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FATIGUE LIFE GAGES ON A 46 000 kVA GENERA TOR 
UNDER PULSED LOADING~:' 

Roland Krevitt 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

August 1969 

ABSTRACT 

On D e cember 19, 1966, near catastrophic fatigue failures in two 

46000-kVA generators were discovered; a 6-month shutdown of a major 

nuclear physics research facility resulted. The cost of replacing the 

failed parts was $ 330000. 

The Bevatron, at the Lawrence Radiation Laboratory in Berkeley, 

California, is a proton accelerator. A large electromagnet guides the 

protons in a circular path, and because of the nature of the acceleration 

cycle, the magnet must be pulsed 11 times per minute with a peak coil 

current of 8400 A and a peak voltage of 16000 V. This results in a 

pulsed demand on the generators that supply power to the electromagnet, 

and causes severe stress in the generator armatures . These cyclic 

stresses led to fatigue failures. 

This paper d e scribes the use of SiN fatigue life gages to detect 

pos sible future armature fatigue damage. 

INTRODUCTION 

One of tlw ll1i.1.1or cornponcnts of i.1 J"l1C\chine that accelerates charged 

nucl ear particles, such as the LRL Bevatron, is an e lectromagnet, whose 

•• .1. .. 

"'Work done under auspices of the U. S. Atomic Energy Commission. 
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function is to control the path of the m.oving charged particles. Its form. 

is sim.ilar to that of a 100 - ft-diam.. doughnut with a relatively large hole 

(see Fig. 1). As charged particles are accelerated to higher and higher 

velocities, a progressively stronger m.agnetic field is required to hold 

them. in position. One way to attain this steadily increasing field is to 

pulse the m.agnet--that is, to start at som.e low field and then increas e 

it by increasing the current in the windings. Now; a m.achine the size 

of this m.agnet, which at peak field requires 8400 A and 16000 V, needs 

a large power supply. The system. that is us e d for the B evat ron m.agnet 

consis ts of two identical 46000-kVA generators. In supplying this 

pulsed power, the generators are subjected to severe cyclic stress es 

at a rate of 11 cycles/m.in. This accelerator has been in operation 

since 1954, and the generator had pulsed 37488999 tim.es up to the dis

cove ry of a m.ajor failure in Decem.ber 1966. 

FATIGUE LIFE GAGE PROGRAM 

Motor-Generator Description 

The two generators, one designated East and one West, sit side 

by side and are identical: each is driven by a 3 600-hp m.otor and 67-ton 

flywheel com.bination (see Fig. 2). The overall length of the m.achine 

is 45 ft, and the total rotating m.ass is 123 tons. · The generator, which 

IS of prim.ary inte r e st in this discussion (shown in Fig. 2 with the sound

suppression shrouds in place), contains eight poles, each anchored to 

the shaft by two dovetails, which run the length of the arm.ature. Each 

pole, weighing 6000 lb, is a copper-coil and steel-core assem.bly. The 

6-ft-long core consists of 1152 1/ 16-in. -thick lam.inations stacked and 

.. 
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Bev l055 - A 

Fig. 1. Overall view of Bevat ron . 

... 
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XBB 678-S088-A 

Fig. 2. Overall v iew of motor-generator set. 
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bolted together. Two wedges, each slightly longer than 6 ft, are driven 

(one from each end) into a gap between each dovetail and its slot, there

by serving to tighten the dovetails in their slots (see Fig. 3). The total 

rotating mass of the generator armature shaft and its eight poles is 50 

tons, and the pole envelope diameter is 6 ft. Rotational speed at min

imum load conditions is 875 rpm, which produces centrifugal loading at 

the dovetail area of approximately 450 g's. At the end of a pulse the 

speed has dropped to 775 rpm. The various forces acting on the dove

tail part of the pole come from many sources. The obvious source, of 

course, is the centrifugal force, tending to throw the pole outward and 

stretch the neck of the dovetail. Another force comes from a portion of 

the pole coil that overhangs the lamination stack. The centrifugal fo r ce 

of this overhung load puts a tensile stress in the end laminations. Oth er 

stresses come from the compressive loads due to driving the wedges . 

All these combine to give a highly complicated stress 

field. Calculations indicate that the theoretical total combined stres s at 

the wedge corner is 32200 psi, with a cyclic stress of plus and minus 

10000 psi. 

Generator Failure 

During one of the weekly 8-hr shutdowns, a technician inspecting 

the generators noticed a misalignment. He felt the space between the 

rotor and stator windings with his hand and noticed that the air gap was 

unusually narrow. He then compared it with the air gap on adjacent poles 

and realized that the suspicious pole was definitely closer to the stato r 

than it should be. Upon further investigation, he noticed some parts 
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Fig. 3. Generator poles. 
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were bent. 

Steel plates covered dovetails on all poles, preventing visual in

spection. It was decided to remove the plate covering the dovetails on 

the pole in question to see if anything could be learned. When the plate 

was removed it was obvious why the pole was out of position (see Fig. 4): 

greeting us were cracks in both dovetails, which at the time looked like 

the Grand Canyon. The one on the left in Fig. 4 is approximately 0.25 in. 

wide. It was then decided to remove all the plates covering the dovetails 

on both machines. The results of the inspection were quite shocking. 

There were cracks, some entirely across the dovetail neck, on approx

imately half the dovetails. Then and there it was decided that all 16 

poles should be replaced. The resulting shutdown took six months and 

cost $ 330000. 

When the pole that first attracted our attention was removed, it was 

found that the crack extended back 72 laminations (see Fig. 5) . One 

sensed that the crack propagation at this point was quite rapid, and it is 

anybody's gu ess how long the machine would have continued to run before 

the pole was scraping the stator. Certainly the useful life in these poles 

was limited. 

