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DEVELOPMENT OF A FUEL ROD SIMULATOR AND SNALL-DIANETER
THERNOCOUPLES FOR HIGH-TEMPERATURE, RIGH HEAT
FLUX TESTS IN THE GAS-COOLED FAST REACTOR
COORE FLOW TEST LOOP

R. W. McCulloch R. E. MacPherson

ABSTRACT

The Core Flow Test Loop was constructed to perform many
of the safety, core design, and mechanical interaction tests
in suppor* of the Gas—Cooled Fast Reactor (GCFR) using elec-
trically heated fuel rod simulators (FRSs). Operation in-
cludes many off-normal or postulated accident sequences in—
cluding trensient, high-power, and high-temperature opera-
tion. The FRS was developed to survive (1) hundreds of hours
of operation at 200 W/cm2, 1000°C cladding temperature, and
(2) 40 h at 40 VW/cm2, 1200°C cladding temperature. Six
0.5-mm type K skeathed thermocouples were placed inside the
FRS cladding to measure steady-state and transient tempera-
tures through clad melting at 1370°C,

Development included laser welding and furnace brazing
techniques to join 0.25-mm wall copper—to—nickel tubular
terminals and 2-mm—diam terminal rods to themselves and to the
helical ribbon heating element., Joints successfully withstood
as wmany as 5000 thermal transients and operation near 1000°C
at current densities as high as 4000 A/cm3. Varisble-width
ribbon heating elements were fabricated that provided cosine
axial heat-flux patterns accurate to +2.5%, Borom nitride
preform fabrication techniques were extended to obtain 90%
theoretical density in inner and outer annular regions without
swaging to reduce cladding diameter. This allowed the use of
cladding prototypical to the GCFR in both surface "ribbing"
and cold work. Finally, reliability of FRS thermocouples was
improved to ~100% from near 0%, Major accompl ishmeuts were
(1) the reduction of thermoelement grain size by a factor of
2 to ~17 pu, (2) discovery of the adverse effects of residusl
cold work on thermoelement embrittlement, and (3) subsequent
elimination of this cold work prior to thermocouple use,

1. INTRODUCTION

1.1 Genersal

This report summarizes the efforts made toward the development nf a
reliable, high-temperature, high heat flux fuel rod simulator (FRS) and

its associated internal thermocouples for use in that portion of the Gas-




Cooled F

ast Reactor—Core Flow Test Loop (GCFR-CFIL) Test Program related

to the operation of simulated core assemblies. Althocgh the total effort

spanned more than six years, emphasis is placed on the last four years

when mos
place.
The

t of the pertinent FRS development, fabrication, and testing took
Refererces 1-4 detail GCFR-CFIL development over this period,

CFTIL, shown in Fig. 1, is a high—temperature, high-pressure, fast-

transient, out—cf-seactor gas loop that is designed to supply helium to a

test bun
bundle ¢

dle at appropriate temperature and pressure conditions. The test

onsists of electrically heated FRSs that are arranged to represent

a segment of the GCFR core. The CFIL was designed to accommodate rod bun—

dles of

37, 61, and 91 FRSs and to operate from ambient pressure to 10.3
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MPa, from 300 to 1370°C, and at FRS power levels from 0 to 43 kW/rod (0 to
4 MW total power). The principal objectives of the test program were the
acquisition and analysis of test data on (1) th:rmal and pressure—drop
characteristics, (2) design and safety margins, and (3) friction and ther;
mel mechanical behavior of test burdles that simulate portions of GCFR
fuel and control assemblies. The CFIL test bundles were to be operated
with flat or skewed power distributions at prescribed power levels and
slopes and at steady—state or transient conditions. Transient operation
was to include prescribed variations (with time) of test bumdie power,
heliom pressure, and coolant flow rate to simulate uwormal, upset, emer—
gency, and faulted accidert transients. Depressurization accidents were
also included in the t.st program, Oate obteined were to be primarily
from thermoccuples, mocst £ which are integral components of the FRSs.

The CFTL was essentially complete when the GCFR funding was disconm
tinued. Because of its versatility, it has been dedicated tc support the
High-Temperature Gas—Cooled Reactcr (HTGR) Program.

The current design of the CFIL FRS is shown im Fig, 2. The FRS clad-
ding is prototypical of the 316 stainless steel alloy that was to have
been used in. the manufacture of GCFR fuel rod cladding and thus has the
same dimersions, ccenfiguration, and thermal and mechanical characteris-
tics, The length of the FRS is 2860 mm, 1200 mm of which is heated; the
outside diameter (OD) is & mm. A length of 1220 mm of the outer surface,
slightly overlapping the hested length, is roughened to ~nhance heat
transfer to tle helium. The FRS is reentrant in design; taat is, both
power terminals enter at a single end. The outer terwminal, s copper tube,
is joined tc a tubular nickel conductor which, in turn, is joined to the
variable width Kanthal A-1* heating element. Nichrome V and platinum-8%
tungsten heating elements were used in earlier prototypes. The heating
element is desigaed to provide a cosine heat flux distribution, The cen—
ter terminal is made of & solié copper rod that is joined to a mickel com
ductor. This conductor, in turm, is joined through an adapter to the

¢ he: end of tue hesting element to complete the electric~current-carrying

sTrademark of the Kanthal Corporation, Bethel, CT 06801.
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circuit in the FRS. Cold-pressad boron nitride (BN) preforms provide elec-
trical insulation and thermal conductance between (1) the cladding and the
heating element with its associated tubular coaductor and termimal (outer
annulus) and (2) the heating element and the center conductor with its
terminal (inner annulus). Swaging was uvsed on early CFIL FRSs to prcvide
final compactin~ of the BN preforms. Later models were made using a spe-
cial "nonswaged" fabrication technology to preserve the prototypicsl prop—
ecties of the GCFR clad. Sir type K thermocouples (four on earlier FRSs)
with insclated junctions sre installed inside the FRS cladding. The
sheaths of the thermocouples run longitudinally alonmg the inside surface
parallel to the axis of the cladding at 60° circumferential intervals.

The operating conditions place stringent requirements on all materi-
als used in the FRS. The heating element must operate at the xaximum tem—
peratur2 without property degradation. The BN must maintain both high
thermal conductivity and electrical resistivity at the maximsum tempera-
tore; additionally, its properties must remain uniform axially and circum-
ferentially t- provide accurate simulation of the cosine heat flux, The
FRS muost also maintain its integrity while enduring thermal transient
tests,

The FRS development program staff at Oak Ridge National Lstoratc.y
(ORNL) Las performed materials, fabrication, inspection, testing, and
failure analysis tasks to prepare procedures that are satisfactory for
the production of adequate CFIL FRSs.

The associated FRS and thermocouple techmology, developed in support
of CFIL, has application to out-of-reactor safety tests in light-water
reactor, liquid-metal ast breeder reactor, and other systems where tran-—
sient, high heat flux, high—temperature operation is required in conjunc-
tion with useful reliability.

The resnlts of the development work are largely positive, The FRSs
can be fabricated to operate for more han 1000 h at 100C°C and power as
high as 200 W/ cm? and 50 h at 1200"C and 40 W/ cm2.

The difficulties associated with the GCFR configuration, the most

complex high performance FRS we have attempted, were surmounted. These



inclvded a central current return conducior, six internal 0.5-mm thermo—
coup’es, and a variable width hesting element to produce accurately the
requisite “"chopped" cosine heat flux distribution.

A new nonswaged FRS technology was created to preserve the requisite
clad roughening during fabrication for enhancing heat transfer and main-
taining the initial cold work requirements. This method made avsilable,
for thc-fi:st t.we, a high heat flux high-temperature FRS fabricated with
cladding identical to that of tae fuel rod it simulated.

Major materials joiring, inspecticm, and terminal heat generation
problems were solved. High-temperature braze joints and laser butt—welded
conaections with previously unattainable electrical and dimensional toler—
ances were developed. Thousands of stringent thermal cycles between 350
and 1000°C and much steudy—-state operation at temperatures to 1200°C were
loggec during development tests made with several prototypical rods.

Major problems with small-diameter 0.50-mm thermocovyles, internal
to the FRS, were solved. Thermocounple fuilures were reduced from 100% in
early rod prototypes containing four thermocouples to zero percent for re—
cent prototypes containing six thermocouples. Techniques to mamafacture
zefined-grain-size thermocouples were developed that enabled production of
thermocouples having Alumel and Chromel thermoelements that had a maximum
grain size of ASTN 8.5 (19 pm) and 11 (8 pm), respectively, for a thermo—
element having a disaeter of 76 um. The harmful effect of criticsl levels
of residual c¢cold-work on thermocouple lifetime was discovered, and a
method was devised to eliminate it. These thermocouples, when properly
marufactured and assembled in accordanc: with the developed technique,
were shown to survive the GCFR operational condition imposed on them,

Nevertheless, the GCFR FRS still has several shortcomings even after
the completion of comsiderable development. The use of nickel material
for the centr.l current retarm conductor adversely affects FRS reli-
ability. The conductor material was initially specified to be, and re-
mains, mickel. No better material is available that matches the combined
requirements of high melting point, thermal expansion comparable to stain-

less stecl, and low electrical resistivity at Ligh temperstures. The



included = central current retexn conductor, six internal C.5~mm thermo-
couples, and a variable width heating element to produce accurately the
requisite "chopped” cosine heat flux distributioa.

A new nonsvaged FRS techrology was created to preserve the requisite
clad roughening during fabrication for enhancing heat transfer and msain—
taining the initisl cold work requirements. Thir method made avsilable,
for the first time, a high heat flux high-temperature FRS fabricated with
cl=dding identical to that cf the fuel rod it simulated.

Major materials joining, inspection, and terminal heat generation
protierr were solved. High—temperature braze joizts and laser butt-welded
connectioas with previously unattzinable electrical and dimensional toler-
ances were developed. Thousands of stringent thermal cycles between 350
and 10J0°C and much stesdy—state operation at temperatures to 1200°C were
logged during development tests made with se.ersl prototypical rods.

Major problem: with small-diameter 0.50-um thermocouples, intermal
to the FRS, were solved. Thermocouple failures were reduced from 1003 in
ecarly rod prototypes containing four thermocouples to zero percent for re-
cert prototypes containing six thxrmocouples, Techn. jues to manufacture
refined-grain-size thermocouples were derelopcd that enabled production of
thermocouples having alumel and Chromel thermoelements that had ¢ rmaximum
grain size of ASTM 8.5 (15 um) and 11 (8 pum), respectiv:ly, for a thermo—
clement having a diameter of 76 ym. The harmful effect of critical levels
of residual cold-work on thermocouple lifetime was discovered, and a
method was devised to eliminate it, These thermocouples, when properly
manufactured and assembled in accordance with the developed technique,
were shown to survive the GCFR operational condition imposed on them.

Nevertbeless, the GCFR FRS still has seversl shortcomings even after
the completion of considerable development. The use of nickel material
for the central current return conductor adversely affects FRS reli-
ability, The conductor material was initially specified to be, and re-
mains, nickel., No better material is available that matches the combined
requirenments of high meiting point, thermal expansion comparatle to stain-

less stee., snd low electrical resistivity at high temperatnres. The



nickel meltarg point, 50°C lower than that of the Kanthal A-] heating ele—
ment, precludes higher operationmal performance or, alternately, reduces
cperational time at internal temperatures above 1000°C.

