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I EXECUTIVE SUMMARY

DESCRIPTION OF 2G003 FAILURE

On September 16,1991, during the SONGS 2 cycle 6 refueling outage, Emergency Diesel

| Generator (EDG) 2G003 was started to perform surveillance testing. One hour and 10 minutes
later, the EDG was manually stopped due to erratic operation. An inspection revealed extensive
damage to the left bank camshaft assembly and drive train of the 20 cylinder engine.

ROOT CAUSE

The failure scenario began when the bolts for the camshaft bearing block closest to the left
camshaft gear lost preload and backed out. As a result, the bearing cap lifted and tube oil flow
to the bearings was reduced. The downstream bearings began to seize and severe camshaft
gear assembly vibration led to failure of the camshaft assembly, power packs, and gear train.

The root cause of this event has been attributed to a combination of 5th order torsional
resonance, which was known to exisiin the af ea of the failure, and the presence of short
camshaft bearing block bolts coupled with worn bearing block bolt holes.

CORRECTIVE ACTIONS

Corrective actions included reworking and repairing all EDG damage. The 5th order torsional
resonance problem was corrected by the installation of a previously planned driveline coupling
hub modification, during the Unit 2 cycle 6 refuciing outage, which shifted the resonance away
from the operating speed of the engine. The short bolt problem was corrected by the
installation of correct length bolts, and the wom bolt hole problem was corrected by the
installation of helicoils.

EVALUATION OF OTHER EDGs

This failure scenario woulo not have occurred in the other emergency diesel generators
because the camshaft bearing block bolts were considered to be the correct length and were
verified to be tight, and the bearing block bolt holes were in acceptable condition.

During the cycle 6 refueling outages, a driveline coupling hub modification was also installed in

I the other three EDG's which corrected the 5th order torsional resonance problem by shifting the
torsional resonance away from the operating speed of the engine.

|I
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I DESCRIPTION OF EVENT

At 9:00 pm on September 16,1991, during the SONGS 2 cycle o refucting outage, Emergency
Diesel Generator S22420MG003 (EDG 2G003) was started to perform surveillance testing, The
EDG was loaded at 9:13 pm and ran until 10:10 pm, when it was manually stopped due to

I erratic operation. Just prior to stopping the EDG, the Plant Equipment Operator (PEO)
stationed at the EDG observed that the EDG sounded as if it was being unloaded and that
ampere indication was fluctuating, in the same time frame, a Station Technical Engineer with

I cognizance over the EDGs was in the vicinity of the EDG building and observed white exhaust
coming from the EDG. He immediately entered the EDG building and instructed the PEO to
stop the EDG. The PEO hit the emergency stop button and the EDG rolled to a s'.op with a loud
hammering noise. No abnormal alarms were annunciated before or after the event.

A preliminary inspection of the EDG revealed extensive damage to the left bank camshaft
assembly and drive train on the 20 cylinder engine. The camshaft and camshaft bearing blocks
showed signs of heat buildup and inadequate lubrication, the bearing cap on the camshaft
bearing block c!osest to the camshaft gear was found loose on the top deck, the bolted flange
connection between the rear camshaft and stubshaft was found separated, the camshaft gear
stubshaft support bracket was found detached from the end sheet, and damage was evident to
the camshaft gear drive train. Appendix B provides a detailed discussion of the as-found
condition of the EDG.

I
I
I
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I EMERGENCY DIESEL GENERATOR INFORMATION

I EDG 2G003 consist of a 20 cylinder and a 16 cylinder diesel engire in tandem which drive a
single electrical generator. The engines are 2 cycle and manufactured by the Electro-Motive
Division of General Motors. Figures 1 to 3 illustrate the diesel design.

Camshaft Assembly Confiauration

On the 20 cylinder engine, the right bank contains cylinders 1 through 10 and the left bankI contains cylinders 11 through 20. The crankshaft at the rear of the engine is coupled to the
generator, and the rear of the engine contains the gear train that drives the overhead camshafts
for the left bank and rght bank cylinders. A crankshaft gear drives a number 1 idler gear, which
drives a number 2 idler gear, which drives the left bank camshaft gear, which drives the right
bank camshaft gear.

Each camshaft assembly consist of 2 camshaft segments coupled in the center by a spacer.
The outside ends of the camshaft segments are connected to stubshafts. The rear stubshaft
holds the camshaft gear and a counterweight, while the front stubshaft holds a counterweight.I The camshafts segments are connected to the center spacer and stubshafts by flanges that
contain 4 machine fit dowel bolts each. The 2 camshaft segments, which contain the lobos that
actuate the valves, are supported by a total of 20 bearing blocks, such that, each cylinder has 2

.| bearing blocks that straddle the cylinder. Each bearing block consist of lower pillow block and
an upper cap, and are connected to the engine top dock by 2 bolts,1 inboard and 1 outboard.
The stubshafts are held by stubshaft support brackets which are mounted to the end sheet of
the engine by 2 vertical and 6 horizontal bolts. Each stubchaft has a single bearing surface
which mates with the bearing surface of the support bracket.

I To simplify the discussions in this report, the camshaft segment bearing blocks on the left bank
of the 20 cylinder engine will be referenced as numbers 1 through 20, with number 1 being the
bearing block closest to the left bank camshaft gear.

Enaine Lubricatiqa

The main lube oil pump takes oil from the strainer housing and pumps it into the main lube oil
manifold where it supplies oil to the main crankshaft bearings and connecting rods. Lube oil
exiting the main lube oil manifold enters the gear train at the rear of the engine where it is
channelled up inrough the stubshaft support brackets and into the camshafts via the bracketI bearing. The tube oil travels down the center of the camshafts supplying the camshaft segment
bearings and the front stubshaft bearing. Every other camshaft segment bearing has a rocker
arm lube oilline which supplies tube oil to the rocker arms and lash adjusters.

I
-3-
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I EVIDENCE COLLECTION

Camsha't Bearina Block No.1

The inboard and outboard bolts from the Number 1 Camshaft Beanng Block were found loose

I on the top dock of the EDG indicating that the bolts came out of position during the event. A
Sth order torsional resonance has been known to exist in the 20 cylinder engine, which caused
a detrimental vibratory motion in the gear train and left rear camshaft assembly. This

I-
resonance coupled with normal vibration provided a motive force for the short bolts to lose
preload and back out. Appendix D discusses in detail the 5th order torsional resonance.

_I
The inboard and outboard bolts on bearing block 1 were found to be a nominal 41/2 inches in
length, rather than the 4 5/8 inches specified by the vendor manual. The bearing block bolt
holes were worn due to previous failures and work activities. This resulted in less than normal
thread contact area which cor.tributed to the bolts loosing preload and backing out. AppendixI A briefly discusses the work history of 2G003, and Appendix C discusses in detail the short
bolts and worn bearing block bolt holes. Appendix G discusses in detail the mechanical testing
of bearing block bolts to determine the effect of short bolts.I
On bearing block 1, the threads of the outboard bolt and bolt hd we found iniect andicating
that the outboard bolt must have lost preload and backed completely out under vibration. The
first approximately 5 threads of the inboard bolt were deformed and the first approximately 5
threads of the bolt hole were stripped, indicating that the inboard bolt lost preload, vibrated
partially out, and then was pulled out. Since approximately 61/2 threads is the engagement of

I a short bolt, the bolt had vibrated approximately 1 1/2 threads out,1/16 inch, prior to being
stripped out. The inboard and outboard bolts for bearing block number 1 had polished areas
and wear marks corresponding to the bolts coming loose, backing out, and vibrating in place
for sometime.

The configuration of the camshaft bearing block indicates that, with the outboard bolt backed

I all the way out, a 1/2 thread loosening of the inboard bolt would cause an gap of approximately
1/8 inch on the outboard side of the bearing. Thus, the 1 1/2 thread backing out of the inboard
bolt, with the outboard bolt backed all the way out, provided the low resistance tube oil flow
path which starved the downstream camshaft bearings for oil.

The bearing shells for camshaft bearing block number 1 were found to be free of damage while

I most of the downstream bearings were found to be damaged due to inadequate lubrication.
This indicates that bearing block number 1 was the source of the loss of lubrication for the
downstream bearings.

During the previous weekly run of the EDG, operations and engineering personnellogged a
drop in the operating oil pressure of the EDG from approximately 77 psig to 71 psig, which
appears to correspond to the establishment of the low resistance lube oil flow path when theI number 1 camshaft bearing cap began to lift.

-4-
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I Note, the left rear stubshaft bracket bearing, which is upstream of bearing block number 1, was
found with some damage due to severe camshaft gear vibration and loss of lubrication.

I However, the loss of lubrication damage has been attributed to a loss of lubrication flow after
the bracket detached from the engine case, and the fact the camshaft gear continued to rotate
on the idler gear until the engine was shutdown.

Other Camshaft Bearino Blocks

I Many of the camshaft bearing blocks and rocker arm assemblies downstream of bearing block
number 1 were found to have significant damage due to inadequate lubrication and wear. The
most severe damage was found on the most downstream camshaft bearing block
corresponding to bearing number 20 and cylinder number 11.

The outboard bolt of bearing block 2 was found lying on the top deck while the outboard bolt of
bearing block 3 was found loose but in place. The outboard bolts on bearing blocks numbers 2I and 3 were short bolts. The outboard bolts of both bearing block 2 and 3 were found with
approximately 5 deformed threads and the bolt holes had approximately 5 stripped threadr
indicating the bolts had lost preload and backed partially out, prior to being stripped out. TheI inboard bolts on bearing blocks 2 and 3 were correct length bolts. The inboard bolt on bearing
block 2 was found loose, but not backed out, while the inboard bolt of bearing block 3 was
found tight. The inboard bolt threads and hole threads for both bearing block 2 and 3 were

. basically intact but excessively worn. Thus, it is evident that the correct length inboard bo!!s in
bearing block 2 and 3 held better in the event than the short bolts in the outboard locations of
bearing blocks 2 and 3, and the short bolts in the inboard and outboard locations of bearing
block 1.

Camshaft Flanges

The failure mode of the stubshaft to camshaft flange dowel bolts was ductile tearing due to a
combination of torsional and tensile over!oad.

The carnshaft flange was found with a crescent shaped polished wear mark in the vicinity of a
dowel bolt hole indicating that one dowel bolt failed first and that the flange connection lost

I some rigidity during operation. The failure of the one dowel bolt resulted in increased vibration
in the vicinity of the camshaft to stubshaft flange connection, the stubshaft bracket, and the
camshaft bearing blocks. Appendix E discuster in detail the analysis of the stubshaft flange
failure, and Appendix G discusses in detail the mechanical testing of the dowel bolts.

The dowel bolts were made from AISI 1144 alloy, which is th3 vendors first choice material,
However, an analysis indicated that the dowel bolt alloy contained sulfur stringers / inclusions
which resulted in a significant anisotropic material with very poor mechanical properties in the
transverse direction.

_ The camshaft to stubshaft flange holes were clongated due to the excessive torsional loading.

5,
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I
Camshaft Bracket

The 6 horizontal and 2 vertical bolts which hold the camshaft bracket to the end sheet failed by
reverse bending fatigue followed by overload. Laboratory analysis determined that the bolts
failed by overload after approximately 41,000 fatigue cyc!cs. Since the EDG rotates at 900 rpm
and is subject to 5th torsional resonance,41,000 cycles equates to approximately 9 minutes of
operation. Appendix F discusses in detail the failure analysis of the stubshaft bracket failure.

. The Supervising Cognizant Engineer of the EDG was in the room of the EDG approimately 10 _

minutes prior to the end of the event and the EDG appeared to be operating properly. He left
the EDG room and approximately 10 minutes later he noticed the white exhaust exiting the EDGI building, entered the EDG room and directed the Operator to stopped the engine. Thus, the
approximate 9 minutes that it took for the stubshaft bracket to fail, after the initiation of fatigue
cracks in the bracket bolts, is consistent with the Engineer being in the room 10 minutes beforeI the end of the event with the EDG appearing to operate properly.,

The camshaft stubshaft bracket detached from the end sheet shortly before the camshaft to,

stubshaft flange connection separated due to the evidence of material deformation on the top
of the end sheet, and the absence of flange wear marks which would indicate that the flange
connection failed first.

Other information

The power packs were found damaged due to piston to valve contact.

An inspection of the gear train revealed extensive damage with evidence of gear misalignment r
and broken bolts meshing between the gears. -

I
I
I
I
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I FAILURE SCENARIOS

1 - Failure of the Number 1 Camshaft Bearing Block Bolts (Most Likely)

1) On the number 1 camshaft bearing block on the left bank of the 20 cylinder engine, the
inboard bolt lost preload and vibrated completely out of the threaded portion of its
mating hole, and the inboard bolt lost preload and vibrated partially out of the threaded
portion of its mating hole,

2) The bearing cap on camshaft bearing block number 1 lifted resulting in a low resistance
flow path for camshaft lube oil and the starving of downstream bearing blocks of lube
oil.

3) The camshaft bearing blocks downstream of bearing block number 1 began to heat up,
bum and seize, resulting in excessive vibration and torsional loading of the rearI camshaft to stubshaft flange connection.

4) One of 4 dowel bolts at the rear stubshaft flange connection failed, the flange
connection lost some rigidity, vibration in the area of the camshaft to stubshaft flange
connection increased, and the left rear camshaft gear and stubshaft bracket began to
vibrate excessively.I

5) Fatigue cracks were initiated and began to propagate in the stubshaft bracket bolts.

6) The stubshaft bracket, stubshaft flange connection and camshaft bearing blocks in the
area, were subjected to increasing vibration which lead to increasing degradation.

I 7) Approximately 9 minutes after fatigue cracks initiated in the stubshaft bracket bolts, the
cracks propagated to the extent that the bolts failed due to overload, the stubshaft
bracket detached from the end sheet, and the stubshaft flange connection separated
with the remaining 3 dowel bolts failing due to overload.

8) Ticning was lost to the left and right bank cylinders resulting in a loss of coordination
g between the pistons and valves, and power pack damage. The gear train was damaged
3 due to gear mishlignment and broken bolts meshing between the gears. The

Supervising Engineer with cognizance over the EDG notice white smoke exhausting

I from the EDG, enter the EDG room, observed abnormal operation, and directed the
PEO to shutdown the EDG.

