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This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither
the United States, nor the Commission, nor Allis-Chalmers Manufacturing Company,
nor any person acting on behalf of the Commission or Allis-Chalmers Manufacturing

Company :

A. Makes any warranty or representation to others, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the information contained
in this report, or that the use of any information, apparatus, method, or process dis-

closed in this report may not infringe privately owned rights; or

B. Assumes any liabilities to others with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or process disclosed

in this report.

As used in the above, ‘person acting on behalf of the Commission or Allis-Chalmers
Manufacturing Company’ includes any employe or contractor of the Commission, or
Allis-Chalmers Manufacturing Company or employe of such contractor, to the extent
that such employe or contractor of the Commission, or Allis-Chalmers Manufacturing
Company or employe of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract with the Commission or
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One of a series of reports on r@search and development in connection
with the design of the Pathfinder Atomic Power Plant, this particular
repor+ deals with the burnup limits for two weight per cent natural

boron stainless steel control rods.

The Fafhfnnder plant will be locafed af a site near S|Oux Falls,
Soufh Dakota, and is scheduled for operafnon in 1964. Owners ond
operators of the plant wnll be the Northern Sfafes'Fower Company of
_Minneapolis Minnesofé. Allis=Chalmers is performlng the research
davelopmen+ and desngn as well as being responsibie for planf con=- -

struction.

The'U. S. Afomfc Energy Commission, through Contract No. AT(|l=1)-589
with Northern States Power Company, and Central Utilities A+onic~Power
Associafes (CUAPA) are sponsors of the research and developmenf program
The plant's reactor will be of the Confrolled Rectrculaflon Boiling

Reactor type with Nuclear Superheater.

~lli=




~TABLE OF CONTENTS

Pistribution . .

Foreword . . . .

List of Illustrations. . .
1.0 Introduction.
2.0 Summary and Conclusions .
3.0 Background.
3.1 Control Rod Description.
3.2 Operating Conditions .
3.3 Poison Material Description. . . . . . .
3.3.1 Mechanical and Metallurgical Properties .
3.3.2 Nuclear Properties.
4.0 Irradiation Effects on Boron Stainless Steel.
4.1 Mechanical Properties.
4.2 Cracks .
4.3 Swelling and Helium Gas Release.
5.0 Allowable Burnup Limits on Pathfinder Control Rods.

5.1 Boiler Control Rods.

5.2 Superheater Control Reds .

Bibliography .

-iv=

20

22



r—a

¥

Figure

Number

LIST OF ILLUSTRATIONS

Page
Number

Control Rod Core Locations . . . « + +« « v « v v v o « o 2
Boiler Cruciform Contrel Rod . . . . . . . . « . . . . . 4
Superheater Control Rod. . . . . « . « « « « ¢« « + « . . B
Atom Per Cent Vs. Weight Per Cent for Boron Stain-
less Steel . . . v & ¢ ¢ v 4 i e e e e e e e e e e . 9
Volume Per Cent Increase Vs. Core Atom.Per Cent
Burnup for |rradiated Boron Stainless Steel (< 600 F). . 16
Per Cent Volume Increase Vs. Post Irradiation '

Annealing Temperature for | and 2 Core a/o Burnup. . . . I8



1.0 INTRODUCT{ON

The purpose of this report is to review and evaluate the effects of
neutron irradiation on 2 w/o boron stainless sfee! under Pathfinder
reactor conditions and determine the maximum Boron-I10 depletion while

still insuring the integrity of the control rods.

The Pafhfjnder Atomic Power Plant is a 66 Mwe (gross) controlled -
recirculation boiling water reactor Wifh an infegral>cenfral super-
heater. The boi ler core operates at 600 psig and 489 F and the super-
heater core will produce éxiT steam at 825 F (725 F iniffally) and

540 psig. The boi ler core contains sixteen cruciform-shaped-}ods which
are individualiy driven.in channeils provided between the boiler elements.
There are forty-eight superheater control rods which are gang driven in
four groups of'fwelvé'rods each. These rods run inside removable.channel
tubes within the superheafer core. The boiler rods may be scrammed to
shut down the reactor during an emergency shutdown, but the superheater
rods are '"run in" under power by the superheater control rod drives.-

Locations of the control rods in the core are shown in Figure I.

