1
Type A Shaft
Location 2

is load in Ibs,
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Table 2. Comparison of Shat Loads and Stresses* for
Pl-2 and TMI-1, During Hot Operation

Motor Torque

Axial Thrust

Radial Thrust

Cyclic Torque

Cyclic Axial Load

Rotating Radial Load

Pl-2 (y_)l
Type B Shaft
Location 1

2330
(25546)

928
(55800)

+999
(3605)

+8
(89)

+2
(137)

133
(480)

™I-1 (BaN)?
Type B Shaft
Location 2

2691
846
(57000)

+2130
T4750)

+81

215
(480)

*First number is stress in psi, second number in brackets is load in 1bs.

lValues from reference 3
Values from reference 4
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Table 3. Shaft Loads and Stresses* at Location 1
for Type B Shaft at TMI-1

One Pump-Coid Operation Hot Operation
Motor Torque 2904 2691

Axial Thrust 826 943
(49690) (56690)

Radial Thrust fZ&Bb 0134/
(10000) 3750)

Lyc I1¢ 'Yt)"qu(* +87 +81

yclic Axial Load N/A N/A

Rotating Radial Load 285 215
(635) (480)

*First number 1s stress in psi, second number in brackets is load in 1bs.
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2. WORK SCUPE TASK DESCRIPTION

GPU requested a proposal and cost estimate for performing a failure analysis
on the TI-1 pump shaft in GPUN Inquiry No 1142, Reference 6 responded to
that request. This original BAW proposal was subsequently modified by
references / 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.

Z.1 Receipt, Uocumentation A"g”Y’§EEJAJﬂ§B?SEJQP

0 Radiation survey of shaft and thermal sleev2
0 Jrientation documentation
Fixturing for inspection
Visual inspection of shaft and thermal sleeve (unaided eye and
stereo light microscopy)
Macrophotography of shaft and thermal sleeve in color (35 mm,
Polaroid) and black & white
stereo light microscopy
Ultrasonic inspection
Uimensional characterization of crack path and thermal sleeve
contact area over the crack
Uye penetrant test of uncracked pin hole in shaft

Review of inspection and microsccpy results with GPU

Spec imen RtNWQVdI

0 UDevelop sectioning plan
0 Protect shaft outer surface near crack and fracture surface from
chemical alteration prior to examination

Review sectioning plan with GPU for concurrence
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0 Specimen sectioning and identification
0 Ultrasonic inspection

2.3 Fractography And Metallography

0 Implement surface cleaning technique for fractography

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

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

0 Light metallography for fracture path detail and microstructural
features at:

- a continuous crack path from 0D to crack tip
- initiation site
- unique fracture surfzce features

2.4 Microchemical And Bulk Chemical Analyses

0 Quantitative Auger electron spectroscopy (AES) of fracture surface
films

0 Electron microprobe of
- unopened fracture cross section
- fracture surface after controlled fracture separation
- inclusion population in a polished longitudinal section of the
shaft

0 Bulk chemical analysis of shaft material near initiation site

2.5 Deposit Analyses

0 tmission spectroscopy, x-ray diffraction, and wet chemical analysis
for composition, structure, and sulphur content on GPU scrapings
from
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thermal sleeve

flange
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3. TASK RESULTS

in the following subsections, the task results, discussion, and where appro-

priate, task experimental procedure 1s provided,

.1 Receipt, Documentation And Visual Inspection

J.1.1 General Information

fhe radiation survey of the pump shaft section shown in Figure 3.1-1 indicated
a combined A+ v field of < 1 mR/hr at | ft with a smearable surface contami-
nation of approximately 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 < 1 mR/hr (B+y) at 1 ft, Smearable

contamination was high, however, at 50,000 dpm,

Guring this receipt inspection stage, either white cotton gloves or powder
-free latex gloves were employed while handling the specimens. When not under
examination, the shaft and thermal sleeve were covered with a polyethene bag

r ‘)hf""r, "

Pump Shaft Examination

The shaft 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 marki. s on the impeller side of the shaft as seen in Figure 3,1-1,
These marks divided the circular cross section into octants, numbered
-onsecutively in a clockwise direction starting at a pin hole which was

Intersected by the crack,




Babcock & Wilcox RDD:84:5183-06:01 Page 3-2

4 McDermott company

This orientation scheme was retained throughout the examination. GPU per-
sonnel had also indicated, on the impeller side cross section, the extent

of the .rack (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,

Visual examination of the pump shaft 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 occacional reddish-brown
deposits scattered over the cylindrical surface. These reddish-brown deposits
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 darkcr 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



Babcock & Wilcox

3 McDermaott company

RDD:84:5183-06:01 qug 3-3

octants (Figure 3.1-3a-c). The crack shown in Figure 3.1-3 can only be dis-
cerned near the #1-#8 pin hcle (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 a4 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 ‘ruly circumferential but inclined at
about Z-4% on the average from the circumferential direction as seen in Figure
5.1-4, The path traveled axially toward the impeller end as the crack is

followed in a clockwise path viewed from the impeller side,

when followed tc 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
lefined 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 1s 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,

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 1 iich 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,

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,
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Examples of other wear patterns and deposits previously pointed out in Figures
J.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 1t 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 eventuaily
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 3,1-9. Some irregularities in the film pattern can be seen in this
‘iew and appear to be spalling. As indicated earlier, this deposit band
irresponds to the edge of the thermal sleeve seating surface closest to the
motor ¢nd 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
leposit band as shown in Figure 3.1-9c. Additional spalling or cracking of
the adjacent band of deposits can be seen. As the pirn 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.