Additionally, a relatively slow boromnickel eutectic reaction was
shown to occur at the higher temperatures. This reaction reduces the
equivalent nickel melting point from 1450 to ~1000°C, which limits both
lifeti~= and thermal cycling ability of the rods. This problem could be
eliminated with the use of central magnerium oxide (Mg0) cold-pressed im
sulators., However, project closeout did mot permit wus to try to accomr
plish this goal,

Chapter 2 details the FRS fabrication and testing and desczibes much
of the component dev:lopment necessary to emsble successful FRS operation.
Chapters 3 and 4 report the achievements in BN preiorm techmology and
variable width ribbon fabrication that paralleled and inflwenced much of
th> FRS development. Finally, Chap. § delineatos the investigatioans and
subsequent development that resulted in 0.5—mm type K, sheathed, insulated-
junction taermocouples that would survive thousands of tkermal cycles amd

operation to 1200°C without failure,

1.2 Integrated Technologv Development
for YRS Fabrication

Initial CFIL FRS dovelopment took place ir conjunction with indus-
trial fsbricators, The FRSs were designed by ORNL, performance specifica-
tions were written, and prototype contracts were awarded., This approach
resulted in poor quality and constantly changing delivery schedules, The
FRS performance was often greatly affected by subtle fabrication changes

that were difficult to control or even definme,

In response to contizuning procurement prodlems, an integrated FRS
Technology Development Program was established at ORNL, Its charter was
to (1) develop design, materisl, and fabrication procedures that directly
related to individua) program requirements and (2) generate feabrication
specifications tnat then could be used by industry to produce FRSs of the
quality levels required, sccording to the schedules needed. This was to

be accomplisiied by (1) developing fabrication techaiques, processes, sand



inspection methods; (2) verifying that inspections were adequate to conm
trol the processes; (3) testing FRSs to verify that operational require-
ments were met; (4) fabricating a statistically signiticant number of FRSs
to establish confidence in che procedures; and (5) generating a detailed
froricr tion specification to guide {uture procurement.

In establishing the FRS Technology Development Program, the decision
wvss made to use cold-pressed BN preform technology exclusively because of
the high degree of fabrication control and simulator property uniformity
achievahle witk this method. Earlier work had showm considerable promise
and a substantial improvement over powder-filling technology.?

References 6 and 7 document this technology development effort, which
demonstrated that high-ynality fuel simulators can be routinely fabricated
onder carefully controlled conditions. The CFIL FRS development paral-
leled much of this work and was directly applicable. The end result was
extension of the technology through the development of nonswaged FRS fab-
rication techniques to enable the CFIL FRS tc meet GCFR fuel rod cladding

mechanical and surface roughening requirements for GCFR fuel rod cladding.

PR O
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2. CFIL FRS FABRICATION AND TESTING

2.1 General

During the period from January 1977 until September 16, 1980, when
the CFT. FRS development was suspended, 26 FRS prototypes and nine FRS
prototypical conductivity test cells were fabricated. Of tkese, 20 proto-
types and 8 test cells were operationally tested. The fabrication process
. .8t evolved throughout this development effort was carefully controlle.,
post-process inspections were completed om each prototype, and thovsards
of hours of high—temperature, high- and low-power and transient operation
were logged.

Table 1 summarizes the FRS prototype fabrication and testir - efforts
and includes information on heating elemwent and other componert:, number
and types of intermal thermocouples, and a brief summary of fabrication
and testing highlights. This section provides a chronological description
of the results sammarized by Table 1.

Fabricetion development and tecting can be roughly divided into five
phases. Phase I, which encompassed the first eight prototypes, saw the
initiation of local fabrication development towards the solution of CFIL
FRS problems. Major FRS fabrication and joining problems were encoum
tered, and most work was on refractory alloy FRSs. The fubrication of a
viudrle FRS to meet CFIL test requircments was demonsirated with GNR-L-7P,
the last in this phase, but major reliability prcblems with rod internal
thermocouples were uncovered.

In phase JI, we extended the fabrication techmology to include nom-
swaged FRSs, which allowed the use of "ribbed” and cold worked prototypi-
cal GCFR cladding., Thesmocouple failure mechanisms were uncovcced and
most of the thermocouple reliability proslems solved simply by going to a
nonswaged FRS. High tempersture (>1200°C) and higzh power (38 kW), =odiua
temperature operatiors were successfully dexonstrated ia this phase,

Phase III, which included all conductivity test cells, paralleled
other phases. Test cells were 3 simplified means of obtaining information
about BN preform and fabricstion parameters, The preform density was the

major factor influencing annular thexmal condnctivity (k), k varied with



Table )}, Summary of CFTL FRS and conductivity teat cell fabrication and teating
Rod sextal HWeatine element Tubular lead Central rod b Tent d
Phase
lo.s waterials matertals materials Instrumentation stand® Remarke
1 None Nizhrome ¥ Nicke) Molypdenum Nana Siaing tolerance teo larga; * brication d{acan~-
tinued
t GLR-L-1? Nichrome V Nickel Mo rbdenum Fair 0, 5-mm type K TC HTS Pirat GCFR PRS operated satisfactarily (n dc-leakapa
with stéinlesn nteel LY 4
sheath; 2 l.; 2 G)
H GLS- L-2P Platinum~8Y tungater. Holybdenum Molybdenua tour 0,5-aa type K TC Plat {num-tungater to a.lyhdenum butt veld separatod
with stainless stesl during swaging
sheath; 2 11} 2 GJ
H ulS-1-3P Platinua-?Y tungsten Molybdenum Molvhdenua Four O,5-mm type X TC Fatled during pustannesl IR wxran; organic lapurity
wiiiv stainlons steel {n central PN
sheath; 2 113 2 €J
1 ulS-L-4P Platinum=-81 tungsten Molvbdenum Molybdenum ifour 0.%-mm type ¥ TC HTS $. cukial; operated up to 12%Q°C; revere ditfar-
wit. stalnlers wtee!} ential the;al sxnpansion mtsmateh
sheath; 4 1)
1 GLR-1-5P Nichrome V Nickel 'copper Ntckel/copper Faur 0,%mm type K TC Succesnaful, two Inconel TCa h-oke ar tabh during
with leconel &00 fabrication
sheath; 4 13
i CLF-L-6P Nichrowe V Ntckel/copper  Nickel/copper  Four 0,%-mm type X 1C RTS Lost cue TC; nlckel/coppar hraze {atled; repaired
(FR-67) witg™ lncone! 600 and oporated to 12%0°C [
sheath; 4 U1 ()
t QLR-L-TP Nichrome § Nickel Nickel Four 0,5-ma type K SD! HTS Successfully fabricaced; teated ar 700-900°C for
TCs with lncoanel ANO >1000 %; complated >1000 transients; ran to fafl~
wheari; all U ure a* (230%C; TCs ahowed sus.eptibilicy ¢~ cran=
atenta and high temperature
il GNR-L-BP NMchiowe V Nickel Nickel None ¥irec nonswaged rvod rrutotype; f.bricated for
evaluatlon purpoves
(R GR-1-9P Nichrome V Nickel/copper  Ni-kel/cupper Four O,5-mms type K Nunswaged prefurmm cauned sxcensi ¢ mrvemsnt of
(vartable w{dth) SD! Tl¢a with Incone! heatiny element; “Cs go' croseed; terminal
sheart., all 1J region was shnrtened to correct problem; pont~
fabricat{un inspecticn normsl, but length too
short to test
tt SR-L-10P Nichrome V Ntckel/coppe. Nickel/copper  Four 0,5-~mm tvpe K SRSL Encountered capper spalling of central rod during
(varlable vidth) SD{ TCs with 1lnconel terrication; rcd fatled premsturely during testfag
wheath; 3 1J, | Q because af spalling; developed nondcretructive
slongation method of correcting spallling and
tenting copper/nickel braze joint,
u GNR=L-11P Ntchrome V Nickel/copper  Nickel/copper  Four 0,5~mn type X SReL rirst successful nonavaged "d8%; tested ta destrue~
(vartable width) SD1 TCs» with Incone) .tion ¢n SRSL.
sl sath; al! s
11 GNR-L-12P Nichrome V Nickel/cupper  wickel/.cpper  Fonr O,3-ow type K SRSL Repeat of <11P; all eat(sfactory; tested In SASL;
(variable width) SO TCs wita Inconel *1rac FRS to mest all normal CPTL reguirementa
12 GNT-L-113$ Nichrome V Nickel/copper  None/platinua  Pour O,5-mm type K wCTS Firac ronductivity cell teste in WCTS

(type B8) TC

S0t TCS witnh Inconel
sheath; all IJ
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Table | (continued)

~ - ——

Rod serial Neating element Tubular lead Central rod b Tont d
Phase No LS material asterials matericls Instrumentation atand Romark:
111 GNT-L-148 Nichrowe V Rickel/copper  None/platinue  Four O.3-em type X wers/ Tested in WCTY and in SRSL; thowed clear)y “igh
(cype B; 1C SRSL nonavaged tharmsal nductivity and ite depandence
on power and sheath tenperature
11t CNT-L-178 Kanchal A-1 Nickel’copper None/platinus  None wCTS Tested in HCTS o obtain sdditlonal BN z va (espers-
{xype %) TC ure and power data
111 GNT-L~ 188 Xanthal A-1 Nicksl/(apper Nona/platinum  None WETS Tanted in U7TR to ubtain additional BN « v tem-
(typs B) TC peratute and powe. “4ats
il GNT-L~198 Kanthal A-} Nickel/copper Type X TC None wCTS Stailar results to those obtained on previu.: ~nn-
ductivity cells
nt CNT-1~ 208 Nichtran V Nickel Type K TC None wWCrs Contafned an MgO~|5 wt T BN central prefnrm; »
was ~10% higher than with previous test cel)lnj
MgO-BN performad well electyically at |3%0°C
It GNK-L~28S Xanthal A-1 Nfckel Type X TC Nong Test coll was fabricated to (urther evaluate
{constant width) effects of prefo.s langtin and tamping rnergy on
FRS rransient properties; IR scana i{ndicated
prafors leagth should he maintained at 1 ma ur
less
111 GNK=-1~30S Kanthal A-} Nickel/copper  Type K TC None weTS Used TS-1449 annuir: N preform
iconstant wideh)
1t GNX-L~31S Kanthl: -~} Nickel/conper Type K TC None WCTS Used PT=13 treated p; ‘ofie wade trom TS~]449
{constant width) powde v .
R
w CNK-L- 1SP Kanthal A-1 Nickel/copper Molybdenum/ FPour O.%-mm type X CSC Firac FRS with Ranthsl heating elemenr; Xanthal«
coppat TCs with Inconel sheath; tuhe weld ’ailed during tabrication
2tJ, | MGJ, | BNBF L.’
1v cNK-L- 160 Kanthal A-] Nickel/copper  Nickel/copper Four O,5-wm type K CSC WTS Succeanfully tubricated, test in HTR ro deteraine
TCs with Inconel sheath, thermal cycling affect on Yanthal FRS tanted
I CJ, 3 MCJ satiafactorily; TMs survived >400 str’ngant
teanaient vycles
w CNK-L=21? Yanthal A-\ Hickel/copper  Nickel/copper  Four CSG type K i~ Lt 'tu:ct"!ullv aporatad !M h ae uwdy-n»u e~
(constant widrh) lnconel TCs with i’ refeturo TTWALINYC wilh &2 N ar 11D gucuean-
quy complatad’ WM tharmvi ¢ clos, yome veey
sovory, Vith vic’, 0 loates; Kunl.hnlfah\ml burt
vnld u\cfcuhl' R .
RN o
114 cex-L-220 Ranthal A~} Nickel/copper  Nic.el/copper  Four UMI type K in Inconel 3RS\ Oporund u-'b-n ruumu:,b\ § WV . BIVC claa-
(variable wideh) TCs with 1J dine tmuvdtmn snkared d{l cnnu-n\ yeles
viih pover livdl AV, glevqivg tauporacurs Job--
650%c; fatlyhd! r\nq- L P i A, 't by’
nekp! rud nltl\’,‘ nll .qv’ st wvee . A‘ ,\
v GNK-L-23P Ranthal A-1 Nichel/copper Nickel/copper Four GMl typ. K {n Inconel HTS Succasafully ot-tn(d " \\l u umn-:m ten-

(variable width)

TCs with 12

paroture ¥99=170C%C Mgl V1N kv 1500%L, euccess-
fully conplited ~3000 thatimal cyelen atallir to
those of ~21P; all T3 su,yived, |

It



Rod sertal

Table 1 (contt ned)

Yearing element

{vartatle wideth)

variadle «lathd

No. mater! .l
w GNK-L-2.P Kanthal a-1
W [ SMCARY 4 Kantha! A=}
W ANK=L=lap Kanzhal A=}

AN SIS A d

uwNK-L-03F

LR B

wwarlahle «idth}

Kanzhal A
{vartanle wideh)

Kanthal A-!
(variadle widzh)

Kanrhal A-}
{variadble wideh)

Xanthal A=}
{variasle oldth)

Kanthal a-}
{variable wideh)

Tubular tead
mterials

Ntekel

Ntokel

Nickel

Ntonel‘copper

Nokel

Nioxed

Nick |

Nivnet

5

tent r. wd b
Al rad Innt rument at tor

materials
Three, tvpe B in

Inconel TCw fram oMl
apen type S Toy all 1!