2.0 SUMMARY AND CONCLUSIONS

A survey of the literature on irradiation experience with boron ‘stain-
less stee| was conducted to determine the effect of neutron irradiation
and boron-i0 burnhp on the two weight per cent natural boron stainless
steel éonfrol rods being used in the Pathfinder reactor. The literature

reviewed included irradiation test samples and full-size control rods
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in operating reactors. From the analysis of the survey, it was. con¢luded
that the E?fhf{nqérnqpnfﬁql rods will operate satisfactorily and retain

their integrity within the burnup limits prescribed.

The effecfs_ofhﬁffanaffgp‘égd @—]wagféup on boron stainless were
divided into Three“cafgggﬁig§yaé’follows:
D) mechanical properties,
2) cracks, -
3) swelling and gas re|ease.
These éafegories,wgre egamjpgd”{qidefail'wifh the data available and
correlated with Tﬁe Pathf inder fqgg and operating conditions. The
allowable local burnup of the boiler reds is limited to one core alo

(50% B~10 deplef?on)Aaqg the superheater rods are limited to ohefhalf

core a/o (25% B~10 &eplefion).

3.0" BACKGROUND

3.1 Control Rod Descriptions .

The sixteen boiler control rods are cruciform in shape. The neutron
poison section is 72 inches long and is two weight per cent natural

boron stainless steel. The blades are I/4 inch thick and have an qverall
width of IO-7/]6 inches, AT the fop of the pdison section is a 3 inch
wide cruciform extension of 304L stainless steel and at the bottom is

a 1/2 nch long 304L nose. The entire.rod assembly is 178-23/32 inchesf
long. A séhema+ic drawinglgf'fhe boilef cruciform is shown in Figurg;?,l

The control rods are entirely of welded construction. The-poisénﬂéecfion
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Figure 2 ... Boiler Cruciform Control Rod (43-025-345)
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is formed by butting twe narrow plates to a wide plate and joining with
a staggered 1/8 inch fillet weld. All fhe longitudinal welds are made
in a special welding fixture to minimize twist and warp. This is to

enable the entire cruciform to fit within a 0.312 inch envélope. After
welding, the cruciforms are high-temperature stress relieved to relieve

residual stresses formed during fabrication.

The forty-eight superheater control rods are ganged into four gréups
of twelve rods each and connected to four drive units. Each contfrol
rod consists of a 3/4 inch diameter poison section with a tubular
extension of 304l stainless steel. The poison material is two weight
per cent natural boron stainless steel. The 3/4 inch diameter poisen
‘rod is clad with a 0.020 inch wall 304L stainless tube which is mech-=
anically bonded by sinking the clad down onto the rod. The cladding
Tube is weldéd to the 0.060 inch wall extension tube on the uppaﬁ'end
and a 304L tapered nose on the lower end. The sealed extension tube
provides a large gas space for collecting helium that may be released
from the boren stainless steel. A schematic drawing of the supérheaTer

control rod is shown in Figure 3.

3.2 Operating Conditions

The cruciform contro!l rods in the boiler core are used to contro! and

shut down the reactor. Al] sixteen rods will be used during startup

" and shutdown..operations, while only the cuter eight rods will normaliy
be used during reactor operation at full power. The rods will function

in @ steam and water atmosphere at a maximum metal temperature of 586 F.
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The control rods in the superheater core are used fto adjust steam
temperature and shut down the reactor. During normal reactor operations,
the superheater control rods will be fully withdrawn. If necessary, one
or more groups of control rods will be partially inserted into the core
to adjust the exit steam temperature. Tﬁe rods function in @ steam
atmosphere af a maximum possible Temperéfure of 990 F during operation

and 1230 F (for, less than 2 minutes) during shutdown.

3.3 Poison Material Description

3.3.1 Mechanical and Metallurgical Properties

Boron stalnless steel is similar to normal 304 stainless sfeel with
the additien of boron to give it a high_?hermal neutron absorption
cross'ségfion. As the boron content increases, the tensile and
’yield-sTFengfh increase but the ductility and impact strength de-
crease. Typical mechanical properties of two weight per cent boron
stainless are as follows: Tensile Strength - 86,000 psi... Yield
Strength - 40,000 psi...Per Cent Elongation - 8%...and Rockwell B
Hérdness - 97. The. impact strength oflunﬁofched sampleg'(o;l97"

x 0.197" x 2.165") was 6.5 ft=Ib. Samples of 304 stainless steel

of the same size had an impact strength of 28 ft=ib.

The solubility of boron in stainless steel is less than O.I.W/o and
any excess boron is present as a briftle complex boride phase dis-
persed throughout the steei matrix. The phase has been identified

as a transitional metal boride of The'probable form (Fe, Cr)oB.