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

large gouges which were previously shown in Figure 3.1-7b. The

some \.""‘y
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
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

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
that a crack may also have started in that location as well. Visual examina-
tion of the nole 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 0D 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 ~0ol marks 90° to the grooves. In the
bottom of the hole were what appe ~“e the remnant of an initial starter
hole which was mislocated and re igure 3,1-12 shows the internal
features of the holes., Dye pene aof 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 shaft 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,
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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.

Kﬂlti,Ihffmﬁ',UGPXQHQEQHU@ElQP

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
J-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 1In :‘\‘)U"f‘ 5.1'14-

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 wea~ 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-
sfon 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. 1In 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-
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
Jdeposits on the sleeve's ID surface, particularly near the pin. No sulphur
was observed in worn or deposit-free areas. The cut edges of this specimen
also did not show any sulphur to be present.,
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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 thickress 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,

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:

0 The crack extended approximately 227° around the shaft
circumference,

0 The crack path was not purely circumferential but had an axial
component or pitch of about 3/4 inch over the 227°,

0 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,

0 The crack path was fairly linear but changed direction sharply
near its ends, at the pin hole, and at two locations, 3ae on
either side of the pin hole.

0 The crack revealed no surface deformation except at one end
where it went up to the 9.10 inch diameter and changed direc-
tion sharply. Surface deformation was ceen in this area.
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0 Coarse machine marks were present on the 8.75 inch diameter
section compared to the 9.10 inch diameter.

0 No cracking was observed in the 130° pin hole,

0 Bands of red-brown to brown-black corrosion product bordered
the intcrface between the thermal sleeve seat and the shaft,
These bands were seen on the sleeve and the shait.

0 As the crack passed under the thermal sleeve seat, one side of
the crack developed a worn or fretted area. This was particu-
1rly true near the 0° pin hole.

0 A band of worn metal was found around the cracked pin hole and
partially around the uncracked 180° pin hole,

0 Neither the thermal sleeve nor the pins appeared to have any
major amounts of metal removal despite having obvious surface
wear marks,

0 The starter hole for the 180° pin hole appeared to have been
initially mislocated.

0 The wear patterns on the shaft and mating thermal sleeve
matched very well,

0 Sulphur was found in deposits on the ID surface of the thermal

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.

The non-symmetric wear along the crack path under the thermal sleeve and on
the pin hole suggests that permanent deformation, possibly from Lorsion has
occurred leaving une 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 sugg'sts that localized
corrosion was occurring around the circumference of the shaft at this
location,
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Figure 3.1-1. Reduced Magnification View of Pump Shaft
Section Containing Crack at Pin Holie in A;
B Shows Orientation Markings
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Figure 3.1-2. Reduced Magnification Views of Pump Shaft;
RG11ed Down the Page From A to D
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Figure 3.1-2, continuea
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Figure 3.1-3. Enlarged Views of Pin Holes. A, B, and C Shot at Dif-
ferent Angles or Different Illumination at Cracked Pin
Hole. D and E Shot at Uncracked Pin Hole
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Figure 3.1-3, continued
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Figure 3.1-7.

Local Change in Crack Path Direction at
Arrows A in Octant 8, B in Octant 1
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Figure 3.1-9, continued
C. Polisned Wear Area Next to Crack
D. Gray Deposit Area Adjacent to Crack
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Figure 3.1-10. Internal Surface Condition of Cracked Pin Hole
A. General View Showing Crack
B. Enlarged View of Crack
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Figure 3.1-11.
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Shaft Surface Appearance Near Uncracked
Pin Hole. View A Shows Pin Hole. Views
B, C, D, and E Show Coarse Tooling Marks.
Views C and E Show Wear Marks
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Figure 3.1-12. Internal Surface Features
of Uncracked Pin Hole
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Figure 3.1-15. Inside Surface
Thermal Sleeve
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Thickness at Seating Surface, Worn
Recess Depth, Inches (Inches)

014 «256
.014 ‘ +255
013 «255

i 1 i

Thickness at Seating Surface, Unworn
Seating Surface Width, Inches _ (inches)

L-1 = ,770 T-1 = ,257

L-3 = ,767 T-2 254
L-4 = ,76S T-3 = 257

u NN

Overall Length, Inches

L-2 = 5,199

A

Figure 3.1-17. Thermal Sleeve Dimensions
A. "A" Section, B. "B" Section,
C. Pin Diameters
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Figure 3.1-17, continued B
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Figure 3.1-17, continued
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3.2 Sectioning