‘cuppert Ntcwel’copper

Four, type K Ll Inconel
1) Tua: twn fram 3o
twa Com GMI

‘Capper Sekel ‘vopper

copper - Nloekel ‘copper four, tvpe X in 8§,
RNBY 10 Tus fram GMI
Nivael feapper Nane
copper Ntoekel copper Nane
copper NMoekel capper SIK each Lype K01, Ve
Steddv=atate sheathed Tus
‘coprer  Nickel 'cupper Four each type K 1), W,

S8, sheathed icm, 2 Pt

shirathed tvpe N TCx
Nivael foopper Six each type K, 19,
Tnconel =s.0athed TOw
from (ML

Tupper

Tunt
B
stand

annrku”

SKsL

HTS

SHs!

L)

TS

SRyL,

Fabricat{an defects In rod, type & TC tah pilled
off; tested In SKTi even though 1t was not fully
avenptahle; onduted 19 h of wtiady=state and tran-
stent operation before fatlure acr IR kW, 750°C
cladding temperature; fahricarion defects Jod to
premature (allure

Operated 100 b, S hoat JO0C; ran approach=to-
cladding-melt tag testn 290-1400%¢ ~ladding fen-
peratare; rod sufvived t min at J400C claldtoy
temporature {n vacuum, later rea-hed '300°C
cladding teaperaturs (o kolfum bafore fatlure

Experienced fabrication prohlema (n wickel ond plug
reglon but vorrected; cod operated 12 h wtvady=~
state and transient at 10 to 29 kW, J4=180°C
cladding tvaporature; premature fallures accurrad
hy melting of nickel rad adjacent to end pluy

Rod perated T0-h steady ntate 10-34 kW at cladding
temperature T04928°0; fallare wan aimilar to that
of <P

First Semm rod, olectrical broakdown of (nner H#N
reglon in vcale on Kanthal A~ material

rhrtcatfon prablem similar ta 29% wed GA roumh=
ennd cladding; rod endured 700 h of <teady~wtate
transient cents cnd AODD thermal ¢(veles without T
fallure; evidenve of boron-nickel reactton

Fabricarion succedsful; rod tewted for {972 b .nd
12,490 thermal cyclen; two type § TCs fatled, four
type X TCs murvived all operatlon uniyl faflure

Fabricat lon succesuful; tested far 9% h and ™00
ryclos in SRSL; stoady-wtate and transient power
wan 29 kW o+ 0 to X9 kW, renpectively; failure aimi-
lar to =12 P; differenttal the sl expanaion an
contral nickel rtad, veakened hy boron/nfcke' reac~
tlon, fatled during thermal cycling

Tlerial nuader poxtacript S (ndtcates conductivaty cell and pontseript P {ndtcates FRS protatype,

I3 .

13
Tl = tasalated juncttar, & = ground Junctian, MG ® aodifted ground junctton, TC @ thermacouple, SDL = Zensor Dynsmlc, Ince, GMI @ Groth Mazur ladustrios,
Tlawde S, Sardan, 4iBF = BN BacuVilled and SS = wrainless atee.,

“WCTS @ water test stand, WTS = helium test stand, and SRSL = wingle-rod wodium loop,

<
"Ik = infrared, nd X = the.mal conductivity,

[4 !
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heat flux, and NgO central preforms (with increased thermal expansion over
BN) enhanced annular k.

During phase IV, the Kanthal A-]1 heating element was exclusively used
to extend the FRS operational range by zllowing 50°C higher internal
temperatures; long-time operation and extended thermal cycling (110,000
cycles! of FRSs were demonstrated, and type K thermocouple failures were
virtually eliminated.

Phase V was concerned primarily with the B-me-diam FRS, which gener—
ally included six internal thermocouvples. The nouswaged FRS techmology
was improved with the use of a higher density BN preform; roughened Gen—
eral Atomic (GA) cladding was obtained and used, and the susceptibility of
the central nickel rod to failure during high-power thermal cycling in the
Single Rod Sodium Lcop (SRSL) was uncovered. Suvspicion of boromnickel
incompatibility was verified, but the limitations were not defined. The
use of MgO central preforms to solve compatibility problems as well as
eshance operation capability could not be pursued to a determination be-

cause the CCFR-CFIL activities were closed out,

2.2 Phase I — Initial Develnpment

The first fabrication attempt in this phase (see Table 1) failed be-
cau : of problems with terminal-to-preform sizing tolerance. However,
information and tooling developed during the zttempt were used to fabri-
cate tne first instrumented CFIL rod, GLR-L-1P. This rod contaired a
Nichrome V heating element, & nickel tubular terminal, and a molybdenum
central rod for current retprn., Four type K stainless—steel-sheathed
thermocouoples, two with insulated junctions and *two with grounded junu-
tions, were welded to precise axial and circumferential lceations inside
the sheath. The unit was subjected to a high-temperature dc-leakage test
in the helium test stand (HTS) and failed shortly after reaching the clad
melting temperature.

The next three units (GLS 'L-2P, -3P, and —4P) contained a rlatinom-8%
tungsten alloy heating element and molybdenum tubmlar and central termi-
nals. Only the last of the three was successfully fabricated. The first

failed when a molybdenum—platinom laser weld separated during swaging, and
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the second failed during the postanneal imfrared scan because of intermal
organic contaminatior. Improvements in terminal joining technmiques using
these materials were developed as a rosult of the first failure. MNodifi-
cation of the fabrication procedure to allow a check of the active compo-
nent assembly for organic impurities war incorporated as a result of the
second failure,

Unit GLS-L-4P was tested in the HIS and subjected to rigoroms opera-
tion. The BN preform resistance vs temperature data up to 120C*°C were
obtained for the annular regionm. Data showed the BN resistance to be 3 kO
at 1200°C, The high—temperature resistance slope of approximately a fac-
tor of 10 decrease per 1350°C indicated that the resistance remained ade-
quate up to clad melting temperatures. Rod failure occurred at a measured
sheath temperature of 1260°C and 8 kW of power, but mo BN resistance data
were obtained at that temperature level.

Failare analysis of rod —-4P indicated that excessive differential
thermal expansion between the central molybdenum rod and the 316 stainless
steel sheath contributed to its failure. The lower thermal expansion of
molybdenum [6.1 x 10-¢ um/m®C vs 19.8 x 10-¢ pum/m*C for austenitic stain-
less steel at 1200°C] resulted in shearipg the weld that joined the ond
plug to the molybdenum rod. The plug moved about 1.75 cm along the rod.
Normal operation was experienced at the high teaperatures; however, when
the FRS cooled, the molybdenum rod became hung up rather tham able to
slide freely back into the end plug., Tensil: forces in the stainless
steel sheath, caused by its greater comtraction durimg cuvoling than ex~-
ferienced by the molybdenum rod, resunlted in the separation of the sheath
at two axial locstions totallimg abouc 1.75 cm.

Because of the differential thermal expansion problems experienced on
GLS-1L—-4P as well as the withdrawal of funding support for platinum—tung-
sten slloy improvement, emphasis was shifted to the refesrence rod design;
¢ Nichrome V heating elexent and copper-nickel terminals were used on sub-
sequently fabricated rods., Additionally, the decision was made to substi-
tute Inconel 600 material for the stainless steel sheath on the type K
thermocouples because tho Inconel sheaths caused less decalibration errors

at temperatures up to 115007,
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Rod GLR-L~-5P was fabricated using these reference materials. Durimg
fabrication, tabs welded to the junction ends of two of the four intermal
thermocouples broke off. Othexwise, fabrication of the unit was normal.
The rod was not tested Lecaunse insnffiéient dats would have been obtained
withcout compiete intermal instrumentation.

In the next rod, GLR-L-6P, onc of the four Incomel tabs broke from a
thermocouple sheath during rod fabrication. The tad fabricatiom proce—
dure, which consisted of welding a bead on the junction end and swaging it
down to the thermocouple diameter, was reviewed and found to be adequate.
However, an annealing step subsequent to tab fabrication was added, and
the 1.36-kg tensile force, applied to each thermocouple during rod fabri-
cation, was reduced to a valus of 0.23 kjg.

Separastion of the braze joining the nickel-copper central rxods
occurred during swaging of roua GLR-L-6P. Failure occurred becausec of
inadequate temperature control of the braze joint during brazing. The
brazing operation for the rod vai then modified and proved successful on
later prototypes. 7

The rod was repaired and operated in a dc-leakage test in the HIS,
It failed ut a measured sheath temperature of 1150°C. Analysis indicated
that the failure occurred becanse there was a low—density ares in the
jnner BN insuletion. Several hours prior to fsilure of the rod during
operation at a measured tempersture of 1150°C, a short occurred in the
electrical circuits external to tke rod, causing a sharp temperature ramp
that brought the rod clnd&in; tomperature briefly up to 1250°C. Although
the rod survived this incident, the subsequent failure might have been
initiated at that time because of overheaving in the area of low-density
BN,

The FRS prototype GLR-L-7P contained a constant width Nichrome V
heating element, a nickel tubular terminal, and a nickel central rod and
terminsl, The stainless steel sheath comtained four internal 0.5~mm type
K Inconel-sheathed thermocouples, Fabrication was normal, but final in-
frared inspection indicated that the transient heat fiux profile was close
to the +5% maximum tolersnce, Concentricity was excellent (no eccen-

tricity was measurable throughont the heated length), final BN density was
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about 90% of theoretical and very uniform, and all electrical checks -~.ere

normal .

However, because the transient heat flux profile was less wniform
than expected, the cause of the variations was investigated further. The
investigation revealed variations in cladding thickness of 7 to 10%. Vhen
these variations were eliminated by calculation from the infrared scans
that were made during core and cladding transient tests, the profile
appeared to be markedly improved.

To accommodate a previous change by GA in the cladding thickness {rom
0.7 to 0.5 mm_, the wall thickness of our existing cladding had been suit—
ably reduced by centerless grinding. Radiographs of these tubes, made
after the wall thickness variation with GLR-L-7P was discovered, revealed
that several tubes had very large variations in wall thickness, whereas
others did not. The cladding used on prototype GLR-L-7P had be:n randomly
sele:ted from these tubes.

The GLR-1-7P was then installed in the HTS to (1) undergo lomg-temm,
steady—state testing; (2) evaluate the fast transient capability of CFIL
(FRSs); and (3) observe the effects of thermal cycling, if any, on ratch-—
etting of the FRS, 7The FRS was operated in the HTS for more than 1000 h
at steady-stat> conditions and successfully completed about 1100 thermal
transient cycles at various power and temperature levels. Tables 2 and 3
summarize these tests.

Steady-state operation, most of which was at 100°C, was completed and

shoved no degradatior of heating e¢lement or BN iusulation properties.