In carefully analyzing the conditions and the design and construction 

of the machine, it seems obvious, on 20-20 hindsight, why the failure oc

curred. First of all, the laminations are punched , which results in an 

extrem.ely hard, brittle edge, fully covered with microcracks. So the 

very process by which the laminations are manufactured fails them ini

tially. In our mode of operation the crack is simply propagated. Also it 

was felt that driving wedges with a sharp corner bearing on the edge of 
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Bev 4137-A 

Fig. 4. Original dovetail failure. 
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Fig. 5. Pole r e moved. 
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the laITlinations introduced a severe stress concentration. I ITlight add 

that on inspection of the first few poles, it appeared that the cracks 

started at the point where the corner of the wedge ITlakes contact with the 

laITlinations, so the wedges were thought to be causing a highly loaded con

dition which contributed to the failure. However, this theory was dis

proved upon total investigation, when we found that approxiITlately half 

the dovetails failed froITl the other side, the crack propagating toward the 

wedge. We definitely felt that these lamination edges should have been 

ground and polished, at least in the d~vetail portions, to reITlove the hard, 

brittle layer and to remove the cracks in the surface. This, however, 

would have added greatly to the cost of the poles. But surface cracks 

under fatigue conditions ITlean trouble, as everyone knows. For the ben

efit of the ITlanufacturer of the MG sets, one ITlust state that the severe 

duty that these generators experience is very unCOITlITlon. This gene r

ator design has b e en universally applied for ITlany, ITlany years and has 

not caused any trouble under operating conditions of steady speed and 

load. We required a different application, a ITlore severe duty, and w e 

pointed up a probleITl that existed under these conditions. 

The new poles that we ordered were ITlanufactured identically to the 

original ones, but the wedges were changed. The sharp corner was re

placed by a 3/8-in. radius, and a 1/16-in. steel shiITl (softer than the 

w edges)was added--to spread the load, we hoped. 

F a tiguc- Life Gage Considerations 

As the shutdown was nearing its conclusion, I propos ed to the ITlotor

generator operations staff that we look into the possibility of using fatigue 
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life gages on these new po l es to m.onitor possible fatigue dam.age. At 

this tim.e I knew very little of the technical details of the siN gage; how

ever, I had heard about them. in a general way at a technical m.eeting and 

felt sure that this would be an excellent application fo r them.. It was de

cided to install two gages on each of both ends of each dovetail, one next 

to the wedge and the other at the fillet on the other side of the dovetail 

neck, for a total of 124 gages (not all the ·128 locations are accessible). 

One cannot get results from. an SiN gage unless it is installed where the 

first crack is going to occur. If the crack does not pass under the gage, 

you are out of luck. We already had one rather realistic test, though, 

so we knew where future cracks would occur--if, in fact, they were going 

to occur at all. 

One of the problem.s was that this m.achine supplies power to a phys

ics facility, and physicists hate to have their experim.ents held up. They 

are less concerned about the condition of the generators than they are 

about conducting their experim.ents. As a result we knew we could not 

prolong the m.ajor repair shutdown just to install the gages, but would 

have to install them. during the regularly scheduled Monday m.aintenance 

shutdown. Meanwhile, the cover plates that had previously obscured the 

dovetails were m.odified for com.plete access to the dovetail area, allow

ing visual inspection and adequate access for gage installation. 

Another problem. was the tem.perature of the arm.ature. During 

operation heat is produced, raising the tem.perature to between 125 and 

150 0 F. Because of the large m.ass--50 tons of copper and steel--this 

does not cool off very fast during a shutdown. In fact, the tem.perature 

is m.aintained by heaters to elim.inate harm.ful therm.al cycling of the 
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steel shaft. We could count on a slight amount of cooling during the shut

down, but no more than 10°. As a result we were going to have to accept 

the fact that we would be installing gages on steel that was anywhere be

tween 115 and 140 0 F. Also, the air temperature in the area where we 

would be working would be somewhere around 90 0 F. 

It was decided that BR 610 cement would be the best choice, for 

two reasons: it is easy to work with and is better for a long-term test. 

As stated in the introduction, these machines had been in operation for 

12 years (1954 to 1966) and had pulsed 37488999 times up to the time of 

failure. There was greater severity in the duty in the 4 years prior to 

failure (15000000 pulses' worth) than in the first 8 years, and this mode 

of operation was thought to be the culprit that led to the failures. Since 

the new poles were not appreciably different from the originals, we ac

cepted, with some distress, the fact that unless we changed our mode of 

operation we could expect failures in the new poles to occur approximately 

4 y e ars from startup after repairs. We felt that we should have a cement 

that would hold up at least that long under our conditions. 

Another dis turbing aspec t was that the original lamination steel was 

similar to C1040 (tests showed a yield strength of approximately 60000 

psi and an ultimate strength of about 82000 psi), whereas the replace

ment poles contained laminations similar to C1020 (yield strength roughly 

54000 psi and ultimate strength about 67000 psi). The nagging ques tion 

w as, "Would this relatively weaker steel last as long as we had hoped?" 

Wl' Wl' l"l' ;:llso no!" surl' that: We' would have a Dldallurgical match 

bC'lWl'l' ll 1I1l' fa ti gtll' gage and the steel. A good metallurgical n1atch is 

nec e ssary if you want to use the gage as a life predictor. I did determine 
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theoretically, that for this particular replacement ste el we did not have 

a good match at all. Therefore, we could not expect to use this gage as 

a predictor of fatigue failure, but rather as a crack detector. Conse

quently, we did not need to make such extremely accurate resistanc e 

measurements as we would have if we wanted to use the gage as a life 

predictor. 

I also reasoned that once a crack started at the edge of the lam

ination and progressed toward the gage, the steel would gradually open 

up. This divergence would cause the gage element to respond to the 

higher strain level, which we would see as a resistanc e change. So it 

would give us a warning and therefore be somewhat of a predictor that 

failur e was imminent. 

We had no firm idea how we were going to acquire data or monitor 

the resistance of these gages. We felt that we should get the gages on 

as soon as possible and develop our data-acquisition techniques as we 

went along. Slip rings for continuous resistance monitoring could not be 

used for several reasons: the electrical noise problem that clos e to the 

heart of the generator would be insurmountable ; also the rings would have 

to be about 3 it in diameter if they could be used at all. We could not 

string wires all over the place to some central location on the armature 

to take readings unless we could "nail" them down securely. We were 

cons tantly reminded of the 450 g's we would have to contend with. We 

were not allowed to spot-weld to the armature for fear of stre ss concen

trations, so we could not weld on restraining "straps" to anchor wires. 