Using the results of the visual observations and field ultrasonic inspections,
a sectioning scheme was agreed upon by representatives of BaW and GPUN. Fig-
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 ir 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
Bl and B2, with Bl containing the outer diameter (OD) step reduction. After
photography, the entire fracture surface was removed from Piece Bl in sample
BlA. Sample BIA was then subdivided into three smaller specimens labeled
B1A1, BIA2, and B1A3 according to Figure 3.2-3, Notches, to use as reference
points, were placed on one edge of Specimen BlAl every 1/4-inch beginning at
the shaft 0D, Scanning electron microscopy and metallographic specimens were
sectioned from Specimen B1Al 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 Al, A2, and A3. From Specimen Al was sectioned three 1/2-inch wide
strips, AIA, AIB, and AIC., Since the crack extended nearly the entire length
of strip specimen AlA, holes were drilled approximately every 1/4-inch through
which bolts were inserted to hold it together. Metallographic specimens AlA-1
through AIA-8 were then sectioned. Specimens for Auger electron spectroscopy
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(AES) and electron microprobe analysis (EMA) were obtained from the crack tip
region of strip samples AlB and AIC, respectively.

All sectioning described in this section was performed using either a
horizontal or vertical band saw with no lubricant to prevent chemical
contamination of the crack surface. Additional sectioning of specimen B1Al
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,
the method to separate Piece B was dependent upon the location and amount of
intact material present. To precisely determine this, an ultrasonic inspec-
«ion was performed and the intact material was “mapped out" on the impelier
end of the shaft portion., Details of the ultrasonic inspection are described
in the memorandum in Appendix B.

fo 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 sull the halves
apart,
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Figure 3.2-3. Subdivision of Sections Bl and BIlAl
Into Specimens for SEM Examination
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3.3 Fractography And Metallography

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 (AlA-1 to AlA-8), electron microprobe analysis (AlC), and
Auger electron spectroscopy (AlB). Later as a result of fractographic
observations, additional metallographic specimens were taken in section BlAl,
specifically specimen 14-16M taken from subsection 14-16B, 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-
lography on specimens from Piece B was performed in parallel with, but near
the conclusion of the fractographic examination.

The fractographic examination was performed in three stages and will be repor-
ted in that manner, namely: 1) visual and iight 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 surface in the as-received condition and, 3) SEM of the cleaned fracture
surface. The cleaning was required to remove corrosion deposits which masked
fine fractographic detail. Clearing was initially attempted by stripping with
acetate tape, but was only partially effective. Final cleaning was achieved
using an electrolytic ENDOX 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:
Length Scale Working Distance (mm)

001.0 4 vy
»05-3 20.0 13 100 118

Magnificati + . :
N T e Acceleration Negative
5x10° Voltage ID Number
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3.3.1.1 Macro-Examination by Light Microscopy

The two mating sections of Piece B, Bl 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 Bl 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 Bl and its
mirror image on the lower left in 82, 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 Bl fracture surface. The crack growth
pattern was not symmetric about the pin hole. The growth was more rapid in
the counterclockwise direction in the Bl view or against the direction of
shaft rotation. Crack growth which started out in the clockwise (Bl view)
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.

fo 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

fracture. Figures 3.3-2 and -3 show these photomontages. In both figures,

the B view contains an overlay showing the beachmark locaticns as best they

could be interpreted. A total of 29 beachmarks were observed, 15 of them
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 ccrner 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
color variation over the fracture surface. To beachmark #15, the general
color wai 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
nowhere else on the fracture surface., The changes in topography at beachmark
#15 were also quite obvious. Prior to beachmark #15, the fracture surface
appeared rather flat and featureless except for color variations and beach-
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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
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.

tarlier 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 showad 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.

j'q‘}:?A_ﬁfﬂnﬁﬂﬁuﬁQﬁmffﬁﬂUﬂEE[Qﬂugﬂ_gﬂilyifﬁﬁfﬂfﬁd Fracture Surface

As indicated earlier, all SEM and EDS work on the fracture surface was
performed on the BIA 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.
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Each specimen was kept in a separate plastic container. All cutting was per-
formed dry after 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
sulphur (S) at each location examined. No particular trend with position on
the fracture cculd be observed. While the sulphur Ko peak does overlap with
Nb L series lines and there is expected to be 0,80% Nb, the effect of Nb in
this amount could not alone account for the height of the peak at the sulphur
Ko 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
the coarser topography can be seen to occur at beachmark #15 which contains
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 noduies 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.
However, further away from the initiation site at notches 12-13 (about 3 to
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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 Figure