2 - A Failure Of The Left Rear Camshaft To Stubshaft Flange Connection (Less Likelv)

In response to the 2G003 event, an inspection was performed on the 20 cylinder engine of
3G003 to ensure it was not experiencing a problem with camshaft bearing block bolts coming
loose in the vicinity of the left rear camshaft gear. The 3G003 bearing block bolts were found

7
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I tight, bearing block bolts were replaced in the vicinity of the left tear camshaft gear to ensure
they were the correct length, and it was concluded that 3G003 was not experiencing a camshaft
bearing block problem. However, during the inspection; the left rear camshaft to stubshaft
flange connection was found to be degraded. One of 4 dowel bolts was found to be broken
while cracks were found in the other 3 dowel bolts. The root cause of the 3G003 flange

I degradaticn h-'; been attributed to a combination of poor quality 1144 alloy dowel bolting
material couptw with 5th order torsional resonance and normal engine vibration. Appendix I
discusses in detail the 3G003 stubshaft flange connection degradation event.

Since poor quality dowel bolting material was found in the degraded flange connection of
3G003 and the failed stubshaft flange connection of 2G003, and since 2G003 and 3G003 had
similar 5th order torsional resonance problems, a f ailure of the camshaft to stubshaft flangeI connection was considered as a possible initiating event cf the 2G003 failure. However, based
on the following discussion, a failure of the flange connection is not considered the initiating
event.

1) An antNsis of the failed 2G003 dowel bolts indicates that 1 dowel bolt failed first under
shear and the other 3 bolts failed due to a combination of tctsional and tensHe overload.
Since it is apparent that the torsional overload must have been the result of the camshaft
seizing, and inat the tensile overload must have been the result of the flanges separating
when the bracket detached from the end shoot, a failure of the flange connection could
not have been the initiating event.

2) in the 1987 2G003 loose flange connection event and the recent 3G003 degraded flange
connection event, there was no loss of lubrication damage.

3) In the 1987 2G003 loose flange event, an inspection of the flange faces revealed

I excessive fretting. To the contrary, in the 2G003 event, there was no excessive fretting,
only a small wear pattern attributed to 1 bolt failing, prior to complete flange failure.

I 4) If 'ho flange connection s!arted to fail first, the loss of rigidity and increased vibration
should have damaged the bearing surface of bearing block 1. To the contrary, there
was no damage to the bearing surface of bearing block 1.

3 - A Failure Of The Left Rear Camshaft Stubshaft Bracket (L ss Likely)J

1
The failure of the stubshaft bracket was considered as a possible initiating event because of
past failures of the left rear brackets on the 20 cylinders engines of 2G003 and 3G003. The
following arguments were also considered as possible factors supporting a bracket failure,1)
the bracket was redesigned and made stronger transferring stresses to the bracket Lolts whichI were not made stronger as a part of the redesign, and 2) a piece of broken bolt mate,ial which
was meshed through the camshaft gear train displaced the bracket and fracturer. the bracket
bolts. However, based on the following discussion, a failure of the stubshaft bracket was notI the initiating event.

-8-I
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I
1) In October 1989, the left rear stubshaft bracket for 2G003 was replaced with a new

design and stronger bracket approved by the vendor and SCE. Also in the 1988 and
1989 time frame, the new design and stronger brackets were installed in the 2G002,
3G002 and 3G003 EDGs. Since the installation of the new desigrs and stronger
brackets, there has not been a bracket failure at SONGS.

2) The 2G003 stubshaft bracket was inspected and found intact without the cracks or
fractures typical of past failures.

3) In past stubshaft bracket failures at SONGS, there has not been a loss of lubrication
prob!cm. Also, the vendor does not recaillubrication problems with any past bracket
failures at other facilities. However,in the 2G005 ~/ent, there was significant loss of
lubrication damage.

4) It was postulated that perhaps the bracket bolts failed and the bracket separated from
I- the end sheet, and since the camshaft lubrication oilis channelled through the bracket

end sheet interface, the flow path was breached which resulted in the loss of lubrication.
However, the as found condition of the stubshaft bearing end the lack of damage to the
number 1 camshaft bearing block are inconsistent with this postulated scenario.

5) The bracket bolts failed by fatigue followed by overload in approximately 9 minutes,I which does not support a failure of the bracket due to displacement by bolting material
meshing through the gear train, in addition, if this failure mode was true, the camshaft
would have stopped rotating when the bracket detached from the end sheet and the

- stubshaft flange separated from the camshaft flange. Thus, there should not have been
the loss of lubrication damage to camshaft bearings.

6) Stress testing of the new design and stronger brackets after installation in 1989
indicated acceptable stress levels with an adequate factur of safety.

I 7) In the 1981 and 1984 bracket failure events, there were a total of 3 bolt failures
associated with bearing block number 1. In the 1981 event the inboard and outboard
bolts failed and in the 1984 event the inboard bolt failed. in all 3 failures, the bolts

I fractured in the threaded area, in this recent event, the bolts for bearing block number 1
did not fracture.

g As discussed in Appendix G of this report, the failure mode of bo'h correct and short length
g bearing bolts subjected to high icading is to fracture, not to back out or strip out. Thus, it is

reasonable to conclude that, if the bracket failed first, the increased loading of the number 1
bearing block should have resulted in a fracture of the bearing block bolts. Since the number 1

_
bearing block bolt was found to have backed out and stripped out, the bracket did not fail first.t

L
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I 4 Poor Workmanshio Durino Previous Work Activities (Less Likely)

I In June 1991, approximately 3 months prior to the failure, the left bank camshaft gear was
replaced on the 20 cylinder engine of 2G003 to satisfy a 250 hour limit on camshaft gear
operation due to the 5th order torsional resonance problem. During work activities, cardboard

I was installed under a camshaft bearing cap to secure engine timing, a common and vendor
approved practice. In the early stages of the investigation,it was hypothesized that the number
1 bearing block cap may have come loose because either the cardboard was left in place after

I the work activities or that the camshaft bearing block bolts were not properly torquod after work
activities. In addition, a piece of cardboard debris of unknown origin was found in the engine
which appeared to support this potential failure scenario. However, based on the following
discussion, it is concluded that this was not a valid failure scenario.

1) in the camshaft gear replacement MO, there is documented evidence of the removal of
the cardboard and the proper torquing of the camshaft bearing block colts with aI calibrated torque wrench.

2) A machinist present during the camshaft gear replacement activities recalled the
removal of the cardboard and the torquing of the camshaft bearing block bolts.

3) On the left bank of the 20 cylinder engine the number 2 camshaft bearing block would
be the bearing of choice to secure the timing with cardboard due to the attachment of a
rocker arm lube line on the number 1 camshaft bearing cap. Thus, if there was a
problem with leaving the cardboard in place or improper torquing of the bearing block
bolts,it should have shown up on the number 2 bearing block. To the contrary,in the
EDG failure, the number 1 bearing block cap came off.

I 4) Typically, the cardboard used to secure the camshaft is spare part box material. An
analysis of the cardboard debris found on the top deck, as discussed in Appendix H, did
not match microscopically or chemically to a sample of typical cardboard material or a

I. sample of typical gasket material. The analysis was inconciusive about the origin of the
cardboard debris.

I
I

|I
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ROOT CAUSE IDENTIFICATION

I The root cause of the EDG failure is a ccmbination of 5th order torsional resonance, which has
been known to exist in the 20 cylinder engine, and the presence of short camshaft bearing
block bolts in worn bearing b!ock bolt holes.

The procurement and installation of short camshaft bearing block bolts during previous work
activities contributed to this EDG event. Although a reasonable search did not reveal the
procurement trail of the short bolts, the current MKW Power Systems dedication process will
verify that future procurements of bolts are the correct length. Appendix C provides a detailed
discussion of the procurement of bearing block bolts.

During this root cause investigation, it was discovered that the computer based Spare Parts
information System (SP!S) incorrectly specified the length of camshaft bearing block bolts asI being a nominal 41/2 inches in length rather than the 4 5/8 inches specified by the vendor.
Although this error did not contribute to the procurement of the short bolts, Procurement
Engineering has corrected this error.I

I
I
I:

I
I
I
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I EVALUATION OF OTHER SUSCEPTIBLE DIESEL GENERATORS

I The other emergency diesel generators (2G002,3G002, and 3G003) are the same design as
2G003. Based on the following discussions, it is concluded that they will not experience the
same failure as 2G003.

Evaluation Of 2G002 and 3G002

The failure scenario of 2G003 would not occur in 2G002 or 3G002 because the EDGs have not
experienced the same magnitude of 5th order torsional resonance as 2G003. The camshaft
bearing block bolts are considered to be original and of the correct length. The bolts holes
were considered to be in good condition, because they have not experienced a stubshaftI bracket or camshaft failure. In addition, a torque check verified the that the camshaft bearing
block bolts in both the 16 and 20 cylinder engines were tight.

Duiing the Units 2 and 3 cycle 6 refueling outages, a driveline coupling hub modification was
installed which corrected the 5th order torsional resonance by shifting the resonance away from
the operating speed of the engine.

Evaluation Of 3G003

After the 2G003 failure, a torque check verified that the 3G003 camshaft bearing block bolts in
both the 16 and 20 cylinder engine were tight, and the camshaft bearing block bolts on the 4
bearing blocks closest to the camshaft gear on the left bank of the 20 cylinder engine were
replaced to ensure they were the correct length. The bolt holes were considered to be in
acceptable condition because 3G003 had experienced oniy 1 bracket failure in the past. Thus,
although 3G003 has had a similar magnitude 5th order torsional resonance as 2G003, the

I- correct length camshaft bearing block bolts in the vicinity of the camshaft gear coupled with
good condition bolts holes were adequate to prevent a failure similar to 2G003.

I During the Unit 3 cycle 6 refueling outage, a driveline coupling hub modification was installed
hich corrected the 5th order torsional resonance by shifting the resonance away from the

operating speed of the engine. Also, the left rear camshaft segment bearing block bolts for
. bearings 5 through 10 were verified to be the correct length.

I
g

I:
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CORRECTIVE ACTIONS

Comoteted Corrective Actions

Thi 'A order torsional resonance problem was corrected by the installation of a previously
plao , d driveline coupling modification, which shifted the resonance away from the op,a.
speed of the engine,in accordance with NCR 90080184, MO 90062620, and FCN S5539M.

I The short bolts were replaced with correct length bolts, and the worn and stripped bolt holes
were repaired by the instaliation of hehcoils, in accordance with NCR 91090168 and MO
91091835.

The EDG was repaired and reworked to correct all damage, as a part of previously scheduled
overhaul activities, during the Unit 2 cycle 6 refueling outage. The NCRs and MOs which
performed the work are available in the San Onofre Maintenance Management System
(SOMMS) and Corporate Document Management.

Recommendations

During the previous 2G003 weekly surveillance run, the oil pressure of the 20 cylinder engine
was noted to have decreased from approximately 77 psig to 71 psig, which may haveI correspondad to a the partiallifting of the number 1 camshaft bearing block cap. In
discussions with Station Technical and MKW Power Systems representatives, it was decided
that it would be prudent to incorporate guidance into the EDG operating procedures to contact
Station Technical for an evaluation whenever oil pressures deviate from normal. Thus, Station
Technical will be providing Operations with the normally expected operating oil pressures for
each EDG, and Operations will be incorporating the normally expected operating oil pressures
into EDG Operating instructions. The Operating instructions will require notification of the
Station Technical for evaluation, whenever ,il pressure deviates from normal.

.

. - The Maintenance Procedure for overhauling the EDGs does not include a section for working
the EDG camshaft assemblies. Although the corrective actions taken should eliminate future
camshaft assembly failures and associated repair activities, it would be prudent for the overhaul

I procedure to incorporate a section on the disassembly and reassemble of the camshaft
assemblies, including a section on the locking of the camshaft to secure timing during work
activities.

I

I
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10CFR21 REPORT EVALUATICN

The 5th order torsional resonance problem has been known to exist at SONGS and was the
determined to be the root cause of previous stubshaft bracket failures. The NRC was made
aware of the bracket failures by a 10CFR21 repor*. by Morrison Knudson in May of 1988.

The short bolts which were found in the 2G003 EDG do not appear to be originally supplied
bolts and a reasonable search did not reveal the circumstances of their procurement and
installation. In any case, during the investigation,3 short bolts located in bearing blocks 6 and
8 were found to be tight and still capable of performing their design function. The 3 short bolt
holes were located in good condition bolt holes and in an area were 5th order torsional

I resonance has not been a problem. Based on this finding and the results of the mechanical
testing of bearing block bolts,it is apparent that short bolts can perform their design function,
provided they are located in acceptable bolt holes.

The worn bolt holes were a function of past failures and rework activities. Normally, slightly
worn bolt holes would not be a problem, but worn bolt holes coupled with short bolts and a
detrimental 5th order torsional resonance are considered t' be the root cause the 2G003 event.
The worn bolt holes were not a design defect but rather a function of EDG failures and
insufficient rework activities.

| Since the NRC is aware of the torsional resonance problem and this event was evaluated for
reportability as an LER (an LER was not requ red), this failure is not considered to be reportable
under 10CFR21.

I

I;
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I
APPENDlX A

Work History of 2G003

1331 EDG Failure Durina Pre operational Testina

The following problems were found with the left bank rear camshaft assembly on the 20 cylinder
engine. The vertical attachment leg of the stubshaft bracket was broken, 2 of 4 bearing cap
bolts on the bracket were broken, the 2 bolts on the number 1 camshaft bearing block were
broken in the threaded area, and the rocker arm oil line was broken.

At the time, this specific failure had been reported to only have occurred in 2 other EMD 20
cylinder engines, both in stationary commercial service. A final report concluded that this was a
relatively isolated occurrence, that there was no generic issue, and that the EDG should be
repaired and returned to service. A follow-up report by EMD attributed the failure to inadequate
torquing of the bracket bolts which allowed movement of the bracket and eventual failure.
Thus, it was considered a human error problem rather than a design or mechanical problem.
The EDG was repaired and placed in-service.

Reference: CDM Documents C810728G 7 28 81; C8109010 91-81; C810923G 9 23 81.

Nov 1984 EDG Problems Found Durina Planned Maintenance Activities

The following problems were found with the left bank rear camshaft assembly on the 20 cylinder
engine. The stubshaft bracket was broken,2 of 4 bolts were sheared on the stubshaft blacket,
and 1 of 2 bolts was sheared on the number 1 camshaft bearing block.