Some nickel is also found within this phase. This indicates that the
addition of boron primarily withdraws iron and chromium from the stain-
less matrix, leaving it enriched in nickel. The size of the boride

particles range generally between 2 and 4 H.-(')

fhe.concenfrafion of boron in stainless steel is normally specified
‘in units of weight per cent, but due to its low atomic weight the
atom c&ncen}rafion is about five times greater than its weight con=-
.cen*rafion. Thus 2 w/o boron is equal to 9.5 a/o (atom ber cent)

boron in the stainless steel.

ZAT this fimé it is convenient to introduce a new term, core afo@
per cent, and its defini?ion; Core atoms are all the atoms in the
boronlsfainléss steal alloy. The concentration of one particular
elemén*-or isotope (such-as B or B-lO) can now be stated in terms
of per cent of the total atoms. By uéing unifs of core atom per
cénf, irfadia#ion data from different sources and materials having
varying B-iO content and_burnups may be compared and evaluated on
a common basis. Figure 4 shows +he relationship between atom per

cent and weight per'cenf for boron stainless steel.
3.3.2 Nuclear Properties

The element boron consists of two isotopes, B-10 and B-IIl, with
isotopic concentrations of 19.8 a/o and 80.2 a/o respeéfivély. The
thermal neutron absorpfioh cross section of B-10 is 3840 + 10 barns

and B-ll is less than 0.05 barns giving an average cross section of
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762 + 3 barns for elemental (natural) boron. ¢ 2

The neutron absorption
eross section deéreases_wifh—increasfng neutron enargy accerding to the .
I/v Iéw; Boron may be enfiched in the B-10 isotope to provide a highor
‘thermal neutron capturing efficfénCy and 8 Iarger 8-10 atom.cohcenfrq-'

tion per unit volume,

“Thé neutron B-10 reaction is as follows: B~-10 (n,a) Ll-?;, When tho-
B-IO absorbs a fhermal neufron, fhe unstable boron atom lmmedlafely
emifs an alpha particle (helium nucleus) and fransmufes fo a Ll 7 afom.
The alpha parfucle,picks up free elecfrons and becomes a sfable hellua
“atom. The immediate érea prevfdusly_aqcupled by the borbnvétbn is‘now‘
_ éééupied by a he]ium andliifhlum atom. The héliumrbfom.is:gaseoué

and the lithium atom is molten since it melts at 367 F.
4.0 JRRADIAT|ON EFFECTS .ON BORON STAINLESS STE

'The neutron aESOrpfion;neac+ioﬁ between a thermal neutron and & B-10 atom
desfro§s the boron'éhd‘produces a helium atom and a lithium éfom.v The in—
froducflon of a sufficienf quanfufy of these foreign atoms into the ortgunal
' 'boron stainless steel alloy can have an adverse effect on the properfles of
the maferial, The onset and extent of damage to the boron stainless is de~
pandent on the core atom. per cent burnup of the B-Iolafbms in fhé maférlal.»
and its operating temperature. A discussion of the information obfalned‘
from a Iiferafhre survey on the effects of neutron rrradiafionland burnup
limits of 2 w/o natural boron stainless steel are related in The‘fol]owing'

subsections.
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4.f Mechanical Properties

Experimental data on +he changes of meéhanica] properties of boron éféinless-'
dué to neutron irradiation and B-10 burnub are very limited. The available
experimenfél.dafa show that the tensile and yield-sfréngfh will increase, with:
fhe yield"strength “a“p*p‘ﬁaa'c"h'rhgf*‘fh'e fensi1e g?r‘?*én‘g#’h, “dnd fhat fhe elonga’tidn

and réddcfion of area wil! decrease.-'TabLQ | shows the expérimenfal data on the.
changes in-mechanical properties vs.,cére a/o(bufnﬁp-of B-10 for variou;"fesf |

samples.

Boron stainless has a low‘impac+>sfréng*ﬁ add’is notch sensitive. Neutron
irradiéfion reduce§ the impaéf-sfrengfh of the material around 50 percehf

of its initial Iowrvalge. Table 2 contains the results of impact tests of

_ unirradiafedAand irradiated test samples. The material -is sufficign+|y

notch sensifivé so fhaf,irradjafed feﬁsile épecimens, which have the gage
lengfh indicated b9 punch marks, have broken at fhe punch marks during +eﬁsilq
tests. It is néceéséry for éll boron stainless material to have a very smooth

surface, to minimize the notch sensitivity of the material.