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 intc an A and B section. The A sections (B
section for 1-5) were cleaned in an electrolytic ENDOX solution using the
procedure recommended in reference 9. Prior to cleaning, serification that
this treatment would not alter the fractographic features was made on
as-fractured and air-oxidized censile specimens of type 304 stainless steel.
The ENDOX treatment showed no effect on fractographic features at 10,000X for

Y

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

HCT solution inhibited with 2g/1 of hexamethylene tetramine did show fine

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

fhe ENDOX 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,

3.3.1.4 SEM Examination of the Cleaned Fractography Specimens

Figure 3.3-14 shows the BIA 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
specimen. The path contisued on the left side of the 1-58-2 specimen, par-
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
the specimen edge. As noted earlier, these notches were placed at
approximately 1/4" intervals along the edge of BIlA 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
distunce 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 photomont¢ “es
at regions typifying the general structure or where significant fractographic
changes occurred,
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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
siarting at the shaft 0D 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.

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
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 <eparation 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 tuese views, the plane of fracture can be
seen to change sharply over the first several hundred microns. Secondary
cracks, or intersecting primary cracks from another initiation site, along the
hole edge and along the 0D 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 0D surface. These indications seem to show that
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initiation was occurring at several locations: at the corner, at the shaft 0D
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 exampies of this structure and are
shewn in Figure 3,3-20,

3.3.1.4.2 5P€§]E¥¥L«L:§{1{

The detailed scan for fractographic features started at the shaft 0D 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

part of Figure 3.3-19,

in the upper
Figure 3,3-21 contains the 100X photomontages across
the M-M path in this specimen. In each of these montages, the goneral crack
jrowth 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

th

\at location from a known reference point. In Figure 3,3-21, the distance

along M-M is referred to the shaft 0D surface at reference point "a".

Letters
ire used to

designate the location of photomicrographs showing important

fractographic features. While not all higher magnification views are shown,

lable 5 summarizes the key observations at each of these locations. The

[

following observations were made on this fractographic specimen:

A flat, transgranular, and rather cleavage-like mode of
fracture was present over most of the fracture surface.
Figure J4,3-22 shows several exampies of this fracture mode,
and changes in fractography which occur at beachmarks. At

beachmarks, the crack appeared to re-initiate at many loca-
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tions along the crack arrest line. When the crack front moved
again, the many ;hall crezk 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 1ight 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 fcatures 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 from 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-¢

Figure 3.3-23 shows a low magnification view of this specimen. The
fractographic examination path is again labeled M-M and key beachmarks are
numbered in this view. The small arrowheads show the gereral 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 heachmarks #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 1-58-2 include:
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a. The flat, transgranular, cleavage-like fractography found in

the prior specimen 1-58-1 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.

Between beachmarks #55 and #57 were the large pits found to
paralle! the large beachmark structure in this area. Figure
3.3-24 includes a higher magnification montage of pitting in
this area, The structure inside these pits, which were
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. Higher
magnification examples of the pits in the montage in Figure
3,3-24 ara shown in Figure 3,3-26, Centered at the bottom of
many of these pits appeared to be inclusions or the hole left
by an inclusion. These are shown by arrows in locations B, C,
E, and G in Figure 3,3-26.

The fracture surface beyond the pits had a different topogra-
phy. From the low magnification views in Figure 3,3-24, it
can be seen that smeared ridges and valleys are present which
cre not found on the fracture surface before reaching the
pits, This structure continued into specimen 6-9 where it was
examined in more detail, "

From specimens 1-58-1 and -2, a total of 61 actual or poten-
tial beachmarks were observed, Of these, 55 occurred between
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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
1-58-2,

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 65-9 was composed of the coarse ridge and valley
topography which began at the large pits at beachmark #56. The smearing of
Il 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 reveaied an
intricate transgranular structure which contained fine striations, typically
with about 0.2y 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,

3,3.1.4,5 Specimen 10-13

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
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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 stil!
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
otably, however, was the gradual increase in frequency of islands of a blocky
yr 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:

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.
The faceting appeared to be predominantly intergranular al-
though instances of very flat, planar structures were observed
yccasionally, 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 pianes may have been present within the same

faceted island.
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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 fine
transgranular structure.

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

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 to
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 incraased
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
were seen,

While not documented at high magnification, faint striation-like markings were
occasionally found in the feathery or fine transgranular “sea" surrounding the
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faceted islands. Their appearance and spacing was similar to those previously
shown on specimens 6-9 and 10-13,

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 0.3u.

)

3.3.2 Hy}_tgi‘l A! ‘o.g'"_d})_hz"

The shaft fracture was oriented in the circumferential direction (a plane
normal to the shaft axis). Therefore, longitudinal views (parallel to the
1x15) were used to metallographically examine regions of interest. A 10%
)xalic acid solution was used to electrolytically etch the specimens and

‘eveal the microstructure. Optical metallographs were used to inspect and

photograph all specimens. Regions examined are discussed separately in this

section.,

=R& Lrack :"d_t,r,'\ Mu."}{!\f)) 0gy

The entire crack path was documented by photographing specimens AlA-1 through

A1A

AlA-8 in the as-polished condition at 50X, Specimens AlA-1, -4 and -8 were

etched and photographed at higher magnifications.
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Shown in Figure 3.3-36 are photomicrographs of specimen AlA-1, which contain
the first 0.260-inch of the crack beginning at the outer surface of the pump
shaft., A 0.006-inch offset between the two halves of the specimen was ob-
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 certer
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
surface. Figures 3.3-37, -38 and -39 show micrographs of specimen AlA-4 from
approximately midway along the crack and Specimen AlA-8 from the crack tip
region, which depict these observations.