Table 2. Steady—state operational tests
of GLR-L-TP

(Total steady-state operational hours = 1005)

Temperature Duration Potential voltage Power

(°C) (h) (maximum) (kV)
700 234 141 2.09
800 168 160 2.66
850 23 177 3.29

900 580 188 3,60
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Table 3. Thermal cyclisg tests of GLR-L-7P

(Total thermal cycles = 1097)

Rise Power at Fall Temperature Number of
::";' time “:: 1:}-. hold time time chenge thernal
(s) (xw) (nin) (°C) cyeles
3.40 90 3.0 3.4 1.5 350870 202
3.40 20 9.0 4.4 1.5 350810 339
13 12 4.74 (3.4 x¥) 3.4 1.5 250870 241
13 15 1.0 (5.6 x¥) 5.6 1.75 3501000 105
18 g 1.1 (5.6 x¥W) 5.6 1.75 350-1000 107
28 average (38 1 1.1 (5.6 x¥%) 5.6 1.75 350-100C 103
saxiswm)

This test series demonstrated adsquately the capability of the prototypic
swaged rod to mecet the steady—state operstion requirements of the first
bundle.

Thermal cycling of GLR-L-7P ranged from low-powes, relatively slow
transients of 1.5-min duration in the temperature range from 350 o 870°C
to high-power, relatively fast transients of 6— to 15—; ramp times in the
temperature range of 350 to 1000°C. Although over one-half of the tran—
sients completed were relatively fast, the posttest electrical and infra-
red scan inspections showed no degradation of the power profile or of
other FRS properties.

Length measurements indicated that the rod grew about 3 mm (0.120
in.), or about 0.2%, This growth, which is possibly but mot mecessarily
caused by thermal ratchetting, had no adverse effect on rod propexties.

However, the behavior of the four intermal thermocouples indicated
some problems. Two of the four failed before the 1000-h steady-state
testing was compieted, one at 263 h and one at 426 h, Both thermocouples
had jonctions Iocated 150 mm above the lower end of the heating element.

The two thermocourles that survived the 1000-h testing exhibited or—
ratic behavior early., Ome failed at 114 snd the other at 170 cycles in
the first 202-cycle test series. Both regained continuity when the rod
was cooled to room temperature, Posttest evaluation showed that the
grains in the Alumel thermoelement had grown enough to span the emtire

0.075-am~diam element cross section. Thermal expapsion differences in the
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Alumel snd ir the stainless steel cladding stressed the clements, causing
boundary separation of the large graiss.

Investigations of these and previous themmocouwple failure: resulted
in (1) a much better understanding of failures and (2) major improvements
in small-diameter thermocouple reliability. Chapter I reports on this
effort.

After completion of steady—state and transient tests, GLR-L-7P was
intentionally operated to destruction to define better the FRS low-power
high—temperature maximum operation point, Taltle 4 summarizes this

operation.

Table 4. Summary of
GLR-L-7P final

operation

Time tc§:::::nto Power
(min) (*C) (xw)
18 750 2.5
15 930 4.4
15 1000 4.9
25 1050 5.6

5 1100 6.4

5 1150 6.9 a
15 1200 8.546.5
10 1250 7.1

%Vacuum,

Failure occurred after 10 min of operation at 1250°C had been com—
pleted and while powsr was being increas:d to achieve 1300°C cladding tem—
perature, The 316 stainless steel cladding and Nichrome V heating element
melted in a region near the teiminal end of the eloment. Subsequent
analysis indicated that failure occurred in a 2.5-cm—long region at the
upper (terminal) end of the heating element. The tantalum coating on the
exterior of the rod cladding that was applied to enhance radiative heat

transfer had not been pruperly exterded during fabrication to cover the
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ares that suffered the damage. The lowered emissiviiy in this ares, com—
pared with the rest of the heated section, resulted in the area reachinmg a
temperature that was highor tham expected or indicated.

In semmary, the tes:s of protoiype GLR-L-7P demonstrated that the
swaged FRS is capable of lomg-time, steady-statec speratos, of repeated
thermal cyclimg, and of high-temperature low-power operation. The tests
also identified weaknesses in thermocouple lifetime in the temperature
range of 800°C and above and im thermocouple susceptibility to thermal
cycling.

2.3 Phase 1I — Neaswaged FRS Develooment

The substantial deformation of cladding during swvaging made the re—
quired cladding cold work difficult to achieve; at the same time, the tol-
erances on diameter, ovality, and straightness that are mecessary to per—
form postswaging roughoning of the cladding were difficult to mainmtain,
Accordingly, we initiated the development of a nonswaged rod to overcome
both of these difficulties.

A nonswaged FRS has several major advantages in addition to elimina-

tion of the swaging step:

1. eolimination of the handling and shipping of rods to and from the mans~
facturer for roughening of the claddinyg,

2. cost savings by reduction in the number of FRSs having roughenming
defects,

3. improved final OD and straightness tolerances,

4. improved instrumentation and dimensional location of the heating
eloments,

5. FRS cladding cold work identical to that of the GCFR fuel rod
cladding,

6. reduction in FRS fabrication costs, and

7. Aincreased thermocouple lifetime,

Zhe last advantage is crucial to long~term transient testing with the
type K thermocouples installed in the Fils that are used in CFIL test bua-
dles., As reported, premature tailure of FRS thermocouples oocurred i
most tests that used swaged rods.
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However, s nonswaged FRS has two disadvantages compared with a swaged
one. The nonswaged FRS will show some loss in uniformity of heat—flux
profile, and it must be operated at lower maximum power ,r the same clad-
ding temperature (assuming the same heating element material).

With the advantages and the disadvantages understood, a nonswaged FES

should satisfy three major criteria:

1. Heat flux profile, as defined by infrared temperature measurement, in
8 1-s core transient should be within +3%, .

2. A reasonable thermal conductivity of the outer annular BN must be
attained so the FRS can achieve the CFIL power—temperature
requirements.

3. DbMost of the internal thermocouples must be able to withstand the ther-

mal transients imposed uron them without premature failure.

Thez:e criteria (which also apply to the swaged FRS) guided the development
of thc nonswaged FRS described in this section,.

Prototype GNR-L-8P was the first nonswaged FRS to be fabricated.
Several improvements were incorporat.d into the fabrication technology.
The major improvements were the use of (1) high—energy (70-kJ/m3) crushing
techniques in filling tke inner preforms and (2) annular preforms with an
initial deneity of 1.8 g/cm? that is 80% theoretical density (D).

The resultant preform density (after fill) of the volume between the
coil and the nickel rod (inner annulus) was 1.82 g/cm? compared with 1.6
to 1.7 g/cm? for previous swaged prototypes after filling and prior to
swaging, The higher ésnsity of the inner snnulus preforms, combined with
s preform density of 1.85 g/cm? in the volume bectween the heating element
and the cladding (outer annulus), made the concept of a nonswaged FRS
feasible for the first time., Becanse the thermal conductivity of the BN
powder is a strong function of dencity, & minimum of 80 to 85% of TD is
necessary to achieve a moderately high heat flux (100 to 200 ¥W/cm3),

The transient infrared scan variation of prototype -8P was a disap~
pointing +16,7%. This poorer—than—expected result using rvlstively high-

density preforms made uf grade HCM BN powder* caused us to investigate

®HCM and other BN powders such as Tb-1325 are designations or trade-
marks of Union Carbide Corporation, Carbon Products Division.
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the usefulness of several other BN powders, Table 5 summarixzes pefti—
nent properties of these powders.

The known higher final density of the HCN grade of BN powder led to
its initial selection as the major candidate for nonswaged FRSs because
greater profile mniformity and higher thermal comductivity were expected
to accompany higher density. Table 5 reveals, however, that this assump-
tion was not valid., Although higher preform density is possible with HCN
powder, the much larger particle size reduces strength and impedes achiev—
ing intimate c ntact with the ID of the cladding (amalogous to the degree
of surface contact of gravel vs sand in s glass jar). Better thermsl com
tact with the cladding for preforms made of both TS-1325 powders is indi-
cated by their strength. Relative strength for all three preform meste—
rials was based on the difficulty of removing the crushed powder from the

annular area, Core transient infrared scan datas also indicated enhanced

Table 5. Property evaluation of several types of

BN preforms
TS-1325 HOM
Powder die-body
1/2-1/2 1 camphor
lnbricatioia lubricationp lubrication
Powder particle 7-20 7-20 50-750
size, po
After pressed 1.84 (82) 1.86 (83) 1.94 (87)
density, g/cm? (%)
After purified 1.58 (70) 1.76 (78) 1.89 (84)
density, g/cm? (%)
After filled 1.69 (75) 1.85 (82) 1.89 (84)
density, g/cm? (%)
After filled Strong Very strong Weak
strength
Transient infrared +5-17 3.4 +5-10

scan profile
devistion, %

@1/2% dodecane-1/2% dodecanol by weight im BN,
bli comphor by weight in BM,
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contact of the TS-1325 powders but showed that final density is also a
factor. From these data, preforms made of camphor—treated 15-1325 powder
were determined to be the best candidates for a nomswaged FRS.

Preforms fabricate! of camphor—-lubraicated grade TS-1325 BN powder
were used in the fabrication uf prototype GR-L-9P. Although this proto-
type was subsequently swaged. it served primarily to svaluate TS-1325
ceaphor preforms and the newly developed techmiques for crushing imner
annulus preforme. This was alsoc the first FRS to be fabricated with a
variable width Nichrome V heating element.

During filling of the preforms in the outer ansulus, the internal
thermocouples became crossed. Attempts to ancross them were unsuccessful,
20 the terminal region was cut to within 7.5 cm of the heating element to
eliminate the crossed section., Although the shortened length precluded
testing the rod in the SRSL. all the other physical, electrical. mechani-
cal, and infrared scan evaluations were acceptable.

Radiographic examination of the rod indicated that the upper 2.5 cm
of the variable width heating element stretched moro than was anticipated
and thus caused the turns to become distorted and the coil diameter to
increase., Although this result has little effect on profile uniformity,
the change ir heating ¢lement diameter cauvied binding of the preform tamp—
ing tool, whick subsequently led to the crossing of the thermocouples.
The additional movement of the heating element turns resulted from use of
the camphor-treated TS-1325 BN powder. Crushing of the TS-1325 preforms
individually in the rod dering fabrication caused a 3 tc 4% density in—
crease compared with no measurable increase in the previous use of HCM
proforms. This decsity increase was accompanied by greater axial movement
of powder and, therefore, of the heating element., Although the incremen-
tal heating element movement per preform crushed was small (~0.05 to 0.1
mm per 15 um preform), it resulted in disturbing the last three or four
torns of the heating element and the subsequent bianding of the tamping
tool,

The infrared scan, although skewed because of coil movement, indi-
cated thai: local variations were within the +5% requirement of criie-

rion 1. This result was the first positive indication that the newly

VP o ot el o o 3
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developed fabrication techmiques and the camphor—treated TS-1325 preforms
might yield an ascoeptable nonswaged FRS,

Although prototypes GNR-L-8P and GR-L-9P were primarily associated
with development of the monswaged FRS, prototype —10P was of the swaged
design., Although meither —8P or -9P was operated, several msjor fsbrica-
- tion inmovations that were developed with them were applied to prototype
GR-L~10P. It, in turm, led to the solution of a fabrication problea sf—
fecting both swaged and monswaged rods. Rod -10P was successfully fabri-
cated, but problems were encountersd with metal spalling from the copper
center terminal., The braze commsction of the mickel-copper rods left the
copper very soft. The action of the preform tamping tools caused copper
to spall off into the inmer annulus during preform filling. The problem
was corrected by an elongstion of about 1%, which hardemed the copper rcd
sufficiently to prevent further metallic spalling. This simple but effec-
tive way of eliminating copper spalling was incorporated into the evolving
fabrication procedure for subsequent FRSs. '

The GR-L-10P prototype was tested in the SRSL; it was gradually
brought up to 29.9 kW at a cladding temperature of 715°C. Operation at
these conditions was sustained for 47.5 h until the crowbar protection
system terminsted the tests. Radiographic examinstion revealed that an
insulation breakdown had occurred in the torminal region 250 mm above the
top of the heating element, the region where copper spalling had occurred
during fabrication. Even though it wss known that s filling probles had
occurred, the radiographic ind insulation checks appeared to warrant op-
erations]l testing. This result emphasizes how critical the fabrication
process is to subsequ.nt proper operatiomn of an FRS,

Because of the success of the nonswaged development, GR-L~10P was the
last swaged prototype to be fabricated. The information gain from fabri-
cation and operation of ~10P wss successfully applied to subsequent non-
swaged prototypes, Additionally, the elonmgation test provided s key to
the solution of the perplexing problem of obtaiming s practicsl imspec-
tion of the rod and tubular braze joirts between the copper terminals and
nickel leuds,

Nonswaged prototypes GNR-L-11P and ~12P were then fabricated by using
the information gained on FRSs -8P and -9P, Some binding between the
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heating element axd the tamping tool was encountered on —11P, but tke pro-
totype was successfully fabricated. Fuel xcd simulastor —12P' was filled
after further modifying the fabricatiom procedure to allow extemsion of
the internal thermocouples beyond the exit at the closed end of the FRS.
Annular preforms were then filled from each end of the longitudinal center
of the heating element; the previous, normal procedure had been to fill
all preforms frca the terminal end only. The new filling procedure al-
lowed use of tamping emergies of 70 kJ/m? during both inmer and outer pre-
form crushing and eliminated the binding problem that was encountered pre-
viously with TS-1325 preforms.