There were so many unknowns as to exactly why failure occurred in the 

first place that no one wanted to take a chance on altering the armature 



-14- UCRL-18423 Rev. 

condition by spot welding. I was afraid that if we used gage terminals, 

the leads between the terminals and the gage turrets might be ripped off 

by the high g force. We therefore elected to glue the gages down without 

terminals and build a probe ' that would make contact with the gage turrets. 

We purchased an siN meter to monitor these gage resistances on the rou

tine Monday shutdowns. We had toyed with the idea of using strain

indicator techniques for instrumentation; however, since we would be 

making measurements with a probe, I felt that the contact resistance 

variations and nonreproducibility might wipe out any small resistance 

changes. Since the temperature is not constant from Monday to Monday, 

there would be resistance fluctuations due just to temperature changes. 

We were worried, further, that we would have a high-cycle , low-

s train failure condition and our resis tance- change .6R would be quit e 

small. But again, I reasoned that once the crack started toward the gage, 

the resistance change would be great enough to read with the siN meter. 

After about 60 gages had been installed, we discovered that the 

mere act of pushing down on the turrets with the probe to take a reading 

gradually mashed down the turrets below the surface of the gage encap

sulation. We had to install terminals after all. Now, of course, we had 

to do it in place, but it turned out not to be too much trouble, after all. 

We presoldered leads to the terminals, bonded the terminals to the 115-

140 0 steel with EPY -150 cement, and after the cement cured, soldered the 

l e ads to the gages. The gage and leads were then coated with Gage Kote 

4 to cncapsula tt' the leads and keep thl'n1 from shaking off. Two im.prove

m e nts r e sulted: our data acquisition became much faster because now we 

were reading off a rather large blob of solder; and our readings became 

.. 
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much m~re reliable because with the larger contact area we had better 

reproducibility. W e found that we could live with the 450 g's. 

Subsequently we pre-prepared th e gages by presoldering the ter-

minals to the gages before installation. 

Gage Installation 

The laminations were coated during manufacture with a silicate 

coating that is quite tough, and sanding them by hand would have been 

quite laborious. We therefore used an S. S. White dental sandblaster to 

remove this coating in the areas whe re the gages would be bonded. Ove r 

a period of 4 months, the following gage-installation technique was devel-

oped. After properly cleaning, sanding metal-conditioning, and neutral-

izing the steel, Teflon tape was . applied and sliced in half with a razor 

blade (see Fig, 6). One half was lifted up, a thermocouple lead was slipped 

under it, and attached. Then the other half was lifted up, the steel was 

coated with cement, the cement- coated gage was placed, and the tape was 

then pulled down over it. A heater was taped in position (Fig. 7), and a 

clamping fixture was installed (Fig. 8). The fixture was tightly w edged in 

the dovetail slot by a thread ed strut, which can be seen in Fig. 9. The gage 

was cured at 275 0 F for two hours, which is 25° higher than recom-

1 
mended; however, because of possible inaccuracies in our thermo-

couples we decided to give ourselves this margin of safety. The tem-

perature of each gage was monitored closely until the cure temperature was 

reached and then periodically during cure. Each heater was plugged into 

a Powerstat so that the temperatures could be individually regulated (see 

fig. 10). The completed installation is shown in Fig. 11. 
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Fig. 6. SiN gages and thermocouples in place. 
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XBB 687 -411 8- A 

Fig. 7. Heaters taped in place. 
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Fig. 8. Installing clamping fixtures. 
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XBB 687-4120-A 

Fig. 9. Clamping fixtures in place. 
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Fig. 10. Monitoring cure temp e ratures. 
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XBB 687-4117 - A 

Fig. 11. COITlpl eted gage installation. 
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I would like to digress a bit. We feared it would be a fantastic 

problem to get heat into the cement for curing on this heat sink of 50 

tons of steel and copper . We thought it would take a lot of power to 

bring the gage area up to temperature. However, since we had a lam

inated structure, we felt that if we could get a highly localized heat 

source in intimate contact with the gage, we might be able to hold the 

temperature. After trying several heating methods, we ended up with 

a ceramic heater that we made ourselves (Fig. 12)--a ceramic body 

with a 115-ohm nichrome wire heating element inside. We covered the 

side that contacts the lamination with a layer of ceramic cloth, approx

imately 1/16 in. thick. This provided a pres sure pad, and we found it 

conformed very nicely to the gage. The ceramic cloth had to be replaced 

after each gage installation. Pressure was applied directly on the heater 

body by a spring-loaded plunger in the clamping fixture. (See Fig. 13 

for installation simulation.) We found that the plunger also had to have 

a layer of ceramic cloth to help spread the load and avoid cracking the 

heater. It was possible to bring the steel up to 275 0 F in 5 minutes: 

these heaters put out approximately 60 W at 70 V. We used a slower 

heating rate than that, however, and brought it up to temperature in 20 

to 30 min. The heater body temperature at 70V is approximately 800 0 F. 

The common-garden-variety springs we were using at first were an

nealed by this high heat. We then had springs made of Inconel X, which 

w ork e d p e rfectly. 

W t' (ound (h,) ( with (wo m('n wo rking. onl' on each sid(' of (-he shaft, 

Wl' could instal] four g,lgl'S (two per dovetail) in ol1e Inaintenance period. 

This also allowed some time for taking resistance readings of the gages 
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Fig. 12. Heater 
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Fig. 13. Gage installation simulation. 
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we had put on previously. SOITle dovetails are quite rough; the steel has 

gouges and scratches in it. Several tiITles we had been hesitant to even 

atteITlpt to put a gage on the surface. However, we found that if the 

groove or gouge is not ITlo re than 0.010 to 0.015 In. deep, the gage w orks 

satisfactorily. The edges of the groove ITlust be sanded SITlooth, however . 