Propagaticn of the main crack was entirely transgranular, with ar 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,

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
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
density,

3.3,2,2 Crack Initiation Region

The crack initiation region in specimen 1-58-1 adjacent to the thermal sieeve
anti-rotation pin hole was examined using longitudinal views parallel to the
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right side of the hole. Micrograpns 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, Tne "lip" may have been caused by sliding of the crack
surfaces during pump operation. Although not observed using SEM, a burr from
the pin hole drilling may also have caused this piece of metal to protrude in-

to the plane of polish shown in Figure 3,3-40,

wurface 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

.3.1.4,1). These grooves were also observed metallographically as shown in

Figure 3.3-41, A cold-worked layer approximately 0.003-inch deep was observed
1long 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

observed elsewhere in the shaft material.

not

Inclusion density in specimen 1-58-1 was the same as that in Specimen AlA-8,

ACT
ASTM

fype C Thin, while no detectable grain size difference was observed.
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The 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-
gitudinal views. Figure 3.3-42 shows photomicrographs of the pits in specimen
1-5A. The pits were irregularly shaped and penetrated to various depths of
which O,Ull-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 the
remaining inclusion ligament stemming from the pit base. This observation may
be an artifact, but it was observed in more cases than not. Since the
were located at beachmark #15 on the crack surface, this may indicate
inclusions intersected by the crack front provided sites more susceptible

initiation of pitting corrosion.

3o ded q;74C90$f9951_Qfﬁnﬁﬁﬁﬁ119ﬁfﬁﬂnx
bumwQPJVAnﬁ‘Q‘jpg§sion

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

1OW

The fracture initiated at one side of the pin hole and rapidly

enveloped the entire pin hole.

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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The area containing the vast majority of beachmarks was also
the area </ “ighest corrosion deposit, exhibiting a distinct
red-brown coloration.

Crack growth eventualiy became asymmetric with the most rapid
crack growth against the direction of shaft rotation.

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

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 pitiire.

Tie pits were in general not deep (about 0,011 inch max) but
exhibited an etched and faceted appearance on the walls. No
integranular penetrations were observed extending from the pit
walls, Both SEM and light metaliography suggest that the pit-
ting preferentially occurs at locations of inclusion string-
ers.

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

From about 1 inch, starting at the pitted beachmark #15, to
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
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consistently observed. When observed, they are about 0.2y in
spacing. The many fine planes or plateaus of crack growth are
generally elongatad in the direction of crack growth,

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

ture surface contact during continued pump operation.

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 .

Although secondary cracking and patches of intergranular frac-
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.

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).

The inclusion population appeared to increase from the outer
portion of the shaft toward the center.
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A deformed layer of 3 mils existed on the outer surface of the

shaft., This was presumably f.om the machining operations on
the shaft,

3,3,3.2 Failure Mode

The observations summarized above strongly suggest a high cycle-low stress
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 asymmetric fatigue crack growth against the

lirection of shaft rotation is a well documented phenomenon when rotational

10 | : .
bending occu. s. Rotational bending creates the dominant alternating load

the pump shaft, The sharp charge in crack direction after a short distance

L

m the initiation site is typical of a change from Stage I to Stage Il

fatigue crack growth.lu The tr2asgranular crystallographic rracture in the

initiation area is typical of Stage I fatigue or crack growth at low stress

11,12

intensity ranges (AK) in austenitic alloys. The fine transgranular frac-

ture with faint striations occasivnally present is also a well-documented
11,12

crack growth mode of austenitic alloys. When this mode is observed, it

15 generally in the early stages of crack growth but just after the transgran-
ular fracture in Stage [ propagation. The mixed mode of fracture observed in
later stages 1s also associated with crack growth at near threshold [(low aK)
conditions, This mixed mode behavior has been observed in type 316 stainless

13,14 15,16 17

steel, and in Ti-6A1-4V"" zt low crack growth rates.

alloy steel
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
itm,”’kﬂdyl, environment, K and kmd! have all been shown to be important fac-

tors in mixed mode crack growth. In summary, the investigative results from

fractography and metallcgraphy of the failed shaft strongly indicate a fatigue

failure,

- \
P s Pt Kl . m
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Review of the availabie data on the PI-2 failure show it to also be attributed
to high cycle fatigue with crack initiation assisted by residual stresses. No
contribution from chemical contamination was alluded to. The TMI-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 1s a stabilized
jrade designed to prevent sensitizatien., Sensitized stainless steels are
well-known for their susceptibility to intergranuler attack and intergranular
SLL 1n 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 common 1y
used austenitic stainless steels. The effect of the presence of ulphur in
the form of the thiosulfate anion has been recently 'eviewedzu 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/m or
v

lower did not cause crack growth. The steady K value for the pump shaft is
estimated to be less than 11 NPﬂin 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 metalloyraphy, frac-
tography, shaft material condition or stress level support a case for SCC.