Nonswaged prototypes —11P and -12P both met all postfabricatiom inm
spection requirements, including being vitiin the allowvable +5% tolerance
on heat flux profile uniformity. However, swaged prototype ~10P had met
criteria 1 and 2, but not 3, prior to failure, and nonswagesd rods were yet
to be terted for meeting criteria 2 and 3.

Thus, GNR-L-11P would be tested in the SRSL to determine how well it
met criterion 2. Because of the lower BN density in a nonswaged FRS com—
pared with a swaged FRS and the resultant reduced contact pressure between
BN and cladéing, we anticipated that the effective thermal coanductivity
of the BN would be lower, possibly by a factor of 5. Thus, maximum power
operation might be limited to about 10 kW at 1000°C sodium stream tempera—
tore., Table 6 summarizes these tests and indicates that higher-than-
anticipated thermal conductivity was achieved.

Failure occurred as a result of the melting of the Nichrome V heating

element [T-p I, ~1400°C] about 250 mm from the end of the heating element,

nearer to the closed end of the FRS., The location is in the region of the
maximom expected temperature, based on a cosime heat generation profile
and the sodium coolant temperature at that point. Melting at that point
is & strong indication of nniform BN properties. By using the local heat
flux and temperature conditions, we found the calculated BN thermal con-
ductiviiy to be about ome-third of that evidenced by a fully swaged FRS.
Based on the calculated E.v conductivity, the physical dimensions of the
FRS, snd a maxzimum safe heating element temperature of 1300°C, an antici-

pated operation curve for the nomnswaged FRS (Fig. 3) was obtained.

o rei g 4 et
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Table 6. SRSL operatioml
tests of GNR-L--11P

Sodium stream
a temperature

Power o Time

(xw) *e (h)
Inlet Outlet

20 445 620 5.0
20 550 825 1.0
24 650 1000 2.0
28 550 1000 1.5
29 550 1000 1.5
31 550 1000 1.3

0.7

34 350 1000

aPonr datas do not in-
clude 2% of power dissipated
in terminals,

bFlilu’o occurred,
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Pigure 4 is a plot obtaimed from V. Casal, Kernforschuagsventrems
(KfK), Karlsruhe, Germany, of BN thermal comductivity k vs demsity p for a
powder—filled FRS. Th§ calculated thermal ccnductivity for GNR-L-11P is
also plotted. Two items of in’erest are (1) the Casal data show that k is
strongly dependent on p for p > 70% and (2) the comductivity for -11P is
approximately double the Casal anticipated valwe at the 83% density. This
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higher—than-anticipated conductivity is probably the result of a high de-
gree of radial oriemtation that was achieved with cold-pressed preforms;
the Casal data are for random—to-axial favored orientation. The data also
appear to indicate that an increase of about 5§ to 7% in as—filled prefora
density in an unswaged FRS may yield valnes of BN thermal conductivity
nearly as high as those for s fully swaged FRS.

Based on this information, we initiated plans to fabricate a series
of thermal conductivity cells for fwrther investigation of the thermai
conductivity vs the density relationship of BN preforms., MNeenwhile, pro-
totype GNR-L-12P was installed in the SRSL for tests. Our intent was to
qualify the nonswaged FRS at 110% power (42 kW) and 1000°C and to deter-
mine its thermal cycling capability. Table 7 summarizes this test opera-
tion.

Prototype GNR-L-12P survived more than 700 h ot tests, endured sore
than 2150 thermal transients, and opersted at 110% of design power and at
975°C cladding temperature before failure, The initial larger part of the
operation, 693 h, was at steady—state test conditions that were similar to
those expected in many of the CFIL bundle tests. The rod was then sub-
jected to thermal transients that approximately simulated those antici-
pated in CFIL tests in number and duration. At the completion of these
steady-state and transient tests, both prototype -12P and three of the
four internal thermocouples were still operational, The remaining inter-
nal thermocouple broke at the terminal end during installation of the FRS
in the test loop., Posttest continuity checks indicated that this thermo—
couple was: also still operational.

Fuel rod simulator -12P was then intentionally operated at conditions
approaching expected failure, ailure occurred within about 25°C of the
predicted failure of 950°C at 42 kW, Worth noting is that, in both this
test and in that of GNR-L~-11P, operation was normal up to the point of
melting the Nichrome V heating element. This result indicates that the
electrical resistance of the central BN preforms is adequate for oeration
up to about 1400°C without failure. The central annular BN preform had

previously heen :erceived to be one possible weak point in FRS ability to
operate at high temperstures,

RRR L X7



Table 7. Summary of test results for nonswaged rod GLR-L-12 in SRS6

Power Maximun cladding Transient Number of cycles
Test No. OPet:t: " temperature AT P':t?d {required/ T°t': tims

motho Total kW  V A (*c) (*C) (min completed) (B)
1 SS 29.4 261 113.3 760 693
2 Tran. 29.0 260 112.0 760 236 1.0 0/308 5.10
3 Tran. 30.5 265 116.0 760 56 1.0 150/184 3.10
4 Tran. 30.5 265 116.1 760 258 2.0 20/241 8,0
5 Tran, 31.0 266 117.0 760 114 2.0 1200/1420 47.3
6 Tran. 31.0 266 117.0 760 250 2.0 0/34 1.0
7 SS 28.8 258 113.0 710 0.25
8 SS 34.6 280 123,85 800 0.08
9 sS 39.4 300 131.5 900 0.02
10 SS 43 .4 318 137.8 900 0.58
11 Ss 45.0 322 140.0 900 0.28
12 SS 43.3 31$ 136.0 900 0.08
13 SS 43.3 318 136.0 932 0.67
14 SS 43.3 a1s 136.0 938 0.17
15 SS 43.3 315 135.8 972 0.37
1s SS 43.3 315 135.8

aSS = stoady—-state operation; Tran. = transient operation.
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The radial temperature differeace (AT) between the sodiwm stream and
the internal thermocouple indications was higher in a nonswaged than in a
swaged FRS., An average AT of 115°C that was measured at 30 kVW and 760°C
sodium outlet temperature ia monswaged prototypes GNR-L-11P aad -12P com-
pares vith 78°C for swaged prototype GR-L-10P that was measured under the
same conditions. The large AT for a nonswaged FRS was expected and is
attributed to the lower BN thermal]l conductivity and the lower contact
pressure between the heating element and the stainless steel cladding
and thermocouples that is caused by the elimination of swaging during
fabrication,

2.4 Phase III — Conductivity Cell Fabrication and Testing

A series of coniuctivity cells was fabricated and tested to obtain
infot-ation about the effective thermal conductivity of the crushed cold-
pressed BN preforms in an FRS, Information was needed on the relatiomship
of conductivity to inner and annvlar BN density, FRS power, cladding tem—
perature, and the fabrication process. Test cells were a simple, effec—
tive means of obtaining this information. Nime test cells were fabricated
in parallel with the last two phases of FRS development, and information
gained from them is summarized in this section.

The conductivity cell configunration is similar to that of the CFIL
FRS (Fig. 2) except that it has a heated length of 30.5 cm and the center
terminal (current return) is replaced with s 1.5-mm thermocouple. The
curreat return is provided by attsaching the far end of the heating element
to the cell cladding and grounding the cladding to complete the electrical
circuit, Some cells contain the FRS sheath thermocouples, and some do not
(Table 1),

A VWater Cooled Test Stand (WCTS) was fabricated to test the cells,
Each test cell was mounted horizontally in the WCIS, Two or three thermo~
couples wexe attached to the outer clsdding surface in an intrinsic junc-
tion configuration, All junctions were located in the radial plame that
containg the juaction of the central thermocouple and at equidistances

sround the perimeter.
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Figere 5 summarizes thermal conductivity k vs power for the WCTS

tests of the conductivity cells.

The data were repeatable to within +10%.

Pertinent information gleaned from the conductivity cell tests includes:

1. Thermal conductivity k is sensitive to the differentisl thermal

expansion of the heating clement and the BN insulation.

2, In test cells -135-18S, thermel conductivity reached a maximum
value of about 80% of that achievable with a powder—filled swaged rod,
cells -20S and -31S demonstrated a thermal conductivity about equal to

that of a powder—filled swaged rod, and —30S achieved a value about equal

to svaged, BN preform rods.
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3. Thermal comductivity is sensitive to the density of both the
inner and outer snnular preforms. The degree of the dependence is not
clear, but the masjor dependence appears to be on the outer annslus
preforms.

4. The value of thermal comductivity as a function of density is
always higher for the comductivity cells than is the value from the Casal®
data for powder-filled FRS (Fig. 4).

The cladding was held at an approximately constant temperature in the
boiling water in the WCIS. The cell center temperature, measured with the
central thermocouple, varied with heat flux and reached temperatures as
moch as 250°C higher than the heat sink temperature at the high heat flux
values, The thermal expansion associated with this radial AT tightens up
the internal cell compoments and increases the contact pressure between
the heating element BN and the internal surface of the cladding. The lev-
eling off of the thermal conductivity vs power (heat flux), because of
internal thermal expansion, indicates the maximum effective thermal con—
ductivity that we achieved.

The variations in k from test cell to test cell were primarily caused
by annular BN preform density. Test cell -30S, fabricated with TS-1449
powder, had the highest annular density of ~90% TD. Orientation also has
a contributory effect but appears less important. Chapter 3 discusses BN
preforms in detail.

Test cells GNR-L-19S and -20S were fabricated primarily to evaluste
the effects of fabrication techniques and inner preform material on the
effective outer annular thermal conductivity.

Cell -19S was fabricated to be similar to -17S and -18S but with a
Kanthal A-1 heating element., The newly developed Kanthal-to-nickel laser
butt weld, joining the heating elemont to the tubular terminal, was evalu—
ated from both fabrication and operational standpoints. The test cell wsas
successfully fabricated and tested in the WCTS. The weld joint endured
several hundred severe thermal transieants without failure or degradation,
On the basis of this question, the decision was made to fabricate several
Kanthal A-1 elements for full-length prototypes.