The ceraITlic cloth pressure pad will then push the gage down into the 

groove, accoITlplishing a good bond. On the other hand, a scratch can be 

bridged satisfactoril y . 

New Cracks Appear 

We started installing gages in June of 1967 and everything went 

along quite SITloothly. Then interesting things starte d to happ en. On 

October 30, 1967, only 4 ITlonths after startup, in trying to ITleasur e the 

resistance of one particular gage on the West ITlachine, gage WS 7-4, we 

could not get a closed circuit. (See footnote "a" in Table I for gage posi

tion code; also refer back to Fig. 3.) We inspected the gage clos e ly w ith 

a ITlagnifying glass and found that, sure enough, there was a crack through 

the first strand of the gage. The draITlatic thing about the perforITlance of 

this gage is that on general inspection you would never see the crack unles s 

you knew one was there and were carefully looking for it. When the backing 

of the gage cracks, you can see its crack ITluch ITlore clearly than you can 

In the steel itself . 

I had ITlixed eITlotions about this first crack. All along I had had 

visions of putting all these gages on and never finding out whether or not 

they would spot cracks; in othe r words, there Dlight not be any n e\y cracks. 

So when we did finally have this first crack, I was quite happy to see that 
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the gage acted as it was supposed to and that we had installed the gages 

in the right place. However, I was sorry to see that the problem was 

s till with us. 

Panic ensued in the motor- generator room. Could it be that in- ·· 

stead of 4 years' life, we had only 4 months' life in the new poles? The 

gage was removed- - rather brutally- -and a 3/32-in. - diam. hole w as 

drilled at the end of the crack in an attempt to stop propagation. We 

then put on a new gage next to the s top- drill hole, which penetrated only 

the first lamination. Then, on December 18, 1967, while trying to mea

sure the resistance of one of the gages on the East machine, ES 7-2, we 

kept getting an open circuit. Upon closer inspection, we found we had a 

r e peat p e rformance. There was a very fine hairline crack through the 

firs t strand of the gage. That gage was also removed, a 3/32- in. - diam . 

s top-drill hole put in the first lamination, and a new gage installed next 

to the hole. We had no further trouble with this crack. 

When that first crack after startup appeared in the West machine 

back in Octobe r 1967, we were caught unprepared. We had not formu

lat e d a data-acquisition procedure, and we were still working on various 

probe designs. While we had a crude probe and had taken some measure

ments, we did not notice a resistance change previous to se eing this crack 

and, in fact , we had not taken readings for several weeks prior to its ap

pearance. For the second one, on the east machine, we were better pre

pared. We had developed a probe that worked very well (see Fig. 14). 

It has built-in, battery-powered lights that illuminate the gage. On the 

probe tip are t\vo conta cts of annealed 0.00 3-in. - thick by 1/16-in. -wide 

platinum. These ('ont"ct:s are spaced to n1atch the spacing of the gage 

tcrn1 ina 1. 8. 

• 
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Fig. 14. Gage resistance readout. 
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To looking back at the resistance data sheets, though, we found 

that 3 weeks had elapsed between our last reading (we were not allowed 

access to the machine) and the subsequent crack in the gage. From the 

last data tak en, we noticed that the resistance of gage ES 7-2 had in

creased from 100.38 to 101.60 ohms, a 1.22-ohm increase. Onc e an 

increase in resistance is noted, we would have to read the gage fre

quently during the week in order to see the gradual resistance change, 

denoting the progress of the crack. Pulses are accumulated at about 

100000 per week, and once the crack starts, it grows rapidly. By 

waiting 1 week to take the next reading, we would possibly miss the 

exact moment of failure. (See Table I for a summary of crack informa

tion in the new dovetails. ) 

Faced "'nth what now seemed to be a reappearance of cracks, we 

asked ourselves, If What do we do now? 11 We could keep running, watch 

the cracks grow, hope that they did not propagate too fast, and maybe 

get the 4 years' life that we had predicted. Or we could shut down op

eration and make repairs right then and there. Well, it's a pretty dif

ficult decision to make, especially when you know there will be exper

imenters anxious to continue their experiments. On the other hand, 

when you consider that these are but hairline cracks, maybe 1/8 in. 

long, you realize that possibly there is no real danger yet. The big 

question is how fast mll the cracks develop and progress, and in how 

many laminations b e hind that first one are there others. Because of the 

way the poles ar e manufactured-- simply punched and not dress e d down 

in any way- - the e dg e s of the laminations are not all in the same plane 

when assembled, so they do not all bear equally on the wedge. There is 
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TABLE 1 

FATIGUE LIFE GAGE SUMMARY OF NEW DOVETAIL FAILURES 

Total 6 R 

Gage Date first just before 

position resistance first Tota l cycles Total cycles 

on change gage failure Date first to fi rst first 

gwerator noted (ohms) gage failure gage failure gage saw Stop·drilled 

WS 7-4' Missed it - OcUO,1967 1,573,966 1,573,966 OcUO,I967 

ES 7- 2 Nov 27,1967 1.22 Dec.18,1967 2,208,873 889,617 Dec.l8,1967 

WS 7-2 Jan 8,1968 2 .58 Feb. 8,1968 2,741.404 2,741,404 Feb.26,1968 

WN 6-4 Missed it - Apr.19,1968 3,59 8,383 143,193 Apr.29,1968 

'Gage position code . 

7-4 WS 

West generator-.lJ 

South end LLGage 4, same numbering system as on pole s. 

Pole 7, numbered clock wise for Send, 

counter-clockwise for N end. 

bCont inued drill ing in first and seco nd laminations 

to locate end of crack and succeeded in stopp ing 
propagation. 

'Drilled down to the tenth lami nati on and succeeded 
in stoppi ng propagation . 

Total6R 

Date second just before 
resistance second 

change gage failure Date second 

Regaged noted (ohms) gage failure 

Nov. 6,1967 JanJ5,1968 0.14 Jan .29,1968 

Jan .2, 1968 No further problems 

Feb. 26,1968 No further problems 

Not regaged C 

! 