[t 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 initiated 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 particularly 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-
ish or residual stress effects. Residual stress from the welding operation of
the anti-rotation pins into the thermal sleeve was previouslyz’3 assigned
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
of the wear probably occurred after the crack had grown to a certain si1ze 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 deg-ading factors need to be considered
in the detailed stress analysis for fatigue initiation.
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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 beachmark #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
1s 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
rrd-brown deposits. These were probably composed of mainly F9203 ' HZU' The
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, /1 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 histoury is available to
GPU and can be correlated with the number and location of beachmarks
1dentified 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 no* longer actively growing. This pitting
probably occurred unuer 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 Fe$S

inclucions surrounding Al and C: oxide 1nclu;ions.22

3,3.3.4 Implications of Fractographic Features on Crack Growth Rates

Although a compleie 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 wili 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,
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the transgranular crystallographic fracture mode dominated. This mode of

fracture in type 305 stainless has been associated with crack growth rates of
- 29
. )

: r4 . .
10 " mm/cycle and lower for AK values < 10 MPa\ m. From 1 inch to about 2.5

inches, the 0.2y striation spacing suggests a AK of about 25 MPa /m and a
. v
-

crack growth rate of 10 mm/cycle from the reference 23 data. The occur-

[4

rence of the patches of intergranular and cleavage facets from 2,.5-3.0 inches
] "_i
to final crack position can be related”  to the AK leve! through the correla-

tion with the revers astic zone size Pr where
( : ) |

18
has been shown that the mixed mode faceted structure occurs whoen the

I+

" . e "
reverse plastic zone size 1s

approximately the grain size of the material.
rrom the metallography performed, the grain size lies somewhere between 50 to
The yield strength of the shaft material is approximately 31 ksi (214
grain size bounds, the AK can be calculated to be between

J MPa /m., These values of AK can be taken to be the values at

n the greatest amount of faceting occurs. At AK values higher or lower

than the 9-1 'a /m range, decreasing amounts of faceting will occur. From

reference 3

13, virtually no faceting would be predicted for AK = 25 to 30 MPa

4

Jm, As ¢ lecreases from this range, the percentage of faceted fracture would
Increase to 5-10% of the fracture surface a* about 12 to 20 MPa /m, From

there to &K~5 MPa /m the 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-
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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 HPavﬁi'to 25 MPa /m,

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’ de-
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, AK 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.
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ne latter case's credibility is supported by the heavily smeared fracture
features (negative R) over part of the fracture surfaces, dacreased levels of
smearing at the far extremes of the crack (R becoming less negative anc 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

e : -5
region. If a AK of 9-19 MPav/m is assumed, a microscopic growth rate of 10

to 107" mm/cycle would be predicted from reference 23 data. The macroscopic
growth rate may be considerably less because of difficulties in keeping the
crack moving through grain, subgrain, and twin boundaries when AK is 1ow.l4 A
tor of J airfference has heen observea between micro- and macroscopic grovth
rates in 316 stainless steel at a AK = 28 MPthn. This difference is expected

10 increase at lower AK,

in summary, the fractographic data suggests that from about 1 to 2.5 inches,
-4 : ,
the crack growth rate was <lU ~ mm/cycle; and from 2.5 to 4.5 inches, the

n=0 p .
jrowth rate was <10 ° to <10 ~ mm/cycle. From these growth rates a straight

crack path of 3.5 inches could be traversed in about 148 hours at 1180 RPM

-4 ) =6 , :
shaft speed (10 ~ mm/cycle from 1 to 2.5 inches, 5x10 ~ mm/cycle from 2.5 to

4.5 inches), assuming each cycle produces incremental crack growth and no ad-
iiti.nal cycles are needed to cross microstructural boundaries. As an upper
bounc¢ on ygrowth rate, if 107" mm/cycle is assumed for the entire crack path,
nly 12.6 hours would be needed to propagate the crack to its final position.
As a lower bound on rate, if wxlu’z mm/cycle is assumed for the entire path,
2511 hours would be required. Considering that the actual curved fracture
path would add a fractional increase in total path length and that the macro-
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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FORCED FRACTURE

Figure 3.3-1. Shaft Fracture Surface on Piece "B" Sectioans
A, B: Overall View and Initiation Area on Bl
C, D: Overall View and Initiation Area on B2