Test cell GNT-L~-208 also contained a Kanthal heating slement but was
primarily fabricated to test newly developed 85% MgO-BN central preforms,
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The hybrid preforms were intended to provide increased intermal thermal
expansion and thus increase the thermal comdu~tance at the onter annular
preform interfaces. The preforms were developed and fabricated locally
and contaimed BN only to increase their pressability. Tie postpurifica-
tion strength was less than that previously experienced with BN preforms
but wsas adequate for fabricationm.

Figure 5 demonstrates the increase in effective apnular BN thermal
conducti;ity of test cell -20S by comparison with a similar test cell,
-14S, which contsined central BN preform: but equivalent annular preforms,
An increase in thermal conductivity of 10 to 15% is evident for cell -20S,
indicating that the NgO-BN preform is effective. However, low-power ther-
mal conductivity is still relatively low, and the maximum values obtained
are less than those measured for the swaged construction. Although the
use of MgO-based central preforms improves operational conditions, this
improvement alone apparently will not increase maximum power for the nonm
svaged FRS sufficiently to match that of thc swaged FRS.

To investigate further the dependence between thermal conductivity
and operating conditions, conductivity cell GNT-L-14S was tested in the
SRSL to higher temperatures than achieved in the WCIS. Figure 6 summa-
rizes the test results. Although the value of thermal comductivity was
reasonably constant as a function of power, it decreased with increased
cladding temperatures. The thermal expansion of the staimless steel
cladding apparently offsets the salubrious effects of the thermal expan—
sion of the FRS internal components and, thus, lowers the effective ther—

meal coaductivity,

2.5 Phase — Bxtension o abilities

The successful fabrication and operation of nonswaged FRSs GNR-L~11P
and GNR-L~12P and the good nonswaged annular thermal comductivity demon-
strated with the test cells led to the program decision to use the nonm
swaged FRS as the reference design. However, some sacrifice in unifor-
mity of heat-flux profile occurs during a power transient, as indicated by
infrared scan and by rod reliability., Additiomalily, some reliability is
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sacrificed because the heating element resches necessarily a higher tem—
perature in the nonswaged FRS for a given operating condition when com—
pared with the swaged FRS. Both sacrifices are the direct consequence of
reductions in the thermal conductivity and in the density of BN that can
be achieved with s nonswaged FRS,

However, areas where both operational capsbility and reliability of
the nonswaged FRS can be improved are:

1. increase in BN preform density and consequent thermal conductivity,
2. further improvements in fabrication techniques, and
3. the use of Kantksal A-1 instesad of Nichrome V as the heating element

saterial,

Itess 1 and 2 were investigsted ihrough the fabrication amd testing of
thermal conductivity cells, reported in 3ect. 2.4, Item 3 is the subject
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of prototype GNK-L-15P and ~16P (the K in GNK denotes a Kanthal A-1 alloy
heating elrment).

Prototypes —15P ard -16P were fabricated primarily to test the caps-
bility ~f the Kanthal material to withstand the fabrication operations and
the thermal cycling of CFTL FRSs., The postfabrication inspections of pro-
totyve —15P revealed that the laser weld joint between the Kanthal heating
element and the associated tubular nickel lead had failed., Although pre—
vious weld tests with Kanthal had been successfully completed, the new pro-
cedure was obvioungly mot successful with prototype —-15P.

Prototype —16P, which coniains &z constant width heating element made
of Kanthal A-1 alloy, was fabricated successfully. Extensive prefabrica-
tion testing of the weld joint at the nickel-Kanthal interface proved it
to be very durable. The pq?totype was tested in the HTS; Table 8 summa-
rizes these tests,

The primsry intent of the —-16P tests was to determine the stability
of the laser—welded butt joint between the Kanthal and the adjoining
nickel tube under high thermal stress conditicns, Thermal transients were

conducted in which the rise rate and then the cladding temperature were

Table 8. Summary of rod GNK-L-16P opersational
tests in the HTS

Maximum cladding Transient Total

Test f:;;r temperature AT f:::;d N:n:;:‘of time

(°C) (°C) y (b)
1 2.3 730 380 3.0 81 4.05
2 3.5 870 520 3.0 112 5.60
3 6.0 860 520 3.0 70 3.50
4 6.0 1010 675 3.0 42 2.10
5 7.5 1065 705 3.0 160 8.00
6 T.0 107§ ms 3.0 224 11.20
7 1.8 700 a 11,00
8 1180 b 1.0+

aSteady state,

Slow increase to failure,
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increased with each test. The second objective was to determine thermo—
couple lifetime under relatively large and rapid therxal transient condi-
tions, such as in tests 2-7.

The Kanthal-nickel tube butt weld operated normally through 689 tranm—
sients and 46.5 h of operation before failing. The weld area has been
sectioned and anmalyzed to obtain more detailed information. Its success—
ful operation throughout the severe trensients and the results of the met-
allurgical examination indicate that the weld is reliabie enough to permit
the use of Kanthal A-1 heating elements in GCFR-CFIL FRSs.

Rod GNK-L-16P contained three modified-grounded-junction thermocou—
rles and one grounded—junction thermocouple. Table 9 lists the cycles to
failure of each.

The thermal transients in the —-16P tests were more severe than those
anti.ipated in the first CFIL test bundle. The failure of all three modi-
fied-grounded—junction thermocouples before failure of the grounded—junc-—
tion type is an indication that the modified-grounded junction is less
relisble ‘han the grounded junction. The modified-grounded junction is

8 low-mass junction that is welded directly to the cladding and, hence,
should experience the effec:s of differential thermal expansion more di-
rectly than the grounded-junction thermocouple. However, insulated-junc-
tion thermocouples have becn shown to be the most reliable, possibly be-
cause additional ther al shock resistancé is supplied by the insulator

material,

Table 9. Rod GNK-L-16P thermocouple
transient cycles before failure

Junction Cycles to

Thermocouple type failure
1 wy? 308
3 o 308
4 GJb 684
:Hodiliod-;ronndod junction,

Grounded junction,
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A series of six rod prototypes, GNK-L-21P throewgh —26P, were fabri-
cated and tested. Prototypes —21P, -23P, and -25P were tested in the HTS
while -22P, -24P, and -26P, vere tested in the SRSL.

Tests in the HTS were intended to (1) determine the reliability of
rod internal thermocouples under thermal tramsient conditions, (2) deter-
mine the capability of an FRS to withstand 1000 to 1200°C operation, and
(3) determine if operation of the FRS was possible at or near the melting
temperature (1375°C) for the cladding.

All prototypes contained Kanthal A-1 heating elements, and all heat-
ing elements were variable width except that of -21P, Table 1 summarizes
the pertinent composments of each prototype.

Tables 10 and 11 summarize the steady-state and transient operations,
respectively, of the three rod prototypes tested in the HTS.

Rod GNX-L-21P survived 309 h of steady-sta.. tests, incliuding over
40 h at 1100°C, and successfully completed almost 4000 thermal cycles
typical of or more severe than those expected in CFIL operation. Although
the thormocouples began to experienve errors as the testing progressed,
none iailed because of thermal eclement grain growth gnd thermal expansion
induced strains. This was rignificant and demonstrated that, in the non
swaged rod, thermocouples are far less susceptible to these modes of fail~
ure, The Kanthal--to-nickel laser butt weld also successfully survived all
operational tests.

At one point during tests of rod -21P, rod power was inadvertently in-
creased from néar 5.5 to 15 kW for 9 s while operating at 1100°C cladding
temperature. Although all thermocouples went off scale, the cladding tem—
perature was estimated to have reached 1350°C. The internal temperature
of the nickel rod slmost surely reached the melting point durirg this ex-
cursion, slthough no evidence of damage could be detected with electrical
checks., However, the rod feilei later while being operated at 1100°C
cladding temperature for thermocouple calibration checks. Failure oc-
curred by welting of the cladding at seversl places along the heated
length, indicating severe temperature variations,

The tests conducted on GNKE~L-23P were approximately the sume as those
conducted on GNK-L-21P. A total of 284 h cf steady-state operation was
logged, 32 h at 1100°C cladding tempersture. Nearly 5000 thermal cycles
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Table 10. Steady—state operation of rod
prototypes in the HTS

Maximum
Power cladding Time
Rod (X¥) - temperature (h) Nedium
(*C)
GNK-L-21P 1.9 700 128
GNK-L-21P 3.1 870 121.5
GNK-L-21P 4.4 1000 19
GNK-L-21P 5.5 1100 40.5
GNK-L-21P 6.8 1200 1
GNK-L-23P 0.2 350 1
GNK-L-23P 1.5 700 119
GNK-L-23P 2.4 870 23
GNK-L-23P 2.7 930 90
GNK-L-23P 3.4 1000 19
GNK-L-23P 4.6 1100 32
GNK-L-25P 1.6 700 95 Vacuum
GNK-L-25P 2.6 820 0.033 Vacuum
GNK-L-25P 3.0 920 9.02 Vacuum
GNK-L-25P 3.4 995 0.03 Vacuum
GNK-L-25P 3.7 1102 0.03 Vacuum
GNK—-L-2 5P 4.0 1220 0.05 Vacuom
GNK-L-25P 4.2 1310 0.03 Vacumm
GNK-L-25P 4.3 1380 0.03 Vacuum
GNK-L-25P 4.7 1400 0.02 Vacuoum
GNK-L-25P 1.6 700 3 Heliom
GNK-L-25P 2.2 795 0.025 Heliom
GNK-L-25P 3.1 905 0.05 Helimm
GNK-L-25P 4.2 1005 0.08 Heliom
GNK-L-25P 5.5 1100 0.02 Heliom
GNK-L-25P 6.2 1200 0.02 Heliom
GNK-L-25P 7.2 1250 0.03 Heliom
GNK-L-25P 7.4 1260 0.03 Heliom
GNK-L-25P 7.9 1300 0.02 Beliom

were completed with no damage to the FRS and no failure of the thermocou~-
ples. The rod failed after 32 h at 1100°C operation. Feilure was sppaz
oently caused by a decreasing value of cledding emissivity caused by break-
down of the tantalum costing. VWithout the tantalum coating, "thermal
polishing" of, and consequent high temperatures in, the stsinless steel
cladding can occur within a matter of minutes. Failure anslysis of the
thermocouples indicated that both Chromel and Alumel thermoelements were
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Table 11. Transieat operation of rod
prototypes in the HIS

Maximum
Power cladding Time Transient
Rod (XW)  temperature (h)  V°I°% 4y (eq)
(°C)
GNE-L-21P 03 750 106.6 3425 330
GNF~-L-21P C-7 870 6.2 3711 345
GNK-L-21P 0-14.9 950 2.5 150 450
GNK-L-21P 0-14.9 1300 0.02 1 350
GNK-L-23P 0-1.5 750 2.3 68 325
GNK-L-23P 03 750 10.7 640 200
GNK-L-23P 12 750 134.0 4020 150
GNK-L-23P 0-1.5 750 0.8 22 330
GNK-L-23P 0-6 870 3.8 230 320
GNK-L-25P 0-1.6 700 3.3 200 350

ductile, even though grains were large, as were the thermoelements in rod
prototype GNK-L-21P, which underwent similar tests.

The primary intent of tests on rod prototype GNK-L-25P was to obtain
operational date at temperstures approaching the melting point of the
cladding. Approximately 100 h of steady-state operation at 700°C was
logged to ensure that the rod was reliable before approach—to-aelting of
the cladding (ATCM) tests were run, All thermocouples were operatiomal st
the start of the tests.

Two test series were run. The first (see Table 10) involved opera-
tion in vacuum from 700 to 1380°C (ss measured by a type S thermocouple
welded to the cladding). Power was increased stepwise to provide tempera-
ture increases of sbout 100°C. Measured cladding temperature increased
incrementally to 1400°C. At this point, the rod lost power, apparently
because of an open circuit. We subsequently determined that an over-tem—
perature switch, set at 1400°C, had terminated the test. A total opera-
tional time of 11 min from 1000 to 1400°. was sustained without damage.