Total cycles Total cycles 

to second second 

gage fa i lure gage saw 

2,641,658 971,190
b

. 

I 

I 

I 
- -- - -

XBL6884905 

I 
N 
'-D 
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the pos sibility that the end lamination, which is the only one you can 

see, is not maki ng good contact and is not carrying its share of the 

load. Therefore, a small crack in this possibly lightly loaded lam

ination may mask a very severe cracking situation in heavier loaded 

laminations further In. But then you can rationalize that because of 

the nature of the loading, the lamination or laminations at the end have 

to be the ones to crack first. 

The decision was to keep running. Needless to say, we watched 

resistances very carefully. 

Having developed our resistance-monitoring techniques, we found 

that with the siN meter we could resolve 0.01 ohm without too much 

trouble. We clean the terminals with pure ethyl alcohol before reading 

to try to minimize contact resistance problems. Our contact resistance 

variations from reading to reading are about 0.05 ohm maximum. 

For the first year and a half, from June 1967 to December 1968, 

we took resistance measurements and pole temperature readings once 

a week. After December 1968 we changed to monthly readings (for 

reasons I will explain later). We found that the temperature fluctuated 

between 105 0 and 130 0 F in successive weeks. We also noticed that there 

were changes in resistances, again less than 0.05 ohms, with and without 

temperature variations. If we got a reading that was 0.10 ohm higher 

than the previous week's, we flagged it. If the next week's was no 

higher, we were not too concerned, but we continued to observe it for 

a while. If it returned to the original value, we tended to forget about 

it. We also watched for steadily increasing resistances over several 

weeks. 
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On January 8, 1968, we noticed that the resistance of the gage in 

position WS 7-2 increased 0.13 ohm. Then on January 15 the r e was an 

additional 0.03-ohm increase. At the time, this additional but now small 

increase in itself seemed to indicate to us that the gage had settled dow n. 

(Contact resistance variations might cause a change that small.) Also 

on January 15 we noticed a 0.14-ohm increase in gage WS7-4 the re

placeme nt for a gage that had previously cracked. On January 29, two 

weeks later, WS 7-4 failed. We suspected that this new crack in WS 7-4 

was a continuation of the original failur e . We probably had not removed 

all of the original crack, and it was propagating again. Now, it turns 

out that wa tching the crack propagate from grid strand to grid strand is 

an exce lle nt way of ke eping track of the crack progress, s o we d ecide d 

to l e ave this gage on and watch it for a time. 

We noticed on January 29 that gage WS 7-2 had increased an addi

tional 2.42 ohms. Upon close examination of the gage and surrounding 

area, we noticed a very fine crack approximately 1/64 in. long just 

starting at the e d ge of the lamination and heading straight for the gage. 

The texture of the gage grid looked suspicious (dis colored and ve ry 

grainy), but no crack could be s een in the gage. Obviously our attention 

was now intens e ly focused on gage WS 7-2. W e knew that a crack was 

immine nt. Sure enough, the next week, on February 5, the gage fail ed. 

M e anwhile, the crack in WS 7-4 continued to l e ngthe n. We decided to 

wa tch the situation for one more week. 

On this samt' d a te , February 5, \-\1(' started taking weekly photographs 

of tht' cracks. W (' found that with the good photo graphic techniques that 

we had to develop for this job we could s ee the c r a ck s and keep track of 
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their progres s much better by analyzing photo enlargements than we 

could with the naked eye. The important role that photography can play 

in this type of application cannot be too strongly emphasized. 

Figure 15 shows the original crack, stop-drill hole, and crack con

tinuation in the second gage in position, WS 7-4. At the bottom of the 

hole, which is the surface of the second lamination, a crack can be seen 

approximately halfway across the drilled hole. Upon examining this 

crack , we suspected that several laminations might b e affected. Notice 

also in Fig. 15 that the gage turrets are mashed from the probe pressure . 

The next week, February 13, 1968, gage WS 7-4 was sanded off, 

neve r to return. We continued to have problems with this crackls prop

agating, but after a series of stop-drill holes down to the third lamina

tion, we succe e ded in stopping the crack grow th . On February 13 gage 

WS 7-2 wa s also sanded off. On February 26 we stop-drilled to the sec

ond lamination a nd installed a new gage WS 7-2 (see Fig. 16). We had 

no further probl ems in this dovetail. 

On April 19 we discover e d a crack while taking readings on gage 

WN 6-4 , at the othe r end of the West machine. Closer examination 

showed that ther e was a crack through the entire gage and b eyond (see 

Fig . 17) . A check of the installation records showed that this gage had 

been installed approximately a week and a half earlier. During this 

week a nd a half we we re unable to obtain resistanc e r eadings except for 

the i nitial installation r e sistance, as our siN meter was ou t of order. 

We did make a c rud e measurement th e week b e fore and found that at 

le as t ther e was continuity, so the crack had not yet fractured the gage . 

The c rack was difficult to s ee because of the many scra tches in the 
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Fig. 15. Crack continuation at gage WS 7-4. 
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Fig. 16. Stop-drill hole and new gage, WS 7-2. o. 
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Fig . 17. C rack through gage WN 6-4. 
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laTIlination surface, and, in fact, the crack was parallel to the direction 

of the scratches. When the gage was installed there was no noticeable 

crack, although one TIlay have been present. This gage was then sanded 

off and the surface ground down to reTIlove the scratches and to deter

TIline exactly how long the crack was. Inspection revealed a crack ap

proxiTIlately 3/4 in. long (Fig. 18). Stop-drilling revealed cracks in 

subsequent laTIlinations. We began to get rather apprehensive at this 

point. 

To TIlake a long story short, we wound up with a dovetail looking 

like a piece of Swiss cheese (Fig. 19)' and before we were through we 

had drilled all the way to the tenth laTIlination before we found no fur

ther evidence of cracking. We felt that had we installed this gage TIluch 

earlier, we TIlight have seen a resistance change and the appearance 

of the crack just as it started. If we had stop-drilled then, we probably 

would have liTIlited the crack to the first laTIlination. However, we now 

succeeded in stopping the crack progression. To date things have been 

relatively peaceful, with no new cracks. 