When thermal neutrons are abosrbed by the B-=10 ina nuc lear black control

" rod, the absorptions do not occur uniformly across the rod thickness but
rafher.af a d;creasing rafe from the Qhrfage to center of the maferial.

Thus, the core a/o burﬁUp of B~10 on the surfaée }s always-higher than the
aQerage.burnup and centerline burﬁup. As an example, two w/o nafqral boron'
stainless 1/4 inéh thick, with an average burnup of 1.0 core a/o, wil! have

a surface burnup of 1.3 core a/o and a center burnup of 0.6 core a/o. There-
fore, even wiTH a high average burnup, the cen+erline burnup will be relafivg]y‘
low and the material in this area will hLave retained most of its initial

mechanical properties.
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w/o - Test . Core . Yield Tensi.le Per Cent . 'Ref.
Boron Temp.%¢ - a/o. Strength .  Strength. . Elong. - :
: - Burnup - : PSSl . PSS '

o 23 0 6 . . 37,500 '90,000 . -50 7

0 23 2.7-10°Y vt - 82,000 104,000 4 . .71
1.00 23 o . . 93,400 121,900 . 15.6 6
1.0l@ 23 0.7 149,500 - 153,500 . 3.4 6
1.0'0 23 P 137,100 1.6 6
- 23 o 41,300 84,200 8 . 7
t.gN- 23 0.5 136,000 151,000 0.5 7
1N 315 0.5 185,500 119,000 Cm— 7
2.010 23 0 . mmemes - 88,400 8.1 5
2.0l0 23 0.3, mmmmee 93,300 0.5 5
2.0'0 23 0.8 S 78,800 0.4 5.
2.04N 23 0 47,000 89,000 5.4 .7
2.04N 23 0.6 97,800 120,000 - ==== 7
2.04N 315 0.6 71,300 106,000 mm—— T

TABLE 2

‘IATED SPECIMENS oF. BOR@N STAINLESSVSTEE_ ;

w/o Test * Core a/o Irradiated - Ref,“
Boron “Temp.°C Burnup or ft-lb
' ‘nvt Dose L
0 23 3,0 |02° | 1559 15.7 7
1.8 23. . 0.3 . -0 .44 -7
.8N 315 0.3 1.0 S35 7
2.0/2 23 0.8 - 4.4 . 16 5
2.0 315 0.8 - 2.3 . .24 5
2.0aN 23 0.6 .64 22 -7
2.04" 315 . 0.6 .64 .05 7

-Iz-'




The hardness of the stainless matrix iﬁcréases significantily dur@ng drradjation,
The increase ig greater than the hardening effect due ;o tast neutron flbx
bombardment and must be tied in with the burnup of the B-10 atoms, One

set of irrad{afeaisan!eghinqrgasgd_from a hardness of 225 to 4OO_DPH0S5)
Simfuar samplés of plajn”sféinje$§“sfgei.igcrgased by eniy 50 DPH. Also, the
hardening appears to take place very rapidly since samples having a neutron

| deseﬂfangIngﬂfrom §.3 !9'?,T9ﬂ! X IQ?' nvt all had}épproxlmafely ‘_r'l:ue,same'l

flnél'hardne§§, fAnofper source (6?~repor+sAa@ incréage in hardness from é8
020"

to 50 ROCRng]”C'éffgr“a.negfronﬁd%sglof 8 x | nvt. Since the B-10 burns
up fn'layéré from'sﬁfféce to center of the material, a high ha:dness on the
surface does nof‘indicate a high hardness at the center. Theré is no experi=
menfal’imformafjon availap!? to provide a correlation between the change in

surface hardness and chaﬁges<in mechanical properties due fo irradiation,

4,2 Cracks.

i o ' | S - ;
Irradiation data on test samples and full-sized control rods have shown that

3 - after sufficient burnup, the matrix will develop micro and macro cracks.

Results of an_irradiation gfudy of 2 y[Q.Bflo éuéfepific stalnless steel
— ) sambles at warp(8) indicate three consegu?}ve'sfages in the irradiation
| : damage of Theseis;mQ[es; N?‘ In fhé{firsf stage, the alloy e#hibifs neg=
ligible volume swél[f@g and gh incrgase in hardness and_fensilé strength
wifh burnup; B) Thé.second stage is nofea by an iﬁcreased voiume swelling
rate of the aiioy:withiburnup, a decfease in tensile sTréngTh, a saturation
of hardness and the inifiafion'of submicrocrack formation; C) - The third
sfagq is characTerizéd-by the forma%ion of microcracgs inéﬁhé ailoy; gross
swelling, and a °°mPieT9'!°55.9fmm9°h§959¢l.ST??“QTh? _The initiation of
the second stage and the submicrocraqké in austenitic s+ainiess steel started
at approximately 1.5 core a/o burnup,