The second test series involved operation from 700 to 1300°C in low-
pressure (~70 kPa) helium (Table 10). A total operational time of 11 min
at temperatures from 1000 to 1300°C wns sustained before failnre occurred

at 7.9 k¥ and 1300°C cladding surface temperature. Because of the helinm
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environment, the power at the highest temperature was twice that in the
previous vacuum test.

Failure in rod -25P was caused by the melting of the nickel center
rod. The increased heat flux, compared with the vacuum test, raised
the rod internal temperature sufficiently to cause the mnickel to melt
(T; =~ 1425°C) at a cladding temperature of 1300°C. These tests indicate
stable operation to cladding temperatur.: approaching 1300°C at power lev—
els larger than anticipated for GCFR depressurization tests.

High—temperature and transient tests on these three prototypes veri-
fied that operation in the 1000 to 1200°C regime is possible and that very
limited operation is possible up to and including -eliing te-pcrafure of
the cladding.

No rod internal thermocouples were lost during testing, although all
three prototypes encountered conditions more severe than anticipated in
the CFIL. Failure analysis of thermocouples in the prototypes indicated
that, unlike the thermocouples in swaged prototypes that encountered simi-
lar testing, the thermoelements were very ductile. This is despite the
fact that grains were very large and often traversed the entire cross sec-
tion.

This serendipitous, but unexplained, phenomenon was discussed with
Dr. Brian Ralph from Cambridge University, Engli~d, during his visit to
ORNL in 1979. {e is a metallurgist wvho has sper considerable time exam—
ining material grain boundaries and materials p.-~vorties associated with
them, Consulting with Dr. Rslph during his brief visit led us to suspect
strongly that void growth during FRS testing, caused by levels of 5 to 10%
cold work (prestrain) either residusl from thermocouple fabrication or put
into the thermocouples during FRS fabrication, is responsible for the
brittle behavior of thermocouples in previously tested swaged rods, such
as -7P,

Apparently, when the thermocouples are strained (by FRS swaging,
pulling to straighten, or other causes), microcracks appear around mate-
rial inclusions. These sites result in the nuclestion and growth of voids
later during high-temperature operation, which causes material recrystal-
lization, The voids form at grain boundaries, reduce the grain boundary

cross section, and drastically wesken the material. Although lower levels
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of prestrain ({1%) associated with monswaged rods probably result in s
minor degree of microcrackiag, they apparently do mot add emowgh energy to
the system to induce void aucleation and growth., Thes, it appears thst
the msjor necessary ingredient for successfml lomg—life high—temperature
operation of 0.5-mm type K thermocouples is simply to keep the prestrain
levels <1 or 2%, which is intrinmsic with the nomswaged rod design.

Reselts from testing rod prototypes -22P, -24P, and ~26P ia the SRSL
were not as encouraging as those obtainei with HIS operation of -21P,
—23P, and -25P. Tables 12 and 13 summarize the steady—state and traasiest
test operatioms, respectively.

Rod GNEK-L-22P endured 928 trsnsieat cycles and operated a total of
247.5 h at steady state before failure. MNost tramsiemt cycles were from
350 to 600°C sodium tempersture (363 to 650°C cladding temperature) and of
1 to 2 min with step changes in power between 18.8 and 41 k¥W. Most of the
steady -state operation was at 30 kV and 650°C maximom cladding tempers—
ture,

The rod failed when being cycled from 0 to 30 k¥ at 1000°C cladding

" temperature., Failure was caused by a crack in the rickel center coanductor

Table 12, Steady-state operation of
rod prototypes in the SRSL

Maximom cladding

Rod 5:;;‘ te-p::;;nre T:;;
GNK-L-22P 20 650 25
GNK-L-22P 30 650 221.4
GNK-L-22P 30 1000 1.0
GNK-L-24P 8.5 500 3.0
GNK-L-24P 8 500 1,0
GNK-L-24P 20 650 0.5
GNK-L-24P 30 750 0.5
GNK-L-24P 38.5 710 8.8
GNK~L-26P 10,6 750 2.0
GNK-L-26P 19.1 750 10.5
GNK-L-26P 28.7 780 21.0
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Table 13. Transient operation of rod
prototypes in the SRS6

Maximum cladding

Power Time Transient
Rod
o (xW) te-p::;t):uxe (h) Cycles AT (°C)
GNK-L-22P 1941 600 23.1 925 250
GNK-1L-22P 0-30 1000 0.05 3 300
GNK-L-24P 0-30 750 5.5 495 300
GNK-L-26P 0-19.1 750 3.3 290 250

at about 25 sm (1 in.) from the ground end of the heating element, Appar—
ently, the combimation of rapid rise in power and cladding temperaturce
brought the nickel rod to the point of failure, The four type K, insuv-
lated-junction thermocouples endured all the thermal transient operations
withoot failure.

Fabrication problems had occurred at the ground end of the heating
element with —22P. The variable width Kanthal A-1 heating element is very
strong at room temperature and difficult to work. The fabrication process
required that the nickel end plug, inserted before the imnner BN preforms
were installed, should be removed after preform installation to permit
electrical checks. The removal and reinsertion of the end plug proved to
be difficult, disturbing the adjscent BN preforms and causing loss of
density and good heat transfer comtact.

Although the fabrication procedure was modified, essentially the same
conditions were experienced during fabricatiom of rod prototype GNK-L~24P.
The infrared scans of -24P indicated that the density snd comtact loss was
even more severe than that om -22P, but we decided to test the prototype
because useful information could still be obtained,

The rod endured sbout 10 and 9 h, respectively, of transient and
steady—state operation st s maximum cladding tempersture of sbout 750°C
and power levels to 38 kW before failure. Postfsilure examinstions re-
vealed that failure occurred in the nickel cemter conductor near the
ground end at the point of minimum annular BN density as indicated on the
infrared scen. The reduced doensity (and thus thermal conductivity) re-
sulted in about 25% reduction in expected rod capability,
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The end plug fabrication procedure was changed for GNK-L-26P so that
the nickel end plug could be removed with the heating elcment still em
cased. Although this modification resulted in an absolute minimum of
disturbance to the inner BN preforms during fibrication, we learmed that
even spot welding the heating element to the micael end plug partially
loosened the preform adjacent to it, again resulting in lower than antici-
pated local BN density. These problems also occurred on rod prototypes
tested in the HTS, but the lower power levels of operation and s rela-
tively constant axial temperature made the consequences much less severe.

Because the low—density region was less severe than with -24P, we
decided to test —26P in the SRSL. Operstion was normal throughout the
tests, which were conducted for about 6 to 7 h each day. On the beginning
of the ninth day, we discovered that the current-carrying circuit was
open. The rod was removed, inspected, and found to have an opemning in the
central nickel rod about 10 mm from the end piug. The nickel rod was
pulled apart by thermal stresses; it had operated very close to its melt-
ing point, similarly to rod prototypes —~2.:P and -24P, There was also evi-
dence of a low-melting (1080°C) boromnickel eutectic formed at the grain
boundaries of the nickel rod, and the grains within the rod were very
large, with some traversing the entire 2.16-—mm cross section,

The borom—nickel eutectic was located primarily at the nickel grain
boundaries, indicating that the eutectic was formed at a temperature below
the melting point (~1425°C) of the nickel, However, rod prototypes -11P
and -12P had been tested previously at more severe conditions, and the
eutectic had not formed. Therefore, it can only be assumed at this point
that the low inner BN density is the primary cause, This is also sup-
ported by the occurrence of the failure sdjacent to the end plug, which
should have been at & lower temperature than the "hot spot” region located

about 0.25 m up into the heating element.

2.6 hase V — Development of 8-mm Nonswaged FRS

Rod GNE-L-27P was the first 8-mm—diam prototype for the CFTL FRS to
be fabricated., It contained no thermocouples and was fabricated with

preforms pressed locally. Several fabrication problems were encountered,

[ P P SOV T ¥} o row
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primarily with tooling, as is normal when a major dimensional redesign of
a rod occurs. The same problems with low density of the inner BN preforms
were again encountered in the nickel end plug region, largely becaunse of
the increased rigidity of the variable width heating element. The heating
element diameter had been increased from 4.24 to 4.75 mm, and the nickel
rod diameter increased from 2.16 to 2.59 mm as part of the design chamge.
These changes resulted in less internal terminal heating and increased
strength of the central nickel rod and the heating element.

The rod was tested in the SRSL, and the operation is summarized in
Table 14. The rod failed at 35.3 k¥ power with the cladding temperature
ncar 950°C. Failure analysis showed that the ground end of the nickel rod
had been close to the melting point, and there were several >racks slong
the nickel rod adjacent to the heated section. These results closely
paralleled those for rod —26P, except that the nickel rod of -26P exhib-
ited failure near the ground end only.

The fabrication procedure was further modifisd to correct the local-
ized low-density region. A fixture was devised to eliminate virtually all
movement of the heating element near the end plug area during inspection
and welding.

The presence of s boron-nickel eutectic that was foond in the rod was

considered to be cause for concern no matter what the conditions. Boron

Table 14, Summary of operationsl
testing of rod prototype
GNK-L~-27P

Rod Sodium outlet Time at

powver temperature conditions
(xv) (°C) (b)
10.0 704 6.8
19.0 704 21.%
19.0 711 20.5
20.0 9217 7.3
26.6 500 0.5
26.0 927 3.0
30.0 9217 10.0
35.3 927 0.1
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has very little solubility in nickel, so a eutectic phase can occur above
1080°C at levels of 280 ppm boronm in mickel. This boron must form from the
BN to be available. No reliable data have been found on dissociation of
BN to boron, but probably very little BN will dissociate at our operating
temperatures. Both the dissociation and the eutectic phase formation de—
pend on time. Although this may limit the useful life of the FRS at high
temperatures, tests in the HIS at similar high-temperature conditions of
the nickel rod did not show the formation of the borom—nickel eutectic to
be s problem. Because of the possible time—temperature limitation of a
boron—nickel eutectic formation and because of the probable increase in
operating capability, the use of MgO central preforms as a substitute was
pursued,

Eagle—Picher Industries, Incorporated (EPI), the BN preform fabrica-
tor, agreed to fabricate a small quantity of NgO preforms for our evaloa-
tion. Upon their receipt, a short test cell was fabricated to evaluate
filling procedures. Severe spalling occurred when the preforms were in
the copper region. The copper rod was reduced in diameter by swaging from
4.02 to 3.78 mm, but the spalling persisted. Spalling did mot occur in
the nickel terminals region., Evidently, the soft copper (annealed during
brazing the nickel and copper rod and tubular terminsls) interacts with
the hardened, relatively spherical MgO partvicles. MgO, unlike BN, does
not slide along the material surface, but instead "digs" into it,

Discussions wvith the preform manufacturer, as well as our own inves-
tigations, indicated that Mg0O powder properties, such as maximum particle
size, particle size distribution, hardness, and particle shape, comtrib-
uted to these poor results. Magnesia crystallites are harder than those
of BN and are approximately spherical, whereas BN crystallites are flat,
thin platelets, which tend to slide over each other,

These discouraging results made it clear that if cold-pressed Jg0
preforms were to be made usable for the CFIL FRS, then a thorough analysis
and optimization of the powder properties for fabricability was needed., A
decision was made to retain BN preform for use in the FRSs for the first
bundle and to continue the investigation into a potentially useful MgO

preform,
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Nonswaged rod prototype GNK-L-29P was uninstrumented and contained
inner BN preforms fabricated from TS-1449 powder made by EPI and outer BN
preforms fabricated locally from the same powder. The TS-1449, a new,
high~purity powder similar to HCN, was developed by Union Carbide Corpora—
tion, Parma, Ohio, in cooperation with ORNL.