As I TIlentioned earlier, we started out taking resistance readings 

and pole teTIlperature TIleasureTIlents every week. In DeceTIlber 1968, 

approxiTIlately 8 TIlonths after the appearance of the last laTIlination 

crack, we decided to relax our SiN gage vigil sOTIlewhat. Since we had 

no changes in resistance during this 8-TIlonth period we decided to take 

resistance readings only once a TIl 0 nth. We stopped taking teTIlperature 

TIleasureTIlents, as we found that teTIlperature fluctuations did not have a 

significant effect on gage resistances. Our photographic surveillance 

was likewise changed to once a month. 
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Fig. 18. Gage WN 6- 4 r e rrlOve d . 
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Fig. 19. Stop-drill holes in WN 6-4 area. 

,. 
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By July 1968 we had cOITlpleted the gage ins tallation at all locations 

except 16. These last 16 gages (8 per ITlachine) presented a probleITl in 

that the dovetails at one end of each of two poles on each generator are 

covered by steel plates that are used as weights for dynaITlic balance of 

the rotor. In addition to the cover plates, weights are inserted into the 

dovetail slots and rest up against the end laITlination of the poles. The 

presence of cover plates, of course, prevented us froITl visually inspec

ting the dovetails underneath, and their reITloval and reinstallation was 

a difficult and tiITle- consuITling task. 

Now, early in the prograITl, we realized that sOITlehow we would 

have to install gages at these locations and ITlonitor their resistances. 

But we would have to wait for one of the seITliannual 2- or 3-week shut

downs in order to have sufficient tiITle to cOITlplete the job all at once. 

We certainly did not want to foresake the eight dovetails and just hope 

there would not be any failures at these locations. They represented 

13 % of the total. We were constantly reITlinded that the pre sence of 

cover plates ITlasked the severe and nearly catastrophic failures in the 

original poles. 

Our opportunity to cOITlplete the gage ins tallation caITle in DeceITlber 

1968 during a 3-week shutdown for changes in the Bevatron expe riITlental 

setup. We reITloved the cover plates and slot weights, bonded the gages 

to the poles in the usual ITlanner, and then ITlounted additional terITlinals, 

with EPY-150, on the arITlature in an easily accessible spot just below 

the area occupied by the cover plates. We then connected the gages to 

the secondary terITlinals with #27 Soldereze wire, and encapsulated the 

gages and lead wires with liberal aITlounts of EPY -150 ceITlent. See 
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Fig. 20. Figure 21 shows the cover plates in place and the terminals 

from which the readings are taken. Obviously reading these gages is 

eas ier and faster than reading those without the auxiliary terminals, 

since these terminals (in Fig. 21) are outside the dovetail slot and are 

more centralized. 

We placed a 1/8-in. rubber pad between the end lamination and 

the slot weight and between the bottom of the slot and the weight. This 

would protect the gages and lead wires if the weights should shift. 

We had some minor problems with leads corning loose from the 

gage turrets after anywhere from 8 to 26 months of operation. This 

happened in seven cases. These were gages that we had obtained with

out leads (FNA-01) at the start of the siN gage program. Evidently we 

did not get a good solder joint at the turrets when we installed the leads 

and they were shaken loose in operation. We had no difficulty repairing 

them in place, however. 

We have had no trouble with the gages that we obtained with en

capsulated leads, the FWA-01 gages. The last 30 gages that we installed 

were of this type. We strongly recommend using the gages with encapsu 

late d leads whenever possible for two reasons: they are cheaper in the 

long run because you don't have to fool with soldering on the leads your

self, and the integrity of the factory-attached and -encapsulated leads 

is much more certain, especially in this kind of service. 

Fatigue Testing 

Along with the job of installing gages and taking r e sistance 

readings, we embarked on a fatigue testing program to try to find out 

what the endurance limit of the steel is, to try to model s orne of the 
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Fig. 20. SiN gages with auxiliary terminals. 
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Fig . 21. Cover plates in place. 
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assembly forces in order to determine their magnitude, to see how 

these affect the endurance limit, and to find out as much as possible 

about the SiN gage characteristics . 

It is ve ry difficult to get a good modeling of this dovetail con

nection because of the various unknown force magnitudes; however, it 

was decided to take some of the original laminations from poles that 

did not fail and make up 2-inch stacks of laminC!.tions (Fig. 22), anchor 

them in a method similar to that used in the generators, and cycle 

thes e packages . We used the laminations in the II as punched" condition 

for some samples, while others were ground in the dovetail area to re

move the hard, brittle edge. We us ed a 300 OOO-Ib universal testing 

machine (Fig. 23) for our studies. We bonded fatigue life gages 

(#1 and #2), one on each face of the sample, in the area next to the 

wedge to monitor fatigue life, and installed strain gages (# 1 and #2), 

again, one on each face, at the neck of the dovetail to monitor the 

total tension load on the sample (see Fig. 24). This load, as deter

mined by the strain gages, is somewhat fictitious, since we can gage 

only the two end laminations, which we have called faces # 1 and #2. 

(This is also the case with the generators, however). Therefore, we 

do not know what the loads are on other laminations. We hope that the 

shim distributes the load adequately, but this may be wishful thinking. 

R ecognizing these limitations, we thought we would attempt the testing 

anyway. 

Even though the dovetail grip appears to b e quite stiff we found 

that with the nlagnitude of the tension loads applied to the samples- -up 

to 125000 Ib--the jaws opened slightly and therefore did not maintain 
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Fig. 22. Laminated dove tail fatigue sample. 
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Fig. 23. Sample installed on univ e rsal t e sting machine . 
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Fig. 24. siN gage and strain gage on dovetail sa:mple . 
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the necessary preload on the side of the dovetail. In testing the first 

sample, sample A, we simply drove the wedges as hard as we could 

and tried to get it to fail in a reasonable length of time. 