The preliminary analysis attributed the failure to improper alignment of the stubshaft support
bracket. The EDG was repaired and returned to service.

Reference: NCR 2 888; MO 84072372; MO 84111056; MO 84112456.

I
S_gg 1907, EDG Problems Found Durina The Replacement Of The Stubshaft Bracket With A

Hicher Strenath Bracket

The following problems wor 9 found with the left bank rear camshaft assembly on the 20 cylinder
engine. The flange connection between the camshaft and the stubshaft had loose dowel bolts
and the flange connection between the camshaft and the spacer had a broken dowel bolt. A
crack was found in the removed stubshaft bracket during a subsequent inspection at EMD.

I
A-1
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I The loose dowel bolts at the camshaft to stubshaft connection were attributed to under torquing
and the broken dowel bolt at the camshaft to spacer connection was attributed to over torquing.
EMD stated that they would provide a complete discussion of stubshaft bracket failures with
recommendations under a separate report.

The EDG was repaired and returned to service.

Reference: NCR 2-2082; NCR 2-2119; MO 87081407; MO 87090090; Memorandum for File,
12 26 1989, H. Shutter; EMD Report,1 14 88, C. Cheng.

-

Oct 1989. Bppjgg.d Stubshaft Bracket With New Design

On the left bank rear camshaft assembly on the 20 cylinder engine, a new design bracket was
fitted to the case. Also, the #1 idler gear, #2.Hier gear and left camshaft gear were replacedI due to excessive wear.

Reference: NCR 2 2972; NCR 2 3001; MO 89012553; MO 89101785; MO 89102990.I
Jun 1991. Reolaced The Oam Gear

The left camshah gear was replaced on the 20 cylinder engine to satisfy the vendor imposed
250 hour run limit due to 5th order harmonic vibration.

I Reference: NCR 2 3099; NCR 90080184; MO 90061854.

Seo 1971. EDG Was Manualtv Stopoed Due To Erratic Ooeration Durina A Surveillance Run

The following problems were found with the left bank rear camshaft assembly on the 20 cylinder
engine. There was extensive damage to the complete camshaft assembly and drive train, as
well as other damage.

See this Root Cause Investigation for details.

The EDG was repaired and returned to service.

Reference:I For actions taken on 2G003 see NCR 91090129; NCR 91090168; MO 91091294;
MO 91091835; MO 91091837; MO 91091977; MO 91101694. For actions taken
on 2G002 and 3G002 see MO 91100917, MO 91110219, MO 91091537, MO
91091650, MO 91100429. For actions taken on 3G003 see Appendix J,3G003I Work History.

A-2I,
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I APPENDIX B
As Found Condition of 20003

This appendix documents the as.found condition of the 20 c*nder engino of 2G003 during
early inspection and during disassembling of the camshaft at c gear train assembly.

As.Found Damage Assenm.lgj

The following is a general damage assessment of the 20 cylinder engine of 2G003.

1) The camshaft, rockor arm assemblics, and camshaft bearing blocks were found with

I varying degrees cf discoloration and damage due to a lack of lubrication and heat
buildup. Boaring block number 1 showed no degradation and bearing block number 20
showed the worst degradetion. The bearing blocks betwoon 1 and 20 showed varying
degrecs of damage, but generally the clocks closest to bearing block 20 showed theI worst damago.

ki The rear camshaft to stubshaft flange connection was found separated with tho 'our gI dowel bolts broken, the camshaft was found bent at the end closest to the camshaft
gear.

3) Camshaft bearing block number 1 was found with the upper cap and 2 bolts lying on the
top deck, and the rockor arm lubo oilline was found broken at both ends and lying on
the top dock. The bearing block was found lifted at the outboard edge with some minor
deformation of the key and key way. Approximately 5 threads of the inboard bolt hole
were found stripped while the threads of the outboard bolt hole were found basically
intact. The iast approximately 5 threads of the inboard bolt were dolormed while the
outboard bolt threads had virtually no deformatior.. The inboard and outboard bolts ~

were found to be slightly shorter than specified by the vendor.

I 4) Camshaft bearing block number 2 was found ir olace, but with the outboard bolt lying
on the top deck and the inboard bolt loose but t. place. The bearing block was found
lifted at the outboard edge with some minor deformation of the key and key way.

I Approximately 5 threads of the outboard bolt hole woro found stripped while the threads
of the inboard bolt hole were found intact. The last approximately 5 threads of the
outboard bolt were deformed while tM inboard bolt threads had no deformation. The

I outboard bolt was found to be shortu than specified by the vendor v hile the inboard
bolt was found to be the correct longth.

5) Camshaft bearing block number 3 was found in place with tiio outboard bolt loose but inI position and the inboard bolt tight. The bearing block was found lifted at the outboard
edge. Approximately 5 threads of the outboard bolt hole were found stripped while the
inboard threads were found basically intact. The last approximately 5 throads of theI outboard bolt were found deformed while the inboard bolt threads had virtually no

B1
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I deformation. The outboard bolt was found to be shorter than specified by tho vendor
while the inbrard bolt was found to be the correct length.

6) The Icft tear stubshaft bracket was found detached from the engino end shoot but with
the camshaft gear still engaged on the number 2 idler gear. The stubshaft flango was
chamforod where it woro against a power pack crab bolt, after the bracket dotached
from the end shoot and the camshaft gear continued to rotato on idler gear . Tho contor
third of the bracket stubshaft bearing surface was found in generally good shapo while
tho outside thirds of the bearing surfaco woro found with Somo damago due to viration
and loss of lubrication. The 2 vertical and 6 horizontal bracket bolts woro found broken.
The end sheet whero the stubshaft bracket bolts to the case was found with deformation
duo to the bracket pounding on the end shoot.

7) The left and right camshaft gears, the number 1 and 2 idler gears, and the crankshaft
gear were found with significant tooth damage due to misalignment, vibration and the
meshing of bolt pieces through the gears.

a 8) The power packs woro found with bent valvo stems and damago duo to the pistons
g colliding with the valves.

9) The turbo charger housing and camshaft gear housing were found with wear damago
duo to the camshaft gear rubbing on the housings during the failure.

I

I
I

B2I

- . .



"
-

; ' WJ ,

k (|_ aN$ ff.W#[f-; .

-

~

.}-

t t
*t.;

I ;

{

k

g.,eg[F'I
., gt1g

7 in: .m.

Figure B.1: Overallview of the left sido and rear end of the 20 cylinder engoe of 20003

g- N

N --*I .
~. u .. -. . _

; eL . .

*

'

^
' . , ,, ,, , , y

) *br W
-

/

>/ J$ s

T'|,W Q%;I y ..-
! ,k f,i j'

. -

s
,

| }f - 5% ,
% **

Figure B.2: Overall view of the left top do:k area of the engme.

pyvp; _ry r ypn yn gy pyg- :w

.s *W .. %:| !$.

khAf ,;[j
N ' Myyp;-

. _ . 4 4

n.,,. - - -

I -- ,'k
er.r

.;.n

.&

'I
I k

I'
Figure B.3. Wew of the rear end of the left tear camshaft segment. Arrow 1 points to the

camshaft beanng surface associated with camshaft bearing block number 1, and
arrow 2 points to the broken dowel bolts at the separated camshaft to stubshaft
flange connection. The good condition of the canishaft bearing surface for beanng

I block number 1 supports the accepted failure scenario, where the initiating event
was the bearing cap conw g loose.
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| Figure B.4: View of the left tsat top deck area in the vicinity of cy.inder number 20. The arrow {M points to bearing cap number 1, shown were it WM found lying on the top deck.
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Figure B.5: View of the rear end of the left tear camshaft segment flange and the stubshaftI flange. The arrow shows the direction in which the stubshaft moved after the
bracket detached from the end sheet and tv ''inge connection was pulled a part.I

! Note, the deformation and discoloraton ' / f < *nd sheet. The chamfered wear
surface on the stubshaft flange was the ress * .r,0 flange rubbing against a crab
bolt, when the camshaft gear and stubshaft Continued to rotate, after the bracket
detached from the engine.
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Figure B.6: View of the rocker arm end of the broken oilline that provided oil from beanng cap
number t to the rocker arm assembly of cylinder nurnber 20. The arrow points to
the fracture surface. The oilline failure was considered a secondary event, as a

I iasult of the bearing cap coming loose. ,
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I Figure B.7: View of the left tear top dock and bearing block number 2. The inboard bearing
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block bolt was found in place and t'ght, and the outboard bolt was found in placei

but backed out a few threads.
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I F6guro B.10: View of the left front top deck area in the vicinity of the stubshaft to camshaft flange
connection, bearing block number 20, and cylinder number 11. Note, the

_

discoloration due to host buildup, the loss of tube cation damage to the rocker arm
rolier8, and the charred matenal sprayed on the top deck. The lack of lubrication
damage was greatest in thi$ brea.
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Figure B.11: View of the bearing surface of bearing block number 1. Note, there is no loss of
lubncation damage, which supports the accepted failure scenano, where the
initsating event was the bearing cap Coming loose,I
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Figure B.11 View of the bearing surf ace of bearing block number 20. Note, the camage due to
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loss of lubrication. The lack of luurication damage was greatest in this area.
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Figure 0.14: Via w of engine block top left deck at the location of camshaft beenng block number
1. Note, approximately 5 threads of the inboard bott hole are stnpped while the
threads of the outboard bolt hole are basically intact. The cond tion of these bolt i

holes supports the accepted failure scenano, where the Wtiating event ts the '

| bearing cap coming loose as a result of the bottsloosing preload. Both the Inboard |

| bolt and outboard bolt were found to be short.
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5 threads of the outboard bolt ho!e are str'pped. The inboatd bot was found to be
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i 3. Note, the threads of the inboard bott hole a:e basically intact While approvnately |'
5 threads of the outboard bolt hole are stripped The inboard bolt was foundio be I

! the correct length while the outboard bott was found to be short.
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Figure D.17: Side view of the ton rear cnd sheet at the location of the stubshaft support bracket
,

Note, the ceformation of metal cause by a hammering of the bracket against the
|end sheet, for a short time, after the bracket detached from the end sheet.
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Figure B.18: Top view of the left rear end sheet at the location of the stubshan support bracket

Note, the deformation of motbl cause by a hammering of the brackot against the

I end sheet, for a short time, after the bracket detacned from the end sheet.
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Figure B.19: Side view of the left rest end sheet. Note, the arrow shows were the camshan gerir
j contacted the camsh6ft gear housing just prior to the bracket detaching trorn the

end sheet, and after the bracket detached from the end theet,
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Figure B.20: View of the left rear stubshaft support bracket. Note, the bracket was not broken as
in previous EDG fattures. The wires are associated with strain gages which were
used during previous testing of the bracket.;
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due to to'sional loading of the !!ange as the camshaft was seizing, and rubbing
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1 Figure B22: View of the lower hatf of the stubshaft support bracket beanng. Note, the damage1
| to the top half of the beanng surface was sinilar to the bottom half of the bearing

The damage has been attr4buted to severe camshaft gear vibration after the
stubsh8ft flange began to fail, and a loss of lubncation damage after the bracketI detached from the end sheet and the camshai gear Continue to rotate on the idler
gea'.
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Figure B.23: View of the teeth of the left rear camshaft gear. The arrow points to damage due to
the meshing of a metal fragment in the gear train Note, there was extenswa
damage to the entire gear train due to gear misalignment and the meshing of metal
fragments.
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Figure B.24: Vieu of a metal fragment that was meshed in the gear train, Note, the fragment has
taken the shape of the gear teeth.
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APPENDIX C
Bearing Block Bolt Discussions

Bolt Toroue Discussion

The vendor specifics 32 ft lbs as the required torque for camshaft bearing block bolts. A review
of work history indicates that the left bank bearing block bolts woro torquod to 32 ft Ibs with a
calibrated torque wrench when the camshaft was last replaced in September 1987. Also,
during camshaft gear replacement activitics in June 1991, the nurnber 2 bearing block, which

I was probably used to secure timing, was retorquod to 32 ft lbs following work activities. Thus,
improper torquing after past work activitics is not an issue in this event.

During the EDG disassembly after the failure, breakaway torques were taken on the right and
left bank camshaft bearing block bolts. Table C.1 lists the breakaway torques for all the left
bank bearing block bolts. All of the bolts, with the exception of the bolts which woro found
loose, backed out, and stripped out, on the first 3 bearing blocks, were found to be tight. TheI average breakaway torque on the left bank bolts was found to be approximately 39 ft-lbs.

The 3 short bolts at bearing block numbers 6 and 8 had breakaway torques of 31 to 38 ft-lbs,
which indicates that properly torquod short bolts in good bolt holes will remain tight during EDG
operation. This conclusion is supported by laboratory testing, as discussed in Appendix G,
which verified that short bolts torquod to 32 ft lbs will remain tight during EDG operation even
with high fatiguo leads.

Ir. reviewing this issue, post event actions included checking all camshaft bearing block bolts

I on all 4 EDGs for tightness, with the exception of the left rear camshaft bearing block bolts on
the 20 cylinder engine of 2G003 which were a part of the failure and replaced during
reassembly, and the camshaft bearing block bolts on the 16 cylinder engine of 2G003. All
camshaft bearing block bolts that were checked were found to be tight. Thus,it is concluded,

that the lois of preload on the left rear camshaft bearing block bolts on the 20 cylinder engine
of 2G003 was unique to the event. Also, there is no need at this time to check the torque of the
camshaft bearing block bolts of the 16 cylinder engine of 2G003. Any significant bolt problems
would have surfaced during the Unit 2 cyclo 6 overhaul activitics and thoto is nothing to indicate
that there is a potential problem.

Short Bolt Discusgi.gn

!I During the investigation, it was identified that some camshaft bearing block bolts on the left
bank of the 20 cylinder engine were shorter than others. Table C.1 lists the locations of the six
short bolts. Based on inspections and bolt markings,it was concluded that all bearing block
bolts on the right bank of the 20 cylinder engine were of the correct length,

i
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I
The Vendor Manual SO23 403-12 302 specifics the use cf 3/8 x 4 5/8 inch 24 TPI bolts for use

I on the camshaft bearing blocks. The actuallength of the nominal 4 5/8 inch bolts in the EDG,
which will be referred to as long bolts in this discussion, were typically found to bo 4 9/16 to 4
5/8 inches. The actuallength of the short bolts in the EDG were found to be approximately 4
7/16 to 415/32 inches. Acceptable tolerances for bolts are given in SAE Standard 429J and
ANSI Standard B18.2.1. In the case of a 4 5/8 inch bolt, the length tolerance is 4 5/8 inches,
minus 0.100 inches, plus 0.060 inches. However, the EMD representative stated that the

I acceptable length of the bolts was 4 5/8 inch, minus 3/32 inches, plus 0.000 inches. Thus, the
4 7/16 to 415/32 inch length of the short bolts is outsido the acceptable 417/32 to 4 5/8 inch
vendor tolerance for camshaft bearing block bolts.