Table 4, Beachmark Locations From Color Montage1 &
£
LIGnT LINE NUMBER ON LINE NUMBER ON LEFT RIGHT LIGNT g
MICROSCOPY INITIATION MONTAGE PATH MONTAGE CIRCUMFERENT 1AL LEFT YECTO RIGHT VECTQR CIRCUMFERENT (AL g
BEACHMARK NO. (F IGURE 29) __(FIGuRe 30) INTERCEPT INTERCEPT .n'(iu.t.f'l) +NTERCEPY INTERCERTY 4 .
4SO i ———— e ——— —— -
) 1 B A T i —mmem emewa 0.068 0.286, 3.7%* g !
i 2 2 2 esmss sewmes seees= 0.300 0.%09, 6.67° 2
3 3 s meee- Samw L eema 0.426 0.653, 8.5 3 E
4 4 4 mmmee mmems 0,81 esses —-——— -
. s - 0.572, 7.49° 8388 @ remsa ol cmmms 0 e n
6 6 - 2.671%, 8.84° 0.636 - | eeses
7 7 - o.1N 10,10° 0.89% 2 eeeee 2000000 eewmes @000 essss
8 8 - 0.827, 10.83* 0.737 Pormmpw b0 e - 0 IO e
9 9 s 0.937, 12.27° 0.801 .71 0.9%4, 12.49"°
19 10 s 0.97%, 12.70" 0.83%6 742 0.97%, 12.7%0"
1" 1 - 1.462, 19.,1%* = seee- =_ . e emese 00 | eeeeds
12 12 - 1.543, 20.2%* i Sasme . . mwmes | wwsee
13 13 - 1.65%3, 21.69%° 1.2 2 esees sesms weese
14 14 7 1.68%, 22.07* 1.302 0.884 0.869 f.208, 16.07"
(] 5 8 1.749, 22.96° 1.372 0.9%07 0.8%4 1.370, 17.29*
16 16 ®  meesa 1.476 0.93 0.9% 1.37%, 18,00
17 17 - essee- 1.943 = sesen ecees 1.419, 18.9)°
18 e 1 emeees 1,760 2 meeee 1.02¢ 2 seene g
19 19 0 Emwee L webem T e 1.084 0 eeees (=
20 - I @ wmses . essae L L -
P31 -- 3y mmews  semae 1.812 ———— g
22 -- 14 @200 wmsmes 2 easse 2.162 2 eeesa e
23 - e 2.9 2 seses =
14 - % =@ weewe L weese | Ssews 3.21% =00 eeee- oo
29 - 17 eesas ~mewe L L w
3 - W, . e T e T e TS R R NS &
27 - 19 swase  wemes 0 sewEm . memee s b3y
28 - 20 =0 ewmse  mmeme  cases | swese seses 'é
29 - e 5T ewwee ) e, - Cdeeierl | UL e o T et —
OTES:
All messurements wmado from montages using & planemetar., Distances were divided by photo magnlficetion to obtala true dimensions. “rc angle computd
trom arc length by
- l.!—fi where S = arc length (in),
r = shatt redius = 4.373 In ard @ = subtended engle In deyrees. Beachmerk 1-19 messurod on Flgure 3,3-2 montage; 20-23 on Figure 3.3-) montage
1'”.' number ls arc length (In) from centeriine of pln hole to besachmark l!atercep? at surface; second number Is angle
subtended by the measured arc leagth,
©
’Ol.nn:o from LV, q, , or RY vector orligin to beschamark Intercept. Units are Inchns, z
a 4
S5eme as 2 except arc length messured from crack Initiation ot right slde of hole In montags. P
1
~
~nN




of Fractographic Resuits From SEM
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These bDeschearks ( #4 and #3) are vislible as one
beschmark, #1, on the light alcroscopy coler sontage
Iinltiation}. Striations are very falnt and high.y

Questionabdle. 9% and riliver patterns doalinate.

hmark

chmark

ible Striation Striations very falnt, highly questicashie In “ppea
ance.

Hote |

Note |

Amark Note 1., Seschoark #9 composed of saal
ture Detal Clesvage and river patteras “omlinste.

Note

heeork
Lisavage and river patterans with yery

ture Detal

Striation

Cienvage and river patteras; Beascheark 911

hmarhk
Ture Dats scterlzed by » change to finer river patteras
e short distence.