After experimenting with several mean and cyclic loads, we 

settled on a mean axial load of 105000 lb and a cyclic load of plus and 

minus 20000 lb at a frequency of 10 Hz, the machinefs maximum at 

these loads and the frequency used for all our testing. At the corner 

of the wedge this creates a theoretical stres s in the laminations of 

46500 plus and minus 9350 psi. 

These stresses are difficult to calculate and interpret, and are 

presented only to give some idea of their magnitude in relation to the 

strength of the lamination steel. 

At 293086 cycles the resistance in siN gage 1 started to in

crease, and 49500 cycles later, the gage failed--a crack had ruptured 

the gage. See Fig. 25. We define failure as the appearance of the first 

crack, which fails the gage. We had continuous resistance monitoring 

with a two-channel recorder, one channel for each siN gage. When the 

gage failed and open-circuited, the recorder shut off the machine. (The 

recorder is interlocked with the testing machine, so that when the gage 

open-circuits and causes full-scale recorder deflection, it automatically 

shuts the machine off.) The interesting thing is that, once the machine 

was shut off, the load relaxed and the gage grid ends made contact again, 

thus closing the circuit, as can be seen in Fig. 26, a reproduction of 

the rccorncr trace. 

Upon photographic and rnicroscopic examination w e verifien the 

existcncl' of the crack through the first strand of the gage and also in 
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Fig . 25. Crack in dovetail sample A. 
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XBL6884904 

Fig.26. Plot of SiN gage resistance vs time for dovetail 
fatigue sampleA. 
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the steel. The 6. R (resistance change) just before failure was approxi

mately 0 .8 ohm. SiN gage 2 showed no resistance change. When it 

would have done so we do not know, for we stopped the test at first 

failure and removed the sample from the machine. See Table II for a 

summary of the results of our fatigue testing. 

We do not know what the actual stresses were in the sample at 

the point where the wedge makes contact with the lamination, and, of 

course, at the location of the siN gage. For this first trial we did not 

attempt to use the fatigue gage as a strain gage to determine the actual 

wedge loading. 

In the second trial, to try and solve the II flexible II jaw problem, 

we shrunk-fitted the sample, sample B, into the jaw to try to preload 

the dovetail with the jaw as well as the wedges . We heated the jaw to 

500 of, ins e rted the dovetail sample, and quickly drove the wedges with 

a hammer. This did not prove very effective, as the jaws still expanded 

when the sample was loaded. 

The strain in the fatigue life gages, as determined with the siN 

gages connected to a strain indicator, due to the wedge I s pushing on the 

edge of the lamination, averaged about 1100 jJ.E (micros train or micro

inches/inch) at the maximum axial load of 107 500 lb (mean plus cyclic). 

It is difficult to interpret this information, since the load from the wedge 

is normal to the edge of the lamination and the fatigue gage measures 

strain parallel to the lamination edge. The strains during the test, as 

indicated by the fatigue life gages and the strain gages, are presented 

in Table II. The diffe r e nce b e tween the plus and minus values was 

probably due to the complicated dovetail shape and anchor. The 

, 

.. 
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Table II. Fatigue testing sUITuuary. 

SG = strain gage; siN = fatigue life gage; 
6. R = change in resistance; fJ. E = microstrain (fJ. in. lin. ). 

Sample (laminations as punched) 

Mean load (lb) 

Cyclic load (lb) 

SG # 1 mean strain (fJ.E) 

SG # 1 cyclic strain (fJ.E) 

SG # 2 mean strain (fJ.E) 

SG #2 cyclic strain (fJ.E) 

siN # 1 mean strain (fJ.E) 

siN # 1 cyclic strain (fJ.E) 

si N # 2 m e an strain (fJ.E) 

si N # 2 cyclic str ain (fJ.E) 

Cycle s to 6. R - siN #1 
Cycle s during 6. R - siN #1 
Cycle s to failur e - si N #1 
6. R just before failure - siN #1 (ohm) 

Cycle s to 6. R - si N #2 
Cycle s during 6. R - siN #2 
Cycle s to failure - siN #2 
6. R just b e fore failure - siN #2 (ohm) 

A B 

105,000 82,500 

±20,000 ±25,000 

492 352 

+92 
-88 

293,086 

49,500 

342,586 

0 . 8 

+125 
-116 

236 

+122 
- 81 

895 

+4 97 
-3 3 7 

588 

+515 
- 234 

a 

C 

82 ,500 

±25 , 000 

2 23 

+107 
- 89 

26 0 

+117 
-106 

575 

+383 
-3 0 3 

636 

+42 5 
- 3 72 

43 5 ,461 

4 5 ,000 

4 80 ,461 

0.4 

471,461 

153, 000 

624 ,461 

1. 68 

a . Failure not s een by siN gages. Crack did not propagate under 

gage s. Tot al cycles : 2.2 million. 
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theoretical stres s at the wedge corner was 36300 ± 23 100 psi. 

Unfortunately, when the wedges were driven during assembly, 

they slipped, and the corner of the wedge was below the fatigue life gage 

grid. We were apprehensive about this test, since, unless the crack 

propagates under the gage, the gage will not give an indication of failure. 

Previous experience has shown that the crack starts at the corner of the 

wedge. 

We ran for 2.2 million cycles, with a mean axial load of 82500 lb 

and a cyclic load of ± 25000 lb, and saw no evidence, from the fatigue 

life gage s, of failure. But failure did in fact occur as shown in Fig. 27 -

a crack developed, though not under the gage. Prognostication was 

fulfilled, unfortunately. We noticed the crack upon disassembly of the 

apparatus. This area was unobservable during the test because the gage 

coating was darkened by the heat from the hot jaw. As a result, we 

could not determine when the crack appeared. This coating and a cover 

plate we re removed for this photograph. 

Note the severity of the failure in Fig. 27 and Fig. 28. Even 

though the bolt hole and the general area near the gage were distorted, 

the gage gave no indication that anything was happening. Obviously 

the re had been considerable preload on this dovetail. 

For sample C we fabricated a clamping fixture that incorporates 

two 30-ton hydraulic jacks to squeeze and hold the jaws together, thereby 

greatly increasing and maintaining the preload on the dovetails. This 

more closely duplicates the stiff condition of the actual gene rator rotor. 