The thread engagement of the shortest acceptable long bolt is approximate!y 13/32 inch or
9.75 threads. Adequate thread engagement is typically considered to be at least 1 nominal bolt

I diameter or 3/8 inchos or 9 bolt threads, thus the shortest acceptabic long bolt with an
engagement of 9.75 threads would be acceptable. This is reasonable considering the loading
of a bearing block bolt. The loading forces on the bearing blocks are the weight of the
camshaft, the downward force of the rocker arms, oil pressure, and vibration. Most of theI loading force is downward and transmitted directly through the lower bearing blocks to the top
deck.

In the case of short bolts, the worst case actuallength was approximately 4 7/16 inches for a
thread engagement of 5/16 inches or 7.5 threads. Also,if you consider the first and last thread
of the bolt connection as being partially ineffective, the effective thread engagement was only
G.5 threads. Thus, short bolts have significantly less engagement that 1 nominal belt diameter
or 9 threads. However, as discussed in the general discussion on bolt torque, short bolts are
capable of being torqued to the required 32 ft Ibs and performing their design function,if the
bolt holes are not worn.

Worn Bolt Holo Discus 31qn

Due to previous EDG failures and work activitics in the area of the left rear camshaft on the 20
cylinder engino of 2G003, the number 1 camshaft bearing block bolt holes became worn
reducing the bolt thread to hole thread interface in reviewing the failure and work history
related to the number 1 bearing block, there have been 2 previous inboard bolt failures and 1
previous outboard bolt failure. In all 3 failures, the bolts fractured in the threaded area, most

I hkcly resulting in somo bolt hole thread damage. Also, the subsequent rework and
maintenance activities would result in further wear to the bolt holes.

I Wom bolt holes can result in poor bolt fit, less bolt to hole thread contact, plastic deformation of
bolt threads, loss thread shear area to resist bolt pullout under tensile load, and transverso
sliding of threads. Normally, slightly worn bolt holcs would not be expected to be a problem.
However,in this case, the worn bolt holes coupled with the short bolts and 5th order torsionalI resonance are the root cause of the 2G003 failure.

C2I
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Camshaft Bearing Block Bolt Markings

The markings on the head of the camshaft bearing block bolts on the 20 cylindor engino of
2G003 provided indication of the extent of the short bolt problem. All bolts had throo tick marks
indicating SAE grade 5 bolting material. The bolts for camshaft bearing blocks associated with
the camshaft segments for cylinders 1 through 15 had a small *trianglo* manufacturer's
identification marking. Sinco a review of work history did not revoal any work to the camshaft
segments for cylinders 1 through 15, bolts with the 'trianglo* marking woro considered to be
original Installation and the correct longth.

An inspection of the bolts associated with the camshaft segment for cylindors 16 through 20
revealed 13 bolts markod with either a * triangle",'CP", or *FM*. Theso bolts woro all found to
have 3 ticks indicating grado 5 and to be of the correct nominallength of 4 5/8 inches. The
remaining 7 bolts had 3 ticks indicating grado 5 but did not have any manufacturor's mark.
These bolts are the 7 bolts which were found to be short and of a nominallongth of 41/2I inchos.

All of the right bank bolts were considered to be original bolts and of the correct length, andI during repair activitics, all the left bank bolts were replaced with the correct length bolts. Thus,
short bolts are no longer a problem in the 20 cylinder engino of 2G003. During the inspection of
the 20 cylinder engine of 3G003, in response to the 2G003 failure, bolts woro found without a
manufactures mark. However, a measurement check of those bolts indicated that they wore
the correct length, indicating that the lack of a manufacturer's mark is not positivo indication of
a short bolt.

2G003. Procurement of Short Bolts

A brief review of supplier history indicates that the EDGs woro manufactured by the Electro-
Motive Division of General Motors. However, since EMD would not supply directly to the
nuclear industry, Stewart & Stevenson was the supplier until 1985 when Western Rogional
Intemational and Cake industries were qualified by SCE OA as suppliers. Subsequently, the
Morrison Knudsen Company became the approved supplier, which is now known as MKW
Power Systerns.

'

in reviewing the short bolt issue, there was no evidence of a warehouse stock of 3/8 x 41/2
inch grado 5 steel bolts which could have been supplied in error by the warehouse for use in
the EDG. Also, the EDGs do not uso 3/8 x 41/2 inch grado 5 bo!ts which climinates the
possibility of a misapplication of EDG bolting during work activities.

I New camshaft bearing block bolts have been procured and installed in the past as a result of
previous failures and work activities. A search was conducted to find out under what
circumstances the short bolts weto installed in the plant. In 1984 and 1985, the Warehouse
received now bolts from Western Regional International under POs 8E2N4036,8E124085, andI 8A095015, with roccipt inspections of RSO 5960-84, RSO-8540 84, and RSO 6202 85,
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I respectively. In 1985, the Warehouse roccived new bolts ftom Mom >un Knucson unJor PO
6H058020 with a acccipt inspection of RSO 1163 88. A revica of these RSOs was inconclusivo

I with r6 ga'd to whether the length of the bolts woro checked during roccipt inspection. No
procu omont trail could be found for the new bolts which woro installed in 1981 after the bracket
failurt,. However, correspondence at tre time indicated that the new bolts woro probably

I procured from EMD through Stewart & Stevenson. An inspection of bolts in current warehouse
stock revealed that the current stock is the correct length. In conclusion, since thero is an
established record of SONGS correctly procuring camshaft bearing block bolts through

I approved suppliers,it is assumed that the short bolts where either supplied by one of tho
approved supplicts in the past, or that the short bolts are an isolated case whero bolts werc

_

procured outsido normal channels in the past.

The SPIS ano MMSM computer based sparo part systems indicato under Material Codo 024-
32326 that the bearing block bolts aro 3/8 x 41/2 inch bolts which is inconsistent with the
vendor manual specification of 3/8 x 4 5/8 inches, A scarch has determined that the error inI specifying the correct length bolts should be attributed to personnel error by watchouso
personnel during an evaluation in 1986 to physically obtain descriptions of parts in the
warehouse. During the evaluation, the evaluator probably measured the bolis designated byI M/C 024 32326 and determined that they were 41/2 inches long, which probably appeared
reasonable to the ovaluator, since the long bolts most likely measured betwoon 4 9/16 and 4
5/8 inches.

I In reviewing this issue, it is clear that the ovaluation process did not adequatcl cross reference/
the vendor rnanualin determining the bolt length. However, the incorrect description of tho

| bolts did not contribute to the procurement of short bolts. The bolts are ordered by part
number and the last 4 documented procurements occurred prior to the SPiS and MMSM data '

crror. A corractive action has been assigned to Procurement Engineering to correct MMSM
and SPIS.

I
I
I
I
I
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I
Tablo C.1

| EDG 2G003,20 Cylinder Engine
Camshaft Bearing Block Bolts Left Bank

Bolt Length (inches) Breakaway Torque (ft lbs) Bolt Engagement (threads)
inboard Dutboard inboard Outboard Inboard Outboard

1 4 7/16* 4 7/16* XX XX 6.5 6.5
_

2 45/8 4 7/16' Loose XX 9.5 6.5

3 45/8 4 7/16* 44 Loose 9.5 6.5

4 45/8 45/8 41 40 9.5 9.5

5 45/8 45/8 44 37 9.5 9.5

6 45/8 4 7/16* 35 38 9.5 6.5

7 45/8 45/8 33 33 9.5 9.5

8 4 7/16* 4 7/16* 31 33 6.5 6.5

9 45/8 45/8 35 33 9.5 9.5

10 45/8 45/8 35 33 9.5 9.5

11 45/8 45/8 41 37 9.5 9.5

12 45/8 45/8 35 41 9.5 9.5

13 45/8 45/8 44 41 9.5 9.5
-

14 45/8 45/8 33 33 9.5 9.5

15 45/8 45/8 48 41 9.5 9.5

16 45/8 45/8 41 38 9.5 9.5

17 45/8 45/8 41 48 9.5 9.5

18 45/8 45/8 44 44 9.5 9.5

19 45/8 45/8 44 44 9.5 9.5

20 45/8 45/8 37 44 9.5 9.5

I
* Denotes location of short bolts

C5
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Notes:

1) The list of bolt lengths reflects the locations where "shor1' and *long" length bolts were

I found. The 4 7/16 inch 'short' bolts are of a nominal 41/2 inches in length, while the 4 i

5/8 inch *long' bolts are of a nominal 4 5/8 inches in length.

I-
The camshaft bearing block bolts are not machined to close tolerances. Typically, the
documented 4 7/16 inch length bolts measured close to 4 7/16 inches, while the
documented 4 5/8 inch bolts measured from 4 9/16 to 4 5/8 inches.

2) These are the as found breakaway torques taken during disassembly of the engine.
'XX' denotes bolts which came out of position during the event and were found lying on
the top deck of the engine.

3) These are average eficctive thread engagements. A typical'short" bolt was considered
to be 4 7/16 inches in length and had an effective thread engagement of 6.5 threads,
while a typical *long* bolt was considered to be 4 9/16 inches in length and have an
effective thread engagement of 9.5 threads.

I

I
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I APPENDlX D
5th Order Torsional Resonance

The 5th order torsional resonance problem has surfaced in a limited number of EMD EDGs in ,

the nuclear and commercialindustry. The following is a brief summary of SONGS EDG failures !

I and root cause assessments which ultimately resulted in the identification and resolution of the
problem at SONGS.

In 1981, the stubshaft bracket of 2G003 failed during pre operational testing. At that
time, the specific failure had been reported only in 2 other EMD 20 cylinder engines,
both in stationary commercial service. The root cause was attributed to inadequate
torquing of the bracket bolts during assembly,

in 1984, the stubshaft bracket of 2G003 was found biokca during planned maintenance
activities. At the time, the root cause was attributed te improper fit up and al:gnment of
the stubshaft bracket to the engine end sheet.

In 1987, the stubshaft to camshaft coupling of 2G003 was found loose during the
installation of a new design and stronger stubshaft bracket, and the stubshaft bracket
was found cracked during subsequent investigation activities. The root cause of the
loose coupling was attributed to inadequate torquing during previous work activities,
and the root cause of the bracket faltere was the subject of a continuing investigation by
EMD.

I In 1988, the stubshaft bracket of 3G003 was found broken during the installation of a
new desig,, and stronger bracket. The failure was attributed to 5th order torsional
resonance which was transmitted from the crankshaft through the gear train to the
bracket, and EMD was continuing to evaluate the nature of the vibration problem.

The installation of the new design and stronger brackets on all 4 EDGs, corrected the bracket

I problem. However, excessive camshaft gear train wear began as a result of the 5th order
torsional resonance. Thus, EMD imposed a 250 hour operating limit en the left bank camshaft
gear.

The 5th order torsional resonance problem at SONGS involves only the 20 cylinder engines of
the 4 tandem EDG sets. Although 5th order torsional resonance failures have only occurred in

I the 20 cylinder engines of 2G003 and 3G003, the 20 cylinder engines of 2G002 and 3G002 also|gg have a smaller 5th order torsional resonance.
|

| 3 Briefly, the 5th order torsional resonance problem is a product of the physical and operating
g characteristics of the EDG sets. The 16 and 20 cylinder engine operate in tandem to drive a

single electrical generator at 900 rpm. For only the 20 cylinder engine, at approximately 944
a rpm, the 5th order engine harmonic excites the flywheel which has a natural frequency of,

g approximately 79Hz. The presence of the flywheel resonance near the 900 rpm operating

i D-1

.
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i

speed of the engine results in undesirable vibratory motion and additional stresses in tho gear
train and left rear camshaft assemDii. To eliminato the vibratory problem, it was decided by the-

vendor and Station Technical to shift the resonanco away from the operating spcod of the
'

engino.

I in the commercialindustry, the use of a high inertia " heavy * flywheel was shown to be an
effectivo solution to the 5th order torsional resonance problem. However at SONGS, the use of<

a heavier flywheel would have been unasceptable bect.use of seismic and 10 second start
requirements. As a result, EMD designed a drivoline cosoling hub modification for SONGS
which changed the stiffness of the drivoline and shifted the 5th order torsional resonance away
from the operating spcod of the engine.

During the Unit 2 cycle 6 refueling outage, the EDG drivelino coupling hub modification was
installed on 2GD03. Based on post installation testing, the coupling hub modification has
shifted the flywheel natural frequency from approximately 79Hz to approximately 89Hz. Thus,I the 5th order torsional resonance which use to occur at approximately 944 rpm is now3 r

expected to occur at around 10cv pm. The couplin[, hub modifications installed on 2G002,i

3G002 and 3G003, during their respectivo cycle 6 outages, corrected their 5th order lorsionalI resonanco problems in a similar fashion.4

I
I

|I
.

iI

'I 1

,I
*

I
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I |
APPENDlX E !

Stubshaft Flange Analysis for 2G003

This appendix discusses the failure analysis of the broken dowel bolts that connect the 10ft roar
camshaft segment flange to the stubshaft flange on the 20 cylinder engine of 2G003.

e,mmg
The roar flango of the left roar camshaft segment was visually exarnined and photographod.
The fracturo surfaces of the portions of 3 dowel bolts found in the camshaft segment flango
woro examined under a binocular microscopo. Only one bolt was selected for scanning,

cloctron microscopo examinction. The fracture surface was documented and x rayed. A
longitudinal microsection was prepared and the microstructure was documented in the as.
pokshed, and the as ciched, conditions.