Table 5, continued

-~
Distence from s
Surtece Reterence Fracture Surtace Strietion 9
Palats, iaches Specimen i Specing, » Comments -
Type e T 7 3
-
-
.
0.2192 1-%8-1 Beschmark PN 18-1717 -- Note ! Q
18-194 - Note 2 g
3
0.297 1-%8~1 Beachas- ”ns 18-117 - Note | -
18-193% -- Note 2 .
0. 306 1-%8-1 Beaschmarhk LAR} 18-178 .= Note 2
0.%16 1-%8-1 Beachuark ”ns 18-178 .- Note |
0.324 1-%8-1 Beachmarh e 18-178 - Note |
18-196 we Note 2
0.324 1-%8~-1 fFracture Devall F 18-178 - Beachmark #16 charecterized by change To & fliner cleav
18-196 - age and river pattern structure over & short dlatance.
0.345 1-58-1 Beachmark 0 18-179 - Note | ©
o
0.346 1-%8 -1 Beachamark e 18-179 .- Note | o
.
(e &)
0.348 1-% -1 Beachasrk He 18-179 - Note | H
..
on
0,348 1-% -1 Fracture Detall 6 18-179,-209%, - Ciesvage and river patterns changing nesr beaschsark —
-206,-207 - "ne. 8
1
0.3%4 1-%8-1 Beachmark 920 18-179 -- BSeachearks 20 and 21 sre the start of the very vislible o
0.3%4¢ 1-58-1 Beachasrk " 18-179 - beachmark #3 on the (ight sicroscopy color sontage 5?*
Fracture Detall ” 18-197,~198 e (initiation) Note 2. o
——
0.370 1-958-) Beachmark 022 18-180 we Beachmark #22 1s In center of #) bescheark oa the
I1ght mlicroscopy color sontage (Inltiation),
0.380 1-9%8-1 Beachaark 02 18-180 -e Beschaark #2353 14 at the end of beachaark #) Ia the
Iight alcroscopy color msontage (Inltiation),
©
o
o
]
w
'
~
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Jistan

Points,

s fFrom
Reference

Inchen

heark

ture Detall

ture Detall

che
ctures Cotall

ture Detall
k

hmerk
haark

ture Detall
hmars
hmark
haark

rure Detall
heark

hmarks

182
99

169,18
277,18

247
278

Note |
Note |

Note |
Note )

hange 'n detai!l of cleavege and river pattern at »
boundary.

Typlcel cleavage and river pattera topography

May be Beachmark #4 on light alcroscopy color montage
(inltiation) Note 2.

sote 1,2, All 3 beschmarks (30, 31, and 32) are withia
0.004 iach,

Note 1,2. Boachmark F46 Is the atart of beaschasrk #9%
In Iight mlcroscopy color montage. This bescheerk, 9 teo
10, has resldusl corroslon, l.e., more adhereat,
coarsesr topography, and sasared metal.
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Table 5, continued

Distance froe

-
Surtasce Retference Fracture Surtece Striation g
Palnts, Inches Specimen Feature Specing, » Comments -
T o R 3
R
Fracture Detall ~ : .
1.013 1-98~1 Beachmark LR 18-249,-202 - Note | ; Beaschmark #47 Is the other end of the broad S !
beschmark #9-410 In the Iight microscopy color soatage g
(Inttiation). The change asppears to consist of golag to > 5
finer frecture detalis. - u
1-58-1 Fracture Detall 0 18-231 ,
t.om 1-%8~-1 Beschmark san 18-283 - Note 1. Beaschmarks very faint on SEN,
1.074 1-38-1 Beachmark " 18-283
1-%68-1 Fracture Detall P 18-254,-25%9, - Beachmarks very falnt; barely vislible as o grosp
~28%,~-286 Just on the Initlaticon slde of beachmark #14 in the
1.24) 1-%8-1 Beachmark 50 - Iight micorscopy color montage (laitiation) Note 2.
1.247-1,248 1-%8-1 Beachaarks %0-35) - Posslible striations In 18-286 but 30 faln? and uausual
1.245 1-%8~1 Beachmark " - looking they are mnot counted.
1.260 1-38-1 Beachmark ”’s 18-25%5% . Start of beacheark 214 In Iight alcroscopy color sonteage
(Inltiation), x
Fracture Detall Q 18-259,18-287 -- Beaschmarks #5356 & #57 comblined ftore beschmark #19 on 8
1.279 1-9%8-) Beachmark 56 - 1ight microscopy color moatage. e
1.280 1-%8-1 Beachmark ”» -- g
e
o
Fracture Detal! R 18-257,18~288 o» Probably corresponds tc beschmark #16 on Iight alcro- ;
1.319 1-%8-1 Beachmark ”s8 e scopy color montage. Change In fractography Is golag to w
o tiner fracture structure, '
s
1.30 1-%8-1 Beachmark " 18-2%7 - Probably corresponds to beachesark #17 on lignt mlcre- ¥
scopy color montage. Change In frectographic from flae S
tu coarser structure.
1.4110 1-%98-1 Boachmark 060 18-260 - Corresponds to starts of bescheark 418 on (ight micro-
scopy color montage (Inlitiation). Start at coarse frac-
ture with adherent corroslon deposit.
o
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Distance froe

Surtface Reterance Frecture Surface
Palints, Spe e Feature
= ) Type Lebe I(¥Photo
1.914 1-9%8 Seachasrk ’e 18-26)
586 6-9-4 Frae Jeatall A 18-084
8-08
1.814 6-9~-) Fracture Detal 8 8 3
' 7 %8
1.916 6-9-4 racture Dets 18-07
17-09)
2.28) 6-9-1 Fracture Detall O 18-06<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>