| -]3-




Twelve tensile specimens of 18-8 stainless steel containing | w/o boron,
enriched to 93 per cent in B-I0, wére irradiated to 0.7, |.!, 1.8, and
4.0 core a/o bdrnup.‘(é) Post irradiation examination of the specimené
prior to tensile Tesfing sﬁoﬁéd a crack present in one of the specimens
irradiated to 1.8 core a/o Sufnup. No cracks were 6bserved in the re-
maining ereyen samples, including the one jrradiafgd_fo 4.0 core a/o

burnup. No explanation was available for the cause of the crack.

Examination of Thelz w/o boron (natural) stainless steel control rods
removed from EBWR has shown that cracking occurred at a iarge humber
(estimated at 60 per cent) of The:spof welds. a(n The cfacks are
.semi-circular, averaging about 1/4 incﬁ'in 1en§+h. Some of the cracks
from Thé outer-most fow of welds ekfend fo.fhe edge of fﬁe blades. The
rods héve experienced approximately 8;000 TMWD of irradiation in the
EBWR reaéfor which is‘équal to about 0.4 maximum core a/o bﬁhnup. The
fechniquerf'spof welding‘inherenfly produces high residual mechanical
sfresses in the immediate vicinity of the weld which is exactly where all
of the cracks occurred. The unstressed ﬁaferial showed no signs of crack

formation.

Cracks were 6bserved in the Dresdeh 2 w/o natural boron sfainless(confro]
rqu when they were rembved from the reactor to check the guide rollers.(i')
The cracks wéré ad jacent to the boron stainless welds joining fhe blades
of the cruciform and on the blades themselves. The crack; were not ob-

served prior to irradiation, but appeared after a short irradiation time.
The high residual sfresses.in the weld area (if not relieved Ey a~+hermal
treatment), combined with the mechanical and thermal stresses present durihg

reactor operation, would probably be sufficient to cause the observed

cracks. Cold rolled plate was used in these rods which would be more likely

to crack than annealed plate.

-14-




4.3 Swelliﬁq and He]ium Gas Release

The quantity of he]ium genefated in an irradiated boron sféinless alloy
is equal to the core atom per'cenfiburnup or B-10 atoms +haf ﬁave‘beén
destroyed. Thelhelium‘is'genéraféd principally.in the éomplex béride
phase which is dispefséd‘fhrouépouf the s?éintesé.éféel maTrfg; The .gas’
collects in small'pockefs and voids produced by the destruction of the
B~10, and exerts an inferné1 pressure on the matrix. The‘hagnifude-qf
gas pkessure is dependent upen the temperature and the quanfifyléf gas
atoms present. When the s+rehg+h‘6f the matrix Is exceeded,‘swelling

of the material occurs.

Low Temperafurg

Sufficient irradiation data has been collected to show a-definite cor=-
relation between B-10 burnup and swelling of the metal . lAs shohh by
Figure 5, the data can be correlated by pletting pef cent volumelincrease'
of +59 metal versus core atom per cent burnup. bue to Thé spread in the
data caused by unlike samples, a distinct curve cannot bé plotted but
rather a band, The-figufe shows that | éore a/o ‘burnup can‘causé froh_

I To 4 volume per.éemf increase (swelling) in boron stainless. This is

for data irradiated at S600 F.

The following general observations have been made on $we|ling of boron
stainless irradiated at < 600 F. Yeniscovich, et al, estimate the rate -

of volume increase for ausfenific boron sfainléss is 2-4'per cent per
(8)

core a/o burnup for burnups greater than |.5 core a/o.. W. E. Ray

. estimates That swellihg and associated cracking'bééomes deTrlmenfaW to

-15-
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the integrity of the matrix above k.5 core a/o'burnup.(g) Reference

7 states that no growth appears to occur until 0.7 core @/o burnup.
Beyond this point, growth is rapid and proceeds at an increasing rate.
Reference 2 states a swelling rate of 2.6 volume per cent per core

a/o burnup for a burnup range of |.7 core a/o. |t appears that a burnup‘

beyond 1.0 core a/o would be detrimental.