BM.UJ1!i

Visual Examination:

I Figuro E.1 shows the as found condition of the camshaft flango with 3 broken dowel bolts and 1
missing dowel bolt. For the purposes of this report, the 3 broken bolts were arbitrarily assigned
numbers 1,2 and 3, while the flange location of the missing dowel bolt was assigned number 4.
Bolts 1,2 aro 3, exhibited deformation due to rubbing and a bluish discoloration due to
overheating. Details of the deformation and discoloration are shown in Figures E.2 to E.4. The
portions of the 3 broken bolts found in the flange, and fragments of bolt number 4 which woro
found lying of the top dock, are shown in Figure E.5. All of the bolts c>.hibited a fibrous fracture
appearance.

The sequence of the flango failure appears to have started by a shcar failure of bolt number 4.
As a result, the flango connection lost some rigidity and the flange connection fluttered for a

I short period of time with the remaining 3 bolts experiencing increased levels of cyclical
stresses. Shortly after bolt number 4 failed, the remaining three bolts f ailed in shear, when the
stubshaft bracket detached from the end sheet and the flange was pulled apart. Tho 900 rpm
operating spcod of the camshaft flange resulted in a relatively brief but significant pounding ofI the fracturo ends of the broken bolts that remained in the flango, when the flange connection
was pulled apart. The sequence of the flange failure is supported by the slight crescent shaped

. wear mark on the flange faco in the vicinity of bolt holo number 4, the deformation and bluish
'_ discoloration of the broken dowel bolts, and the elongation of the flange bolt hoics, as shown in

Figures E.1 to E.5.

I
E1

I
.
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I
Fractograpily

Visual macroscopic examination of the fracture faces of the broken bolts indicated a fibrous
fracturo. Typically, the cracks started in the threaoed arca of the bolts in the vicinity of the

I dowel shoulder. The cracks would initiato in the root of a thread, progressed for a short
distance in tho transverse direction, and then progressed in the longitudinal direction toward
the contor of the dowel bolt. The fractures showed a separation of shell type slivors occurring
along the length of the broken dowels due to the prosonco of sulfido stringers and a banded
microstructure. These slivers fractured in a fibrous fashion. The abovo failuro modo was typical
for bolts numbers 1,2 and 4. For bolt number 3. the crack initiated in the threaded area and the
bolt fractured across the threaded area. The hecture surface was obliterated duo to rubbing.

Figurs E.G is a SEM photo of bolt number 4, showing that the crack initiated at the thread root,
propagated a short distance in the traverso direction, ad then propagated in the longitudinalI direction. The fracture faco had a woody fibrous appearance. Figures E.7 and E.8 show under
magnification the fracturo surface illustrating the presence of iron and mangancso sulfido
stringers.

I
EDX analysis indicated that the stringers / inclusions of dowel bolt number 4 were of high
manganese sulfide content in comparison to the carbon steel base material. Traco E.1 shows

_

the EDX analysis of an inclusion and Traco E.2 shows the EDX analysis of the base mater!al,
The height of the mangancso and sulfur peaks on the traces correlates to the chemical
concentration of the 2 olomonts.

The sulfide lhclusicns/ stringers in the dowel bolt material (re sulfurized grado 1144) woro weak
planes on which fractures tended to propagate. With the sulfido inclusions / stringers, the
material became anisotropic with weak mechanical properties in the transverse direction. This
type of material experiences a brittle fracture resulting from a significant reduction in the fracturo
toughness.

I
M.glafloqraphy

A longitudinal microsoction was prepared from dowel bolt number 3 at the location shown in
Figuro E.9. The cross section was examined in the as polished condition and there was not a
significant sulfido inclusion anomaly. At a few locations there were long surface stringers, asI shown in Figure E.10. The microstructure was found to consist of bands of ferrito (white phase)
and pearlite (dark phase), as shown in Figures E.11 and E.12. The light grey paste represents
sulfide inclusions. The banded structure facilitates a fibrous fracture.

I
E2

I
_
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1

= Conclusion

The visual examination of the broken dowel bolts indicated that the cracks started in the,

threaded arca of the bo!ts in the vicinity of the dowel shoulder. Scanning electron microscopy
indicated fibrous fracture associated with longitudinal sulfide inclusions. This observation was

|'g further supported by microstructural examination which indicated the presence of a banded
u microstructure consisting of forrito and pearkte with sulfido stringers. This type of

microstructure creates a significant anisotropic material with very poor m chanical properties in
the transvorso direction. This type of microstructure promotes brittle fracture behavior.
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I Figure E.1: View of the left tear camshaft flange with remnants of the 3 broken dowel botts. The
numbering of the bolts is arbitrary and for discussion purposes only. The arrows
point to the crescent wear mark which indicated bolt number 4 fractured first, Note.
the bluish discoioring and deformation of the broken bolts, and the elongstron of theI flange boit holes,
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Trace E.1: EDX analysis of the inclusion in dowel bolt number 4, as shown in Figures E.7 and| E.8. The height of the clomonts cortolates to the chemical concentration in the,

I matcllal.
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Trace E.2: EDX analysis of the baSo material of dowel bolt number 4, as shown in Figuros E.7I and E.8. The height of the elements correlates to the chemical concentration of the

matorial.
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I
APPENDIX F

Stubshaft Bracket Bolt Analysis for 2G003

This appendix discusses the fracturo analysis performed on the left fear stubshaft bracket bolts
on tho 20 cylindor engine of 2G003. The bracket is attached to the engino end shoot with 8
bolts,2 vertical 1/2 x 4 3/4 inch 20 TPl bolts and 6 horizontal bolts. The upper 3 horizontal
bolts are 1/2 x 1 1/4 inch 20 TPl and the lower 3 horizontci Mlts are 3/8 x 1 inch 24 TPI
bolts. In addition,2 other bolts, which attach the lubrication ..ianifold to the bracket, travel
through the bracket and thread into the end shoot.

Procedure

The bolts woro visually inspected, photographed and macroscopic examined. Since the
fracture surfaces of the bolts indicated similar reverso bonding fatigue fracture conditions, onlyI one bolt out of the 8 was selected for detailed SEM fractography.

Results

Figures F.1 and F.2 show the location and provido descriptivo numbers for the bolts which
attach the stubshaft bracket to the engine end sheet, and Figures F.3 to F.14 show the fractur3
surfaces of the bolts and tho SEM fractograph examination of 1 bolt.

In reviewing the tracture surfaces of the bolts, all the bracket bolts failed under reverse bending
fatiguo conditions. The relative location of the overload zones coupled with the direction of
crack propagation in each individual bolt was indicative of the overailloading and movement of
the bracket. It appears the bracket was reverse loaded in a direction normal to the engine end
shoct and parallel to the line shown in Fipre F.1. The pivot axis of the bracket was a lino that

'

ran in the vicinity of the upper 3 horizontal bolts. The bolts that were located f arthest from the
pivot axis showed the most uneven bending stresses.

The estimated number of fatigue loading cycles was 41,000 cycles. Considering normal engine
operation at 900 rpm and 5th order torsional resonanco vibration loading, the bracket would

I experience 900 x 5, or 4500, loadings per minuto. Thus, it is estimated that catastrophic failure
of the bracket bolts occurred at 41000 divided by 4500, or approximately 9 minutes, after the
bracket bolts startori to f ail.

Conclusion

I The stubsnau bracket bolts failed due to reverse bending fatigue followed by overload under
relatively low stress conditions, and it took approximately 9 minutes for complete bolt failure
after the initiation of the fatiguo cracks.

F-1
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I Figure F.1: Side view of the left rear end shoot at the location of the stubshaft support bracket.

,Noto, bolt hoics numbered 1 5 and 7 are tho location of the pnmary bolts that attach
the bracket, whilo bolt hole number 6, and a bott hole directly below bolt hole
number 6, attach the lubncation o!l manifold to the bracket. Tho small arrows showI the direction of reverse bondrig of the bolts while the long arrow shows the
direction of reverse ioading of the entire bracket. ,
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E Figure F.2: View of the left rear end shoct of the 20 cylindor engine of 2G003, showing the

location of the boM holes for the 2 vertical bolts that attach the bracket to the engine'

end shcot.
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Figure F.3: View of the overall appearance of bott number 3, t astrating the rubbing and
polish:ng of remaining bott inreads.
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Figuro F.4: SEM fractograph of bolt number 3. Illustrating the reverse bending fatiguo fracture.
Thn width of the overload zone witn respect to the overafi cross-section was

I estimated to be 10 percent, indicating the fracture occurred under ro!atively low
stress conditions.
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Figure F.5: SEM fractograph of bott numcer 3,lilustrating the fatigue zone. The arrows contain
fatigue striations, and a rough estimate of the coarso fatiguo striation was 3.7 x 10

,

E4 cycles. Taking into consideration the f ner striations near the ongin area, the
total number of cycles would become 4.1 x 10 E4,
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- Figuro F A View of the fracture surface of bolt number 2. The arrow points to the fatigue
fracture origin The fracture surface was rubbed and damaged which obliterated
cetads of fracture.
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Figure F.9. View of a fracto raph of bo;t number 5, Clustratang reverse bcnding fatigue. The

I overload zone io counced by the dotted Ones and is only skghtly off center, wnich
is indicat've of the reverse load:ng approaching untaxia! conditions.
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- Figure F.10: View of a fractograph of bott number 4, Olustrat,ng reverso bend.ng fatigue. The
overload zone is bounded by the dotted linos. The arrows in the figure point to
tracture os.fns, The overload zone is off center which is indicative of unequal
bonding stresses.I
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I Figure F.11: View of a fractograph of bolt number 7, illustrating reverse bending fatigue. The
overload zone is bounded by the dotted hnes and the overload zone is off contor
which is ind:cative of unequal reverse bending loading.
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Figure F.13: View of the tracture surface of vertical bolt number 9, as shown in Figure F.2, which

was significantly rubbed, but as determined by the mating fracturo surface, theI fracture was indicative of a reverse bend:ng fatiguo condition.
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I
APPENDIX G

Mechanical Testing of
Bearing Bolts and Dowel Bolts for 2G003

I
This section discusses the mechanical testing performed on exeriplar short camshaft bearing
block bolts and camshaft flange dowel bolts. The objective of the testing on the bearing bolts
was to determine the mechanism that caused the short bolts on bearing blocks numbers 1,2
and 3, to lose preload, backout and strip out of the engine block of 2G003. The objective of the
testing of the dowel bolts was to compare the impact strength of the diesel maauf acturers first
choice 1144 carbon steel material verses the second choice 4140 carbon steel material.

Procedure

Camshaft Bearing Bolts

Testing was performed on exemplar bearing bolts to determine the failure mechanism of the
short bolts. The first set of testing involved creating stripped threads of a carbon steel block,
similar in hardness to the engine block, by cross-threading, tensile pull and overtorquing. The
second set of testing involved fatigue testing of a bearing block assembly.

The tested bolts were the same grade and length as the short bolts found in the engine. The
hardness of the of exemplar bolts, the 2G003 short bolts, the 2G003 engine block, and theI exemplar block material, is listed in Table G.1. During the test, the thread engagement of the
short bolts was maintained at 61/2 threads which is consistent with short bolt thread
engagement found in 2G003.

The first set of testing involved a camshaft bearing block assembly, with washers and bolts, and
a machined shaft of the same diameter as the camshaft. The cross threading could only be
achieved by screwing a bolt into a threaded block at an angle of 15 degrees from normal. The
tensile pull was achieved using a universal testing machine. The overtorquing was achieved
using a torque wrench. The obtained stripped threads were examined by SEM and compared
to the stripped threads found in 2G003 on the outboard bearing bolt of bearing block number 3.

The second set of testing involved a series of fatigue testing at stress levels equivalent to full,

I one half and one quarter, of the specified 32 fixlb bolt torque. The fatigue testing was run to
achieve either 4.7 x 10E6 cycles, which is equivalent to 88 hours of operation at 900 rpm, or
failure of the assembly. The mechanicaltesting was performed at EML Labs.

Flance Dowel Bolts

One of the 1144 dowel bolts removed from 2G003 was sent to AMS Labs for machining a sub-
charpy V-notch (CVN) specimen to be impacted at room temperature. Also, a sub-CVN

I specimen of 4140 steel was made to the same exact dimensions as the dowel bolt sample and
tested under the same conditions. The hardriess of the 4140 material was in the same range as
the 1144 dowel bolt.

I
G-1
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Results

_ Camshaft Bearino Bolt Testino

Figure G.1 shows a typical camshaft bearing block with bolts. Figure G.2 is a SEM fractograph
of stripped threads found entrapped on the threads of the outboard bolt of bearing block
number 3. Figure G.3 shows a back scattered electron fractograph illustrating the presence of
rubbed zone (A) in the direction of the arrow, and a relatively undamaged sheared zone (B).
The details of sheared zone (B) is shown in Figure G.4 which illustrates elongated dimples
typical of either a shear or tear fracture.

Figures G.5 and G.6 represent SEM fractographs of the stripped threads obtained in the lab by
cross threading. Note, the Figures illustrate the presence of a rubbed zone (A) in the direction
shown, followed by a zone of cracking, tearing, and fragmentation (C). During the cross-
tnreading procedure, the stripped threads were generated in a fragmented form instead of
continuous helical coil form as found in 2G003, and there was no distinct shear zone evident on
the stripped threads. Thus, the stripped threads obtained by cross threading did not resemble
the stripped threads found in the engine. Also, since stripped threads due to cross threading
could only be obtained at an angle of 15 degree from normal in the lab, it is virtually impossible
to conceive that the stripped threads found in the engine were the result of cross threading.
The configuration of a bearing block basically ensures the bolts are inserted within a couple of
degrees of normal.

Figures G.7 and G.8 represent SEM fractographs of the stripped threads obtained by tensile
pull. The photos are oriented 90' away from that of Figure G.3. The fracture surface shows
two distinct zones, rubbed zone (A) and shear zone (B). Figure G.8 illustrates shear elongated
dimples in the shear zone. Also, the stripped threads generated by tensile pull were found
contained between the bolt threads and were in a helical form. Thus, the stripped threads
obtained by tensile pull closely resemble those of the stripped threads found in 2G003.

Figures G.9, G.10 and G.11, represent SEM fractographs of the stripped threads obtained by
overtorquing. Figure G.9 shows the presence of three distinct zones, tearing zone (D), rubbed
zone (A), and shearing zone (B). The appearance of the rubbed zone (A) and shear zone (B)

I- resemble the stripped threads found in 2G003. The major difference between the fracture
morphology of the stripped threads, as compared to the stripped threads found in 2G003, is tne
presence of the tearing zone. Thus, the stripped threads obtained by overtorquing do not
closely resemble he stripped threads found in 2G003,

in summary, based on the above testing, the stripped threads found in 2G003 on the outboard
bolt of bearing block 3 were most likely generated by a tensile pull mechanism.