S e e Fig. 29. 

.. 
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Fig. 27. Sample B failure, side 1. 
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Fig. 28. Sample B with wedge and shim. 
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Fig . 29. Sample C , jaw clamping fixtur e (30-to n jacks are 
remove d) . 
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We assembled this apparatus on the testing machine and applied 

60 tons of force with the hydraulic jacks. This resulted in a fatigue gage 

strain reading of 1676 \-LE: on siN gage 1 and 1347 \-LE: on siN gage 2. 

Obviously, as was expected, the wedge is not bearing evenly on at least 

these two end laminations. This is probably similar to the condition on 

the generators. We then applied the total axial load of 107500 lb with 

the machine (mean plus cyclic loads) - -we decided on another try at 

82500 ± 25000 lb. siN gage 1 registered 7480 \-LE: and siN gag e 2 

read 11 900 \-LE:. Both gages indicated that there was local yielding, as 

the strains would not stabilize under a static load. We removed this 

load and found a zero shift of 6693 \-LE: and 10463 \-LE: on SiN gages 1 and 

2 respectively. 

We rebalanced the strain indicator and again applied the 107500-lb 

load. The strains were still unstable, so we increased the load to 

110000 lb. W e held this higher load for about 5 min and the n reduc ed 

the load to 107 500 lb, and found that indeed things were now stable. The 

instability of the siN gages, as we had expected, was due to the high load 

on the edge of the laminations because the corner of the wedge was digging 

in and causing a slow yie lding condition. During all this, the two strain 

gag e s at the neck of the dovetail behaved perfectly--the strains were re

producible with no zero shift. 

W e slowly cycled the sample from z e ro to maximum load until 

the strains from the siN gages w e re reproducible, indicating that the 

assembly had had the kinks worke d out and that the loads would not shift. 

We suspected that since the wedge was severe ly digging into the lamina

tions, we probably wouldn l t have to wait too long for failur e once we 
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started testing this sample. 

We started the test with a load of 82500 ± 25000 lb. This pro

duced a strain parallel to the lamination edge, as determined by using 

the fatigue gages as strain gages, of about 600 flE plus 400 flE and minus 

340 flE. See Table II for the actual values. The theoretical stress at 

the wedge corner was 36300 ± 23 100 psi. 

At 435461 cycles the resistance of SiN gage 1 started to change; 

45000 cycles later SiN gage 1 failed. The b. R just before the failure 

was 0.4 ohm. 

siN gage 2, at 471461 cycles, started to change resistance. 

Approximately 153000 cycles later it fail ed, with a b. R just before 

failure of 1.68 ohms. This was 144000 cycles after gage 1 failed. We 

let the machine run for 46 500 more cycles to see how the crack would 

develop, and then removed sample C from the machine. The shapes of 

the recorder trace s of the changes in gage resistance in sample s A and 

C were similar (Fig. 26). There was a gradual resistance change as the 

crack developed and headed for the gage. Then as the crack propagated 

under the gage, the resistance change was quite rapid up to failure. 

Figure 30 shows SiN gage 1 and Fig. 31 shows siN gage 2. F igure 32 

shows the side of the dovetail, and it is quite evident that all laminations 

have failed, and that they have failed at the point where the corner of 

the wedge was making contact. By now we have certainly proved that 

the stress concentration due to the corner of the wedge causes the 

failure. Note the rough II as punched" lamination edges in Fig. 32. Is 

it any wonder that they are full of microcracks to start with? 
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Fig. 30. Sample C, SiN gage 1. 
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Fig. 31. Sample C, SiN gage 2. 
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F ig. 32. SaITlple C, wedge side of dove tai l. 



, 
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To date all the fatigue testing has been performed with samples 

made from" as punched" laminations. In the fall of 1969 we will test 

the ground samples to try to determine how much effect the removal of 

the punched edge has on the fatigue life of the lamination steel. 

SUMMARY AND CONCLUSIONS 

In looking back we feel extremely lucky; we feel that possibly 

early in the game very small cracks were developing in the original 

poles, but since the dovetails were covered, we were not aware that we 

had a problem until there was actual physical movement of the pole. 

We shudder to think what might have happened if the poles had started 

scraping the stator windings under full excitation. 

One sure way to reduce the fatigue problem would be to reduce 

the spee d change during a pulse which reduces the cyclic stresses, and 

this has been done . By redesigning some of the electronics it was possi-

ble to cut the speed change in half, from 100 rpm (875 to 775 rpm ~ to 50 rpm 

(875 to 825 rpm). We now expect the poles to last for 4 yr-perhaps for 

the life of the Bevatron. 

It's mystifying to us just why all the new cracks appeared 

in poles 6 and 7. East and West machines both developed cracks in gage 

positions 7 -2 in the south end. Pole 6 in the West generator at the north 

end was the one in which the original failure was first noticed, and in 

the original failures it was the only pole that suffered cracks completely 

across both dovetails. Subsequentely we had a new crack in WN 6-4 

that was difficult to stop. It might be just a coincidence, or it might 

have real significance . So far, all the new cracks have been on the 

wedge s ide of the dovetail. 
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We recognized from the beginning that we probably would not be 

able to use fatigue life gages as predictors of life on these machines for 

two reas ons: they are not a good metallurgical match to the steel, and 

secondly, most of the gages were not put on at startup. In other words, 

we put on four gages each week over a period of one and a half years; 

some of them have seen more fatigue history than others, and this 

makes prediction information very difficult to correlate. 

Although we recognized these limitations of the gage in our 

particular application, it has been extremely valuable to us. The cracks, 

unless they were quite large, could not have been seen without a magni

fying glass plus a knowledge of exactly where to look. Reading SiN 

gages is certainly much neater and faster than using dye penetrants or 

magnetic -particle inspection techniques. Darrell Harting' s 2 instructions 

to me were certainly correct: the gage will tell you that things are 

happening, and it's just a matter of sorting out the information and be

coming familiar with what the gages tell you. In general I can say that 

the siN gage is an extremely valuable tool. 
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