High Temperafure

The amount of material swelling is also a function of the irradiation
. temperature for a given burnup above 800 F. Some post-irradiation
- anneals have been performed on irradiated specimens. These data are

(10 These anneals were from ene to twenty-four

plotted on Figure 6.
hours at the selected temperatures. [t is seen that above 1100 F the
rate of .swelling for | core a/o burnup shows a sharp increase and the

2 core a/o swelling becomes significant above 850 F. The swelling

which occurred during the anneals was in addition to the swelling which f

took place during irradiation. |f the samples had been irradiated at

the annealing temperatures, the swelling most certainly would have been
greater, and by as much as a factor of two. Thus, the presence of swelling
at high temperatures poses a definite |limitation on the allowable core a/o

burnup for such applications.

Yenjscavich,(s) et al, while performing post-irradiation anneals on some
of the boron stainless samples measured the amount of He gas released.
Two austenitic samples having 3.7 a/o burnup annealed at 750 F for one

hour had 41-43 per cent of the generated He released. Two similar samples
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annealed at 750 F for one hour and at 930 F for an additienal hour had
44-46 per cent of the He released. This was the only reference found
which gave specific amounts of gas relgase. However, ail references
which performed post-irradiation anneals to determine swelling alsé

reported a gas release, but the quantity was not determined.

5.0, ALLOWABLE BURNUP LIMITS ON PATHF INDER CONTROL _RODS

5.1 Beiler Control Rods

The available irradiation data on boron stainless alloys has established
definite trends for the change of the material properties with B-10 burn-
up. Very little 2 w/o natural boron stainless has-beenAirrédiaTed and it
is necessary to inTerreT data on other boron alloys, containing different
boron concentrations and B-10 enrichments, to fill out the overall picture.
The data indicate éne core a/o burnup is the threshold for observable
deleterious effects foz 2 wo natural boron stainless performing im Path-
finder boiler core conditions. Therefore, a one core a/o was.set as the

maximum poeint burnup limit for the Pathfinder boiler contrel rods.

Examinéfion of test samples from two separate irradiation programs show

that cracking of boron sféinless will not occur before 1.5 core a/o burn-

up. Irradiated full sfze confrél rods‘from EBWR and Dresden have displayéd
cracks after moderate and short. burnup, respectively. It is telt that the
fabrication process used to make these control rods ‘left high residual
stresses in the material and that these stresses, plus the operéfing mech=
anical and thermal stresses, were sufficient to cause the cracks. A stress
relief following fabricatien would have greatly reduced the resfdual stresses
and the cracking might not have occurred.
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The Pathfinder controel roeds will be stress relieved to reduce all residual
fabrication stresses and minimize the possibility of cracking of material

during irradiation.

Irradiation data indicates approximately two to three volume per cent
increase of the material will occur per core ayo burnup. Within the
burnup limit, swelling will occur .slowly and should hot be detrimental

to the material, or to the operation of the rod.

Mechanical properties of the 2.w/o boron stainless will change with ir-
radiation. At one core a/o burnup, the tensile and yield strength will
increase with the yield strength approaching. the tensile strength.
Elongation of the material will be reduced to about one percent and the
impact strength will be great!y reduced. The large reduction in ductility
of the material is the major burnup restfriction as far as mechanical pro-
perties are concerned. Thus the bufnup should not exceed one core a/o.
Alse, the rods must be relatively notch free and have a smooth surface

finish to minimize notch semsitivity of the materials.

5.2 Superheafer_Con+rol Rods

Swelling and gas release are the only irradiation effects which pose a

limit on the superheafer control fods. The mechanical strength and struc-
ture support of the control rod is supplied by the 304L sTaimleﬁs steel
cladding. Any change in mechanical properties of . the 2 w/o boron stainless
will have no adverse effect on infégrify_of #hanéonfcqmgrod;ﬁ#AbeéaThéfEOron

stainless rod;-a=gas chamber is provided within the control rod which is
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sufficieptly large to contain any amount of helium that may be released .

ddring irradiation.

Some swel]ingvéf the boron stainless may occur 'if fhe‘rodé accumulate
sufficient burnup and are exposed to high Temperafufes (above 1000 F)

for an extended length of time (refer o Fig. 6). .Due to the manner -

i
&

in which these rods will be used in the reactor it is very doubtful if # .

, _ ’ : | _ _ . t

such a condition will occur. A maximum burnup of 0.5 core a/o ‘has been
set for these rods to insure that the swelling amd'gas release will not . ~

be ‘detrimental to the integrity of the control rod. The control rods ..
havé beeh designed to adequately accomodate any swelling that the burnup

may cause. Details on this subject are presented in-Reference 13,
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