Camshaft Bearino Bolt Fatioue Testing

The purpose of the series of tests was first to study the behavior of a camshaft bearing block at
different fatigue stress levels, and determine whether the bolts would lose preload and becomeI loose, or break prior to a loss of preload; and second, to determine at what stress level any of
the above mentioned events would take place. Report G.? of this appendix is the lab report.

.
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The fatigue loads were selected as a fraction of the applied proload which would result from
torquing the bolts to the vendor specified 32 ft.lbs. In the first test, the maximum fatigue load
was equal to 1/4 the preload, in the second test the maximum fatigue load was equal to 1/2 the
preload, and in the third test the fatigue load was basically equal to the proload. The minimum
fatigue loading in the first and second test was 256 pounds, and in the third test the minimum
fatigue load was 500 !bs. The testing speed was kept at constant 30 cycles /second.

The 6 exemplar bolts that were tested were ASME grade 5,3/8' x 41/2 inch 24 TPI, with a
nominal hardness of 30 HRC. The mean thread area of each bolt was 0.0876 square inches.
For an applied torque of 32 ft Ibs, the force experienced by a bolt was equal to 5120 pounds,
based on equation T = 0.2FD. The fatigue tests used a complete bearing housing with two
bolts, and as a results, the applied fatigue loads were twice the value required for a single bolt.

The first test, at a maximum fatigue load equal to 1/4 the proload, was stopped after achieving
4.864 X 10E6 cycles. The bolts did not lose proload or break, and there was no indication of a
failure of the test assembly.

The second test, at a maximum f atigue load equal to 1/2 the preload, was stopped after
achieving 4.89 X 10E6 cycles. The bolts did not lose preload or break, and there was no
indication of a failure of the test assembly.

The third test, upon increasing the fatigue load to 10,000 pounds, one bolt failed in fatigue after
6.5 X 10E5 cyc!cs tollowed by an overload failure of the other bolt.

In summary, the results of the 3 tests indicates that short bolts with a 61/2 thread engagement
will not lose proload for fatigue loads as high as 1/2 the normally applied bolt preload, and
upon increasing the fatigue loading, the bolts will break prior to loosing prelot d.

Discussion

Bearino Block Bolts

Considering that the stripped threads found in 2G003 have a similar appearance to the stripped

-I threads of the tensile pull test, and that a 61/2 thread engagement is adequate to maintain joint
integrity, it is obvious that factors other than vibration and loading contributed to the short bolts
loosing preload in bearing block number 1,2 and 3.

The seemingly undamaged threads in the engine block holes for bearing blocks 1,2 and 3, did
not pass a go and no go test which indicated the threads were actually damaged and worn.

I Thus,if the first and second fatigue tests were preformed with worn bolt holes similar to those
found in the engine, there may have been a loss proload and a backing out of the bolts. Thus,
it is highly likely that worn bolt holes resulting from previous failures and rework activities

I contributed to the loss of preload in the bearing block bolts. Also, the short bolts in the engine
had an average effective engagement of approximately 61/2 threads. Thus, a backing out of
just a few threads would have reduced the engagement to below the critical engagement to
prevent tensile pullout, as the as-found condition of the bearing block bolt holes illustrates.

I
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I
p_gwel Bolts

The camshaft to stubshaft flange dowel bolts are made of a re sulfurized grade carbon stool
that conforms to AISI 1144 specifications. The chemical analysis of one of 2G003 dowel bolts is
listed in Report G.1. The main advantage of this grade over the other carbon steel grades is

I easy machining to close tolerances. According to the diesel manufacturers specifications, AISI
1144 carbon stoolis recommended as first choice and AISI 4140 chromium molybdenum as an
afternate.

The difference in mechanical properties of both alloys is significant. Alloy 4140 has a much
higher impact strength which is almost four times greater than that of alloy 1144 at the same
hardness level. Also, alloy 4140 has a much more homogeneous microstructure, when heat
treated properly. In comparison, alloy 1144 has an inhomogeneous microstructure as a result
of the resulfurization process. The microstructure is expected to have non uniform sulfide
inclusions, however, the size and distribution of the sulfide inclusions can be controlled during
the manufacture of the material.

Since the dowel bolts function primarily to carry the shear loading of the flange connection, the
dowel bolts may experience shock shear loadings dunng startups. Thus, the impact strength of
the materialis an important property, at the same time, easy machining in necessary to achieve
the closo dimensional tolerances of the machined fit.

Table G.2 lists the results of room temperature impact tests performed on a sub size CVN
sample machined from one of the failed 2G0031144 dowel bolts and on a sub-size 4140 steel
sample. 'The impact strength of the 1144 dowel bolt sample was 2.5 ft-lbs and the impact
strength of the exemplar 4140 steel was 11.5 ft-lbs. The 1144 dowel had a hardness of 30 HRC
which compares closely to the exemplar 4140 steel hardness of 32 HRC. As illustrated, the
impact strength of 4140 alloy steelis 4.6 times greater inan that of 1144 resulfurized carbon
steel. Thus, considering impact strength, one would favor the 4140 alloy, but considering ease
of machining to close tolerances, one would favor the 1144 alloy.

The vendor has successfully used 1144 alloy in engines for over 50 years. Based on
conversations with the manufacturer of the engine, and in consideration of the above
discussion and other information, it has been determine that at SONGS the 1144 alloy will
remain the material of choice, provided the microstructure has no large sulfide
stringers / inclusion.

Conclusions

1. Scanning electron microscope examination of the stripped threads removed from
2G003 were found to have features that resemble stripped threads generated in a
laboratory by tensile pulling, and did not resemble stripped threads generated by cross-
threading or overtorquing.

2. The failure mechanism of the short bolts in bearing block bolts number 1,2 and 3, was a
loss of preload, backing out, and stripping out. This is supported by the as-found
condition of the bolt and bolt holes, and the testing discussed in this appendix.

I At SONGS,1144 alloy will remain the material of choice for dowel bolts, provided the3.

microstructure has no large stringers of sulfide inclusion.
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REPORT G.2
1Static and Fatigue Testing of Boaring Block Bolts

ENGINEERING-M ATERI A LS-L A BOR ATORY |

Lab. No. 9110 3
Southern California Edison P.O. No. Verbal /Mostaf a
5000 Pacific Coast Highway October 23,1991

I- San Clemente, CA 92672

TESTING OF DIESEL ENGINE BOLTS

I Introduction
Static and fatigue tests were done on 3/8"-24UNF Grade 5 bolts that hold a cam

bearing tower in place on a diesel engine. The purpose of these tests was to provide known

I tensile, overtorque, cross thread, and fatigue failures to compare with bolts that had failed on
the engine. We were provided with the cam bearing housing, and we made a block that
simulated the engine head so we could bolt on the cam bearing assembly. The ASME Grade 5
3/8"-24UNF x 4%" long hex head bolts were purchased new by us specifically for these
tests.

The tensile, overtorque, and cross-thread tests were done under the direction and in
the presence of Dr. M. S. Mostafa. The fatigue tests used the complete bearing housing withI two bolts installed using 32 ft.-Ibs. torque. A Baldwin/Sonntag 10,000 lb. capacity fatigue
machine was used for the fatigue tests. Below is the data on the fatigue tests:

Fatigue Data
Test #1

Maximum Fatigue Load: 2,560 lbs.I Minimum Fatigue Load: 256lbs.
Testing Speed: 30 CPS.

Number of Cycles Tested: 4,864,000
The test was stopped without failure of any component of the bearing assembly.

Test #2
Maximum Fatigue Load: 5,120 lbs.
Minimum Fatigue Load: 256 lbs.

Testing Speed: 30 CPS.

I Number of Cycles Tested: 4,890,000
The test was stopped without failure of any component of the bearing assembly.

I Test #3
Maximum Fatigue Load: 10,000 lbs.
Minimum Fatigue Load: 500 lbs.

I Testing Speed: 30 CPS.
Number of Cycles Tested: 650,000

Fatigue failure of one bolt in the threads. Second bolt failed by overloading after the
first bolt failed.

g aespectfuiiy Submitted.
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APPENDIX H

f Cardboard Debris Analysis for 2G003

This appendix discusses the Fourier Transferm infrared Analysis of the fibrous cardboard.like
material found in the 20 cylinder engine of 2G003.

I Three small fibrous fragments were found in the oil pan. The largest picco was a half circular
shape approximately 1 1/2 inches in radius,21/2 inches in length,3/4 inches in width, and
0.02 inches in thickness. The other two small pieces were of similar thickness but much smaller

I in size, approximately 1/2 inches in length and 1/4 inches in width. All three pieces had a
similar visual appearance.

I The purpose of the analysis was to determine the origin of this material and compare it to a
material that is used in the engine. One possible source of the fragments was considered to be
camshaft gear replacement activities in June 1991, in which cardboard was placed under a
bearing cap to temporary secure camshaft timing.

<

Procedure

Samples of the found fragment, exemplar gasket material, and exemplar cardbcard were
examined in an optical microscope for fiber appearance. Also, Fourier Transfurm infra-Red
(FTIR) analysis was performed to determine the nature of the fibers and the filler material thatI binds the fibers.

Results

I
Figures H.1 through H.6 document the fitter appearance under the optical microscope. Figures
H.1 and H.2 represent the found fragments, Figures H.3 and H.4 represent the exemplar
cardboard sample, and Figures H.S and H.6 represent the exemplar gasket material. As shown
in these Figures, the fragment sample has fine and coarse fibers that do not resemble the

-

coarse fibers found in both the cardboard sample and the gasket sample.

The FTIR analysis indicated that all three materials have a cellulose basis but with different
binding and filler material. The fragments had a brownish coating of a silicate nature, reference

I Trace H.1. The exemplar cardboard had a clear adhesive bonding material cellulosic in nature,
reference Trace H.2. The exemplar gasket material had a yellowish filler of a silicate clay
nature, reference Trace H.3.

Considering the above mentioned optical observations and FTIR results, it is concluded that the
found fragments do not match the exemplar cardboard material or the exemplar gasket

I material. However, since cardboard boxes are made of many different types of fibers and
different binding and filler materials, the found fragment may be of cardboard box material
origin.

I
I

H-1
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Conclusion
.

The fragments did not match microscopically or chemically either the exemplar cardboard
material or the exemplar gasket material. However, this finding does not climinate the
possibility that the found fragment may have come from a cardboard material.

I
I

I

I
I.
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I
Trace H.1: FTIR analysis of found fragment.
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I
Trace H.2: FTIR analysis of exemplar cardboard material.
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Trace H.3: FTIR analysis of exemplar gasket material
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I
APPENDIX l

3G003, STUBSHAFT FLANGE CONNECTION DEGRADATION EVENT

DESCRIPTION OF EVENT

I On October 1,1991, in response to the 2G003 camshaft assembly failure of September 16,
1991, an inspection was performed on the left bank camshaft assembly of the 20 cylinder
engine of 3G003 to ensure the camshaft bearing block bolts were not cortdng loose. Although

I it was determined that the camshaft bearing block bolts of 3G003 were tight anJ that 3G003
was not experiencing a bearing block prc'.alem, the camshaft to stubshaft flange connection
was found in a degraded conditbn. One of 4 flange connection dowel botts was found to be
fractured while cracks were found in the other 3 dowel bolts. A subsequent inspection verified
that the stubshaft support bracket was not cracked and that the bracket bolts were tight. Thus,
it was determined that the problem was limited to degradation of the stubshaft flange
connection.

A plan was developed and implemented to verify the tightness and condition of other camshaft
flange connections and to replace the degraded dowel bolts with acceptable dowels. AI justification of continued operation was written, as documented in NCR 91100002, the EDG was
tested, and the EDG was returned to service.

STUBSHAFT FLANGE CONNECTION INFORMATION

Configuration information on the EDG and the camshaft assembly is provided in the Emergency
Diesel Generator Information Section of this Report. The stubshaft flange connection consist of

'

2 flanges which are bolted together with 4 dowel bolts. The dowel bolts have a close tolerance
machined fit, are thread 6d on each end for 3/8 inch nuts with washers, and are designed to
carry the shear load of the flanges due to the torsionalloading of the camshaft. One of the 4
dowel bolts is 7/16 inches in diameter while the other 3 are 1/2 inches in diameter. The dowel
bolts size difference ensures the proper alignment of the camshaft lobes during assembly. The
EMD dowels bolts are typically made of AISI 1144 material.

Dowel Bolt Failure

On the left rear stubshaft flange connection of the 20 cylinder engine of 3G003, one of 4 flange

I connection dowel bolts was found to be fractured while eracks were found in the other 3 dowel
bolts. The dowel portions of all 4 bolts were intact. The cracks in the 3 dowel bolts were in the
thread to shoulder transition on the end of the dowel bolts that face the rear of the engine. The

1
3 dowel cracked bolts were found with varying degrees of proload present. The fracture in the 1
broken dowel bolt wss in the thread to shoulder transition on the end of the dowel that faces the
rear of the engine. The nut and threaded portion of the fractured dowel bolt were found as a

I unit on the top deck of the engine along with the corresponding washer. The remaining portion
of the dowel bolt was found in the flange, but shifted approximately 1/4 inch toward the front of
the engine. No other degradation was found in the vicinity of the left rear camshaft assembly,
including the bearing blocks and stubshaft bracket assembly.I

1-1
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I
A Sth order torsional resonance has been known to exist in the 20 cylinder engine, whichI causes an undesirable vibratory motion in the gear train and left rear camshaft assembly. This
resonance coupled with normal vibration contrib ' ;d to the initiation and propagation of the
fatigue crack. Appendix D provides a detailed discussion on the 5th order torsional resonance.
A run out measurement was taken on the stubshaft flange connection which verified the flange
alignment was not a problem.

Camshaft Brackel

An inspection was performed v'hich verified that the left bank camshaft bearing blocks were in

I acc( lable condition and that the bearing block bolts were tight. Thus, climinating a bearing
block problem, similar to the 2G003 event, as being the root cause or a contributing factor to
the degraded flange condition.

An inspection was performed which verified that the left bank stubshaft bracket was in
acceptable condition and that the bracket bolts were tight. Thus, eliminating a bracket failure,

I similar to the past 3G003 failure and past 2G003 failures, as being the roo; cause or a
contributing factor to the degraded flange condition.

Dowel Bolt Material

The vendors choice of dowel materialis AISI 1144, which is a high temperature drawn
manganese carbon steel. If 1144 is not available, the vendor considers AISI 4140 to be anI acceptable material.

AISI 1144 dowel bolt material has been used by EMD for over 50 years with a very good record| of performance. The 1144 alloy is preferred by EMD because it is a relatively high strength,
hard and brittle alloy, which can be easily machined to the close tolerances necessary in
camshaft flange connections. The 4140 alloy is a tougher material. However, since it is difficult
to machine to the close tolerances necessary in camshaft flange connections, it is acceptable
but not preferred by EMD.

I A metallurgical analysis of the 1 broken and 3 cracked dowel bolts of the stubshaft flange
connection revealed that the dowel bolts were made of the EMD preferred 1144 alloy. The
failure mode of the broken dowel bolt was approximately 70% fatigue followed by 30%

I overload, and the fracture was across the threaded portion of the dowel bolt between the dowel
shoulder and nut. The cracks in the other 3 dowel bolts originated in the same area as broken
dowel bolt with some propagation into the shoulder area of the dowel bolt. Typically, the

I fatigue cracks would propagated in the traverse direction and then would run along sulfide
inclusions / stringers in the longitudinal direction.

I The dowel bolts of 3G003 were determined to be of poor quality because the 1144 alloy had an
unacceptably large population of large sulfide inclusions / stringers. Also, the analysis
determined that the broken dowel bolt had a greater extent of sulfur inclusions / stringers that
the cracked dowel bolts.

The sulfide stringers were mainly the result of poor mixing of the molten steel during the

I fabrication of the 1144 alloy, which resulted in a anisotropic material condition, which produced

12

I
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a substantial decrease in transverse mechanical proporties, such as, ductility, fatigue life, and
fracture toughness.

FAILURE SCENARIOS

1) Poor Quality Dowel Bolts Coupled with 5th Order Torsional Resonance (Most
Likely)

I Under normal engine vibration and 5th order torsional resonance, a fatigue cracked
initiated and began to propagate in a poor quality dowel bolt. The fatigue crack
propagated to the point were the dowel bolt fractured due to overload. The stubshaft
flange connection lest some rigidity resulting in increased vibration and cyclic stresses.
Fatigue cracks initiateci and propagated in the other 3 poor quality dowel bolts.

2) Camshaft Bearing Block Failure (Less Likely)

A faliure scenario involpng the rnmber 1 camshaft bearing block, similar to the 2G003

I event, could have resulted in tnt degraded flange connection. However, this scenario
was proven invalid because an inspection of the left bank camshaft bearing blocks
indicated that the bearing blocks ware in good condition with tight bolts.

3) Failure of Stub Shaft Bracket (Less Likely)

A trilure of the stubshaft bracket, similar to the past 3G003 failure and past 2G003I failures, could have resulted in the degraded flange connection. However, this scenario
was prown invalid because an inspection of the left bank stubshaft bracket indicated
that the bracket was in good conciition with tight bolts. Also, previous bracket failures
have not resulted in flange degradation.

4) Improper Torquing (Less Likely)

U Improper torquing of the flange connection dowel bolts during previous work activities,
similar to the 1987 2G003 loose flange connection event, could have resulted in the
degraded flange connection. However, this scenario was proven invalid because a
review of previous work history indicated that the flange dowel bolts were properly
torqued to 32 ft lbs. Also, breakaway torques were taken on the dowel bolts, which
were not broken but f atigue cracked, that indicated that the proper torque was most

- iikely applied during previous work activities. The 2 cracked dowel bolts with significant
fatigee cracks had breakaway torques of 12 ft Ibs while the 1 dowel bolt with fatigue

I cracks to a lesser extent had a breakaway torque of 30 ft Ibs. The vendor specified
torque 1or the dowel bolts is 32 ft-lbs.

I

I
1-3
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ROOT CAUSE ANALYSIS

3ased on the facts and evidence collected, the root cause of the EDG degraded flange
_ connection was a combination of poor quality dowel bo!ts and normal engine vibration coupled

with 5th order torsional resonance.

Corrective Actions

New AISI 1144 dowel bolts of acceptable quality, as verified by laborutory analysis, were

I installed in the stubshaft flange connection. Appendix L provides a detailed analysis of the new
dowel bolts.

I The 5th order torsional resonance problem has been corrected by she installation of driveline
coupling modification, during the Unit 3 cycle 6 refueling outage, which shifted the resonance
away from the operating speed of the engine.

Procuremmt Engineering has taken action to ensure the procurement of acceptable quality
AISI 114e dowel bolts in the future. Procurement Engineering Package K708 requires the
supplie' to verify the quality of a random sample of new p,'ocurements by laboratory analysis.

It is e,oncluded that the replacement of the poor quality dowel bolt with the acceptable quality
dowel bolts, as verified by laboratory analysis, will prevent a recurrence of the event. This,

conclusion is supported by the previous bracket failure in 3G003, and previous bracket failures
in 2G003, where the stubshaft flange connection dowel bolts experienced significantly higher
vibration and stress without fatigue or overload fractures. Also, AISI 1144 dowel bolt material
has been used by EMD for over 50 years with a very good record of performance.

Also, it is concluded that the poor quality dowel bolts are an isolated occurrence. This
conclusion is supported by inspections, which venfied that the stubshaft to camshaft, and
camshaft to spacer dowel bolts, were tight on the 16 and 20 cylinder engines of 2G002,3G002
and 3G003. Also, dye penetrant examination of the left rear stubshaft flange dowel bolts on the

I 20 cylinder engines of 2G002 and 3G002, the left rear camshaft to spacer flange on the 20
cylinder engine of 3G003, and the right rear stubshaft flange dowel bolts on the 20 cylinder
engine of 3G003, indicated that the dowel bolts were not experiencing a fatigue or overload
problem.

10CFR21 REPORT EVALUATION

The poor quality dowel bolts are considered to be an isolated occurrence, because the AISI
1144 dowel bolt material has been used by EMD for over 50 years with a very good record of

I performance. This conclusion is supported by the previous bracket failure in 3G003, and
previous bracket failures in 2G003, where 1144 stubshaft flange connection dowel bolts
experienced significantly higher vibration and stress without fatigue or overload fractures, This

I conclusion is also consistent with the n cause which attributed the degraded flange
connection to a ecmbination of poor qui. ty dowel bolts, normal engine vibration and 5th order
torsional resonance.

1-4 )
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I
TABLE G.1

HARDNESS TESTINGI
Average

Material Hardness Measured

New short bolts 30

3/8 x 41/2 24 29 30 HRC
30

2G003 short bolts 29 HRC
29 29 HRC
28

I Engine block 78 HRB
in vicinity of 80

I bolt holes 82 81 HRB
82
84

Exemplar block 78 HRB
- material 78

(1010 C. steel) 80 79 HRB
82
78

-=

I
I
I

,

I
I

J_
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TABLE G.2

IMPACT TESTS OF SUBSIZE CVN SAMPLES

Sample Ftlbs Hardness

Dowel Bolt from _.5 30 HRC
2G003

4140 Steel 11.5 32 HRC

I
I

I
I

I,

i

I
I
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I
A 10CFR21 report by Morrison Knudson in 1988 informed the NRC of the stubshaft bracket
failuro problems which have been attributed to 5th order torsional resonanco. Thus, this

I problem is not considered to be reportable under 10CFR21,

EVALUATION OF ROOT CAUSE IMPACT ON EDGs 2G002,2G003, AND 3G002

I At SONGS, EDGs . G002,2G003 and 3G002, aro the same dWgn as 3G003. Based on tho
following discussions, it is concluded that the EDGs will not experience the same camshaft to
stubshaft degradation condition as 3G003.

ERD._2.GQ02

EDG 2G002 has not, and should not, experienco this type of flango degradation. A torquo -

chock verified that all of the camshaft do ? bolts on 2G002 wero tight. Also, a dye ponctrant
examinatin of the rear left stubshaft dowel bolts on the 20 cylinder engino indicated that no
cracks woro present.

3 During the torquo check, one dowel bolt on the left raar camshaft to spacer flango of the 20
g cylinder engino had an as found torque of less than 20 ft Ibs. The dowel was examined with

dyc penetrant and found to bo in acceptable condition. The dowel belt was 6cplaced and
torquod to the propor 32 ft lbs. Sinco this was a dowel bolt originally supplied with the EDG, theI ccuse of the low torquo was attributed to inadequate torquo during originalinstallation.

ED.Ct2.GQQ3

EDG 2G003 has not, and should not, experience this type of flango degradation. During repair
activitics associated with the 2G003 ovent, the Icft bank camshaft flango dowel bolts, and the
right bank roar stubshaft flango dowel bo'Its, on the 20 cylinder engino, woro rt,placed with
acceptablo quality dowel bolts. All the other camshaft dowel bolts on both tho 16 and 20
cylindor engino are originat installation and considered to bo of acceptablo quality.

_

in reviewing this issue, it appears that the camshaft flango dowel bo;ts on the 16 cylindor
enginn, and the right bank front and contor camshaft flanges on the 20 cylinder engino, woro

I not checked for propor torque. Thus, a maintenance order has boon generated to ratify the
torque of the dowel bolts during the next appropriate work window. When this action is
comploto, it will be known that all flango dowel bolts on all 4 EDGs have adequato torque and
that the flanges are not degrading.

EDG 3G002

EDG 3G002 has not, and should not, experience this type of flango degradation. A torque
chock was performed wh!ch verified that all of the camshaft dowel bolts on 3G002 were tight.
Also, a dye penetrant examination of the left rear stubshaft dowel bolts on the 20 cylinder
engine indicated that the dowel bolts were not experiencing a fatiguo or overload problem. The
stubshaft dowel bolts, which woro dye penotrant examined, were considered to conservatively
represent the condition of all camshaft dowel bolts in 3G002.

NOTE: Coupling modifications were installed on all 4 EDGs, during the Unit 2 and 3,
cycle 6, refueling outages, which corrected the 5th order torsion resonance problems byI shifting the resonance away from the operating speed of the engine.

I5
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I

APPENDIX JI Work History of 3G003

RcL1M5., Rov 1!nelDG Overhaul

The EDG was overhauled and no problems were found with either the left rear stubshaft flango
connection or stubshaft btacket on 3G003.

Roforenec: MO 85050805

-

May_1MS, EDG Stutnhatt Btniet Failure Fgynd During Bracket RCD!ac.cmq,nj

During disassembly of the EDG to install a new design and stronger stubshaft bracket, the left
roar stubshaft bracket on the 20 cylinder engine was found broken.

The failuro was Sttributed to actual bracket stresses exceeding allowablo design stresses
because of 5th order harmonic vibration. The new design bracket was installed, real timo
testing showed that the now bracket was acceptabic, and the EDG was returned to servico.

Referenco: NCR 31934; MO 87122553; MO 88050483, MO 88050542

I
May 1990. Lnjoect Stubshaft Bracket and Replag.0_LQft Camshaft Gem

The stubshaft bracket and camshaft gear were inspected, and the camshaft gear was replaced
due to pitting damage.

Referenco: NCR 90050089; MO 890B3636; MO 90051204
~

Feb 199L Epplaced Left Camshaft G_qar

The left camshaft gear on the 20 cylinder engino was replaced to satisfy vendor imposed 250
hour run limit due to 5th order harmonic vibration.

Referenco: NCR 90080183; MO 90070228

Oct 1991. Qcaradej Stubshaft Flangehnn_Qction Found During Inspection

The left rear stubshaft flange connection was found degraded during an inspection in responso
to the recent 2G003 failure. One of 4 dowel bolts was found broken and cracks were found in
tho 3 other dowel bolts.

The flange connection was repaired and the EDG was returned to service.

I
J1

_ -
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'

Reference: For actions taken on 3G003 see NCR 91100002; MO 91091538; MO 91091051;
MO 91091895; MO 91100057; MO 91100118; MO 91100228; MO 91100240; MO,

92012227. For actions taken on 2G002 and 3G002 sco MO 91100917; MO
'1110219; MO 91091537; MO 91091650; MO 91100429. For actions taken on
2G003 sco Appendix A,2G003 Work History.

I
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I
APPENDIX KI Stubshaft Flange Analysis for 3G003

TN nurpose of this appendix is to discuss the failuro analysis of dowel bolts found in the left

I ' w 4-c.mshaft to stubshaft flango connection of the 20 cylinder engino of 3G003.

Lponso to the 2G003 camshaft assembly f ailure, an inspection was performed on the left
icar bank of the 20 cylinder engine of 3G003 to ensure the camshaft bearing block bolts woro
not coming loose. Although it was determined that the bearing block bolts woro tight, the
camshaft to stubshaft flange connection was found in a degraded condition. One of the 4
flango dowel bolts was found to be broken and backed out approximately 1/4 inch, while
cracks were found in the other 3 dowel bo!!s. Since the camshaft bearings and stubshaft _

support bracket were found in good condition, it was determined that the degraded condition
was limited to the flange connection dowel bolts.

EIQCC@l0

The 1 broken and 3 cracked dowel bolts woro visually examined and photographod. The
broken bolt was placed in a SEM cnd details of the fracture were documented. A longitudinalI microsection was prepared and examined in the as polished condition for inclusion distribution.
The 3 cracked bolts were placed in a SEM in their as found condition to illustrato the crack
propagation pattern. Traverse cuts 180 degrecs away from th7 cracks on cach of the 3 dowelsI woro mado to expose the fracture surf aces. Tho, fractures were placed in a SEM and details of
the cracks woro documented. Longitudinal raicrosections were prepared and examined in the
as polished condition for inclusion distribution.

The broken dowel bolt will be referred to as bolt number 1 and the cracked cowol bolts will be
referred to as bolts numbers 2,3, and 4. The numbe' Asignments are arbitrary.

,

am.
Figures K.1 and K.2 show the as found condition of the degraded left roar camshaft to stubshaft
flange connection on the 20 cylinder engine of 3G003. The arrows point to the dowel bolt that

I was found broken, and the closcup in Figurc K 2 shows the approximately 1/4 inch
displacement of the broken bolt. The displacement most likely occurred as a result of a cyclical
working of the flango faces after the bolt failed and some of the rigidity of the connection was
lost.

Broken Dowel Bolt Number 1

Figures K.3 to K.5, show the broken dowel bolt which has been identified as bolt number 1. The

I crack initiated in the root of the first thread, propagated in the transverse direction, and then
propagated in the longitudinal direction. The change in direction has been attributed to the
presence of longitudinal sulfide inclusions which were the path of least resistance for crack
propagation. The fracture surface was fibrous in nature.I

K1

-- - - -
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I
Figuro K.3 is a macrophotogragh of the tracturo surface of the broken bolt. Figuro K.4 is an
optical photograph of a longitudinal microsoction, in the as polished condition, illustrating the
presence of largo sulfide stringers and fine sulfide inclusions. The sulfido stringers wcro quito
largo, and larger than the largest sulfide inclusion size identified by ASTM Standard E-45.
Figure K.5 shows the longitudinal microstructuro, in the as etched condition, illustrating
platelots of forrito and pearlito.

Cracked Dowel Bolt Number 2

I Figuros K.6 through K.10, shcw the cracked dowel bolt which has boon identified as bolt
number 2. The crack initiated b 'he root of the first thread, propagated in the transvorso _

direction, and then propagated :n the longitudinal direction. The change in direction has boon
attributed to the prosonce of longitudinal sulfido inclusions which were the path of least
resistance for the crack propagation.

I Figuro K.6 is a SEM photograph of the crack, illustrating cra;,ir!Mtior at the root of the first
thread and propagation in the transvorso and then longitudinal direction. Figuro K.7 is a SEM
photograph of the crack, illustrating crack propagation to approximately 20 porcent of the cross <

section of the bolt. Figuro K.8 shows details of the fracturo surface of the crack, with the arrowsI illustrating fatigue hacklo marks. Figuro K.9 shows an optical micrograph,in the as polished
condition, illustrating the sulfide inclusion size and distribution. The sulfide inclusion sizo is
much smaller than that of the broken bolt number 1. Figuro K.10 shows the longitudinalI microstructure,in the as.otched condition, illustrating platelots of forrite and pearlito similar to
that of broken bolt number 1.

I
Cracked Dowel Bolt Number 3

Figuros K.11 through K.17, show the cracked dowel bolt which has been identified as bolt ~

number 3. The crack initiated in the root of the first thread, propagated in the transverso
direction, and then propagated in the longitudinal direction. The change in direction has been
attributed to the presence of longitudinal sulfide inclusions which were the path of least
resistanco for crack propagation.

I Figuro K.11 is a SEM photograph of the crack, illustrating crack initiation at the root of the first
thread. Figure K.12 shows the crack branching and propagating in the longitudinal direction.
Figure K.13 is a SEM photograph of the crack, illustrating crack propagation to approximately

I 40 percent of the cross section of the bolt. Figuro K.14 is a SEM photograph of the fracture
surface of the crack, illustrating the fatigue fracture. Figure K.15 is a SEM photograph of the
fatigue zone of the fracturo surface of the crack. Figure K.16 shows the longitudinal

I microstructure,in the as polished condition, illustrating the distribution and size of stringers,
which are larger in size than those in Cracked bolt number 2, but smaller in size than those in
broken bolt number 1. Figure K.17 shows the longitudinal microstructure, in the as etched,

condition, illustrating platelots of ferrite and pearlite similar to that of broken bolt number 1.

I
K2
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I
Crgkad Dowel Bolt Number 4r

Figures K.18 through K.24, show the cracked dowel bolt which has boon identified as bolt
number 4. The crack initiated in the root of the f;rst thread, and then branched and propagated

I in the longitudinal direction. The change in direction has been attributed to the presence of
longitudinal sulfide inclusions which v.oro the path of least rosistance for crack propagation.

Figuro K.18 is a SEM photograph of the crack, illustrating crack initiation the root of the first
thicad. Figuro K.19 shows the crack branching and propagating in the longitudinal direction.
Figuro K.20 is a SEM photograph of the crack, illustrating crack propagation to approximately
67 percent of the cross section of the bolt. The fracture surface shown illustratos multiplano
branch cracking which resulted in a fracturo surf aco area which was actually larger than 67
percent. Figurcs K.21 and K.22 are detailed SEM photographs which illustrate the fatiguo rono

I of the fracture surface. Figuro K.23 shows the longitudinal microstructuro,in the as polished
condition, illustrating the distribution of a larger population and size of sulfido inclusions than
thoso observed in cracked bolts numbers 2 and 3, but less than those observed in broken bolt

I number 1. Figure K.24 shows the longitudinal microstructure,it, the as etched condition,
illustrating platelets of ferrite and pearbte similar to that of the broken bolt number 1.

Conclusion

The 1 broken dowel bolt was found to have cracked in a fatigue fashion with crack initiation in

|I, the root of the first thread. The crack branched and propagated in the longitudinal direction
following sulfido inclusions until complete fracture. The fracturo vias approximately 70 percent
fatiguo followed by 30 percent overload. The bolt was found to have backed approximately 1/4

;I inch in the flange connection.

Sulfide inclusions were found in all 4 dowel bolts. However, the broken dowel bolt was found to
have a higher population and larger size of sulfide inclusions than the 3 cracked bolts.

The depth of crack propagation in the 3 cracked dowel bolts varied depending on sizo and
distribution of sulfide inclusions. The greater the population and sizo of the inclusions the
greater the crack propagation, The cracks woro pure fatiguo and involved approximately 20,40
and 67, porcent of the cross sectional areas of dowel bolts numoer 2,3 and 4, respectively.

All the cracks in the 4 dowel bolts initiated at the root of the first thread and propagated in the
longitudinal direction.

I
I
I

|I
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Figure K.11: A SEM photograph of cracked bolt 3, illustrating crack initiation tno root of the first
thread, at 10 X magnification.
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Figure K.13- A SEM photog'aph of cracked bolt 3, illustrating crack propag3 tion to __

approximately 40 po' cent of the cross section of the bolt, at 9 X magnihcstion.
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magnification.
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I figure K 10. A photograph of tho long:tud! rial microstructure of crach ed bo't 3,in tho as-pokshed -

cond: tion, litustrating the d str.bunon and s!ze of sinngers, at 50 X magnifcation..
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Figure K.17 A photograch of the long<tud nal microstructuro of cracked bort 3,in tno as. etched
condit:en, illustrating platelots of fernte and pearhto, at 400 X magnrfcation.
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Fga'o K 23: A photograph of the longitudinal m,crostructute of cf ackod bolt 4,inthe as-polishod
condition, inustrating the d:stribution and stro of sulfido inclusions, at 50 X
magnit cation.
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I
APPENDIX L

,

Analysis of New Dowel Bolts for 3G003 |

The purpose of this appendix is to discus the analysis that was performed on new camshaft
flange dowel bolts for 2G003 and 3G003. As discussed in Appendix K, poor quality 1144 alloy
dowel bolts were found to be a part of the root cause of 3G003 degraded camshaft to stubshaft
flange Sonnection. Also,it was determined 1144 bolts were the first choice for uso at SONGS
provided they wore analysis for acceptability, prior to uso.

The poor quality 1144 alloy broken and cracked dowel bolts of 3G003 were found to contain a
largo quantity of largo sulfide inclusions / stringers which substantially decreased the strength of l
the bolts. Thus, this appendix will document the acceptability of the new dowel bolts.

E!QCffiVLQ

I There wcro 2 batches of dowel bolts roccived for analysis. Batch number 1 woro 1/2 inch
diameter dowels and batch number 2 were 7/16 inch diameter dowels. Romernber, each i

flange connection is made up of 3 of the 1/2 inch diameter dowels and 1 of the 7/16 : ich
diameter dowels. A sample of 2 dowels from each batch was analyzed to determine the
acceptability of the entire batch. The sample dowel bolts were arbitrarily label Batch 1 Samplo
1, Batch 1 Sampia 2, Batch 2 Sampic 1 and Batch 2 Samplo 2.

The analysis cuncisted of making a longitudinal microsection of each of the sample dowel btits
and performing an as polished and as etched examination to determino the extent of sulfide
inclusions / stringers.

Bf.Edts|
Figures L.1, L.3, L.5 and L.7, are photographs of the longitudinal microsections,in the as-
polished condition, of the each of the sampled dowel bolts, illustrating a relatively small
population of small sulfide inclusions. Figures L.2, L.4, L.6 and L.8, are photographs of the
longitudinal microsections,in the as etched condition, of each of the sampled dowel bolts,
illustrating platelates of ferrite and pearlite.

Conclusion

The analysis of the sampled dowel bolts indicated an absence of large sulfide inclusions. The
sulfido distribution was acceptable and the batches of new dowels bolts were approved for use
in the EDGs.
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,
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' in !usions, at 50 X magni'4 cation.
4

E ' 'D .%& b% pug ''W# N"*'~ " '~rE* ''" W 5
! a Aw%, A ia:w.

+g ~, Na' r~y_), y~r| . < f.f= g% ;ec. 3, r w ,xv ,,-
=% p j_s m_r >- . . - -

'%s a g[47%,4 y w:s~ gg y "" [ q'[g )| ny
, w ~ w g

&' * % w , 2,i '! v. e ,~ m T; . t ?. gw
-

.,L,
. ,+ u-

~-

| |~< y !,6 + W i.T |;;~AP2 g n . ;-m U
->v s - , y 3. .e ,.~ . ,,):

. uw w p", ,
b ^' %*k 's? St9 e i.,rj pw e, G T g %.t|

i. * *~,

X
_

N4% a,+Qf ,i yp j $**y|73 }- e .W* t_w .|w.a w-|
- - %, pg

<-L *, s g -w.w-Q *7 f;, .
- * *s

_.g. , e,. . sQ ~. = 8 . .js eI .g .

WMw am :~; ,. , inL "", "**,.
t t evrm . ^< ~ ~

_

W' e, , v. ,

,Y gm.w.wy 'y -- ' N-~ ^

Lwd;y yQ4)a %y&(yw WQ +,'c
.

~ ~ - -

,

F . n ;, . w.}.fi j k .

\
,,,

;Q.i;t W [ ,? ]pg g g #{*%,f'' D ;, . %. a , -{

\

I

i i .. .

x. . - . __

, . . -

I c 4v% - -e <w* *

{'u ,m% A.
. . ,

. , ~Wa ,+, gW; < ' 3 pq?c a 3 ^ ,.".c ; ,y -..
fp mm - 9.s ,

o
di

t CAW y.,,eop %six & ,.,g y#-

, | G.yy , c,;ww. ' , - =w - Q .gp W o-~ >
..

#~ . me . - - y
.

|

| Figu*e L.2' Photograph of the long tad,nal microsections, in the as etched condition, of tho
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Figure L.5' Pnctograph of the long tso nal microsottion, in inc as pol.shed cond. tion, of the
Batch 2 Sampic 1 dowc! bo't al actrat.ng a reiatively srna 1 population of small sulfide

I incis90ns, at 50 X magnAcaton.
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I figure L.7; Photogtaph of tSe long:tud nal mtcrosection, in the as poin,hed cond: tion, of tho --

Batch 2 SamM 2 cowol bott Astrat ng a retatively small population of small $utfide
inclusions, at 50 X r ;gnacat on.

y w , n uw'; ~, p.ww-~sn- . .-:-ww wa33-^,r
h q swgaav

x .;~,mJp+, + w ' ;~*a%f}w[s
~4~ .+* .n z. -

k -\gg.;.|, a.svan 3 . fy -+ v.

i aw sg :
'v.

s v.;
- ;<

a a ne e;;pv .w'* i

%. _ +a7> 3
Oi84.J M,PW W7k!' s||DB,' .)

.

-

M.i[~.7, - vee 4% a m ,y- g . %,(;F. e.4T gg"a ,,4.., 3

'
.r

% '- 4f<v, *
p ,a

*,,.-),.
.

.... a. . . . 4

s. uy

. j{N@NJ,, i ?"~ [[4.[,$
y+ , < --

, 9 oa3..

I ,' c 4.[ %h .
k.i y,1affb ~ ,ysp-

'jd ' C'
,. .x-

..

. , 'Xb, .1%. ..-Q,_,. + * Qm.i- )
,- .m " #-

k|j j, a s r a .

-

m '
> w [ .p,.,Q~W.,yy.,

- ,er . & , v:+ g; y n ..-+i' m..* f;. n

&g.i;.%Q;i[: w.;v ,.UW:W h = f w a f 5 5 d d }[| |')
p

- . . v tw. .:
_

a

E . ,r;gggp.p:q ~+n ,u n
*w .. set- , ,.m..---- e ...n

4 ,5y_.f e.g.,,,,4 Ni tt''.-
l2, qyy~ ' b $ , , . .gr

W;J,%La : .ky; V Q* g m65%c , %+/ _ ,' 4'J 4 ., . ,. o
e

k. & ~; ..u
T '' %s. L 1. r3 e * w +grr*7 '1 4 $ys 3 :W 7M N

" ]v %,y # Y.d941 kk..n ,3 y ry'b.;
t,. .

4 pap;+%%,w| 2 -- . y -y i y su
@g;

[. It , , ' . . 'VWN"4gs
.

%
, ~ m% _f g_f ;..., ' . ,;, nn- . }p'n - ' )c A e, y pheuw-;y 5 .

Q n , | t'; ,,W(y w,a. 9:%
,

g ,- . e %.y _,

.-yyp ol@v,n * %:a '-Q Q ! y m..,

*j . ypy ;, -g , ;g;4-a,n ., .

| o- , . ~+1A J er.,,,w a. u g nx.,m marm, a : > > w a.A
. . u..n w y _ n.c .

%e - ,

fig' f e L.8 Phctograph of the longitudinal mlCTOSOClions. In the as etch 0d Condition, of theJ

Ba!Ch 2 Samp!O 2 dawel bO!!, Wustral ng platCatc$ of femte and pearlito,81400 X
filag'htCat>Ono
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I Figure L7: Photograph of the long tudinal rmtroscetion, in the as polishvd cond: tion, of the -

lfB Bich 2 Sampic 2 CD A01 Dolt, itiustrating a relatively $rnall POpulallon of Small $U ide
inclusions, at 50 X rnagnificat;cn.
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Figuro L8- Photograoh of the long tuc;nN rnicrosottions, in the as-etched condition, of the
Batch 2 Samplo 2 couct bott, dustratag plate |ates of ictrito and pearlito, at 400 X
magnAcation
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