Arcing and breakdown of the inner BN insulation was encountered, and
investigation of the defect revealed a very tkin (~2.5 mm) “mill scale"”
on the surface of the Kanthal A-1 starting material used to fabricate the
variable width heating elements. Although the heating elements were sub-
jected to extensive quality asssurance activity, the scale had not been de-
tected. When the Kanthal sheet material was cut and then wound intc heat-
ing elements, regions of the scale became loose on the surface. When some
of the coils were used subsequently to fabricate active compoment assem—
blies, pieces of the loose scale chipped off and were deposited within the
inner annuvlar BN. Electrical high-potential tests subsequently indicated
that the insviation was contaminated.

Efforts to remove the scale were nnsuccessful, so the heating ele-
ments had to be rejected. The Kanthal Corporation, supplier of the mate—
rial, replaced the defective strip at ro cost. Heating elements fabri-
cated from the new material, as well as frow Kanthal A-1 from another lot,
were acceptable.

The short circuits in the rod prototype were partially cleared, and a

decision was made to test it in the HIS, Table 15 summarizes these tests.

Table 15, HTS operational tests of rod
prototype GNK-L-29P

Rod Maximum clad Transient Nuwmber Time of
power temperature AT of operation
(kW) (°C) (°C) cycles (h)

0.39 360 ss® 0.5

1.03 710 88 73.0

1.0 680 S8 47.0
12.0 900 600 3 0.1

9gg = steady-state operation,
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Tre rod prototype operated normally for 120 h at ~700°C clad tempers—
ture. The power was being adjusted for tramsient operation, and the rod
had reached 900°C cladding temperature on a 12 s ramp at 12 kW when the
heating element shorted to the nickel return rod throungh the inner BN in—
sulatiou. Postfsilure examination showed that the short circuit occurrad
in the region that was contaminsted with Kanthal scale during fabrication.

Rod prototypes GNK—L-32P and GNK-L-33P were snccessfully fabricated
with the new Kanthal A-1 heating elements. GNK-L-~32P contained six tyve K,
Ivconel-sheathed thermocounples procured from Groth-Mazur Imdustries (GMI)
for CFIL FRS; GNK-L~35P contsined four GNI thermocouples and tw) type S
(Pt vs Pt-60% Rh) thermocouples sheathed in platinum.

Table 16 summarizes operationmal tests om -32P in the SRSL. Steady—
state operation of prototype GNK~L-32P wss initislly completed while a
500-kV CFI. power supply was being installed adjacent to the SRSL. The
prototype was then thermally cycled using this new powver supply for more
thar 4 4 continuously before failure., The failure was caused by the cen—
tral nickel rod melting and occurred during weelend operation, so0 sn accu-
rate assessment of conditioms leading to the failure was not possible.
However, all normal expected CFIL operational conditions were met or ex—
cecded before fasilure, snd more than four times the anticipated CFTL ther—
ma] transients were completed withont a single rod thermocouple failure.

Rod prototype GNK~L-33P was tested in the HIS. Table 17 summsrizes

its operation.

Tables 16. Operational tests of rod prototype
GNK-L~-32P in the SRSL

Loop temperature Maximum Total
Rod (°C) cycling Number operating
power of

(kW) - AT cycles time

Inlet Outlet  (°C) y (h)

0 350 350 175
29.0 370 650 442
32.8-3.3 370 700 165 220 2.5
28,00 370 650 1258 7892 90

Total time 709.5

cm et e
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Table 17. Operational tests of rod
prototype GNK-L-33P in the HTS

Rod  Cladding Total Number of
operation

power  temperature time thermal

(xW) (*C) (h) cycles

0.3 370 50

1.0 720 a 265

1.2 700 720b 914

0-2.5 700-870 b 137.5 8,250

0-8.6 425-1000 106 4,240

Tc:al time 1,472.5

Total number of thermal cycles 12,490

aIb-pernture change at constant power
was because of cladding emissivity changes.

bIherlnl cycling operations,

A total of 1472.5 h was logged on —-33P, of which 1229 were steady
state, and most of these (914) were at ~700°C, The rod endured & total of
12,450 thermal cycles in 243.5 h of operation. Over 4000 very severe (425
to 1000¢C in 15 s) cycles were conducted before rod failure. All four
type X (Chromel-Alumel) thermocouples remained operational throughout the
entire test, This is additional verification that the short lifetime of
type K small-diameter thermocouples experienced with earlier prototypes
has been increased considerably. Both of the type S (Pt vs Pt-10% Rh)
thermocouples failed early in the operation.

Rod failure was caused by a short between the heating element and the
central rod located ~40 cm from the upper terminal. This placed the en-
tire potential of 148 V across ~0.6 0}, resulting in a heat flux of ap-
proximately twice the design rating of 200 W/ cm3 during the "on" position
of the thermal cycle. This resulted in temperatures high enough to melt
the heating element and nickel rod in a region about 25 cm long, Failure
occurred when internal pressure blew a hole in the stainlsss sheath,
ejecting molten nickel and Kanthal A-1 alloy and csusng an open circuit.

Table 18 summarizes operational tests on rod prototype GNK-L-34P, the
last CFIL prototyps to be fabricated and ?estcd. This prototype contained
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Tat'le 18. Operationsl tests of rod
prototype GNK-L-34P in the SRSL

Rod Loop tc:peratnre Iax1?u- Number Tota!
(*C) c¢ycling operating
power of N
(kW) AT cycles time
Inlet Outlet  (°C) y (h)

0 350 350 15
28.6 350 600 415
28.60 350 655 125 5800 66
Total time ;;E

six Inconel 600 sheathed, type K thermocouples that were procured for the
busdle AG1. All six thermocouples operated normally throughout 415 h of
pow:red, steady-state testing and 66 h of thermal tramsient testing that
included 5800 thermal cycles. The rod failed in a manmer similar to that
of -32P. Analysis indicated the presence of a low melting boronm—nickel
euteciic reaction. The reaction appeared to proceed quite slowly but
weakened the Ni control rod. eventwally causing failure. The reaction,
when complete, reduces the equivalent nickel melting point from 1450 to
~1000°C, which limits both lifetime and thermal cycling ability of the
rods. This problem could be eliminated with the use of central MgO cold-
pressed insulators. However, project closeout did not permit us to try to
accomplish this goal,

All normal requirements were met, and long-term transient operation
was demonstrated, Completion of testing on this prototype ended fabrica-
tion and testing on CFTL FRS. The task of obteining a usable MgO central
preform was not completed., Although operationsl requirements conld be met
with the FRS .in their present design state, the increased thermal expan-
sion of a central MgO preform would enhsnce operation by increasing annu-

lar radial thermal conductivity and eliminating the boron-nickel reaction,
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3. BN PREFORN DEVELOPMENT

The need for high-reliability, state—of—the—art FRSs for use in high
and low Ekest flux high—temperature transient experiments for several ORNL
programs has sccelerated the development of manuvfacturing techmiques for
cold-pressed BN preforms. The initial preform development and use are
more fully detailed in Ref. 5.

The major advantages of BN preforms include (1) ease of FRS manvfac-—
ture; (2) closer dimensional cont.ol; (3) more uniform insulation demsity
and, tkerefore, more uniform thermal conductivity and heat flux; (4) im-
proved inspectability and purification of BN preforms with appropriate re—
jection of contaminated items; (5) almost complete elimination of process—
induced contamimants during the installation and compaction of BN pre—
forms; (6) lower FRS intermal temperature because of higher thermal conm
ductivity and, thus, better reliability; (7) improved (essentially perfect)
heating elcment concentricity with the FRS sheath; and (8) improved tram-
sient and high-temperature (>1000°C) lifetime for FRS internal thermocou-
ples by elimination of swage—induced cold work.

Because of the advantages inherent in the use of preforms, the in—
creased need for FRS reliaoility in large bundles, the greater severity of
testing conditions, and the strict FRS procurement schedules dictated by
large bundles, a vigorous BN preform development effort was initiated some
years ago. This development effort has recently culminated in the ready
availability of high-quality preforms on a production basis.

The fabrication process for cold-pressed BN preform consists of pow-
der pretreatment, pressing, and purification. Prior to the development of
sutomatic lubrication techniques for preform die bodies, pretreatment wezs
necessary for successful pressing. It is now an option, depending upon
the prefors properties desired. Pretreatment is useful if radial crystal-
lite orientation (and thus thermal conductivity for a given preform den-
sity) is to be enbanced or if increased structural integrity is desired.

Pressing development included utilization of double—scting presses
snd the determination of appropriate pressure, dwell time, final density

(and density varistion), lubrication, and pellet expansion parameters,
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Processes have also been develozed to press cylindrical preforms with
axial grooves. Purification techniques were developed to reduce the conm
centration of fabricatior-induced impurities to levels that would permit

high—temperature operation (1300°C and higher).

3.1 Powder Pretreatment

Pretreatment consists of ball-milling the powder in reagent-grade
hexane with an alumina ball mill for 4 to 12 b to achieve a submicron par-
ticle size. The powder is then slurried in a solution of organic lubri-
cant such as camphor or acetone-1 wt % stearic acid in he2xane, the mixture
is allowed tc settle before the liquid is decanted, and the remaining
slurry is dried by evaporation. A small amount of the lubricant (<0,5%)
remains on the particle surface to lubricate and to act as a pressure—
transmitting sgent during pressing. The powder is prepressed in ~100—g
batches at 280 to 840 kg/cm?. The resulting large pellet is then broken
up with a mortar and pestle and screemed through sizing sieves, This pro—
duces a powder composed of agglomerates 0.05 to 0.5 mm in diameter, having
a tap density of 0.5 to 0.7 g/cm®. Tap density is the BN density after

the measuring vessel is ligh:ly tapped.

3.2 Preform Pressing

The development of cold-pressed BN preforms was initiated at ORNL us-
ing low-volume laboratory-scale techniques. Similar high—quality preforms
are now provided on an automated basis by EPI, Miami Research Laboratory,
Miami, Oklahoma., To obtain preforms that are of uniform density (+1%) and
that have a length-to-diameter ratio of 2:1 (or more) requires a double-
ended hydraulic press that can supply a constant pressure up to 5250 kg/
cm? for a minimum of 1 s. Lubrication of the die wall contacting the
outer surface of the preform is required in most cases, even with the use
of lubricated powders. Of the several agents tested, a solution of 1%
stearic acid in acetone was found to be the most suitable for die body

lubrication,
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A typical die designed for manually pressing tubular preforms is

shown in Fig. 7. Although simple in construction, the die must be fabri-
cated to very close tolerances to prevent seizure from powder buildep on
its inner and outer faces, Additionslly, the die body cavity and contact-
ing paris must have hard, smooth, low—friction surfaces. Dies for amto-
matic production of BN preforms are more sophisticated. They conatain tool-
steel punches having a hardness value of Rockwell C58 to 60, with a die
body containing a tuagstem carbide insert. The die body has a 7.5° bevel
for 19.0 == on the top to facilitate gradual expansion of the preform es

ORNL PHOTO 6383-77

Fig. 7. BN preform die for manually pressing preforas,
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it exits from the die. Approximately 2.5% increase in OD and 1.75% in-
crease imn ID occur as the preform is removed from the die and purification
subsequently takes place.

Initially, only solid or cylimdrical preforms were pressed. For
those FRSs that contained intermal thermocouples, annular BN preforms were
initially grooved using a broaching device. Instrumented FRSs for the
CFIL have been successfully fabricated with BN preforms grooved by this
method for the last several years. However, 5 to 10% breakage occurs dur—
ing grooving, the process is not adequate for FRSs containing six or more
thermocouples or for annular width (1 mm, and BN preforms madc of Union
Carbide Corporation—Carbon Products Division (UCC-CPD) grade HCN powder,
the standard BN powder for die lubricated preforms, canmot be grooved.

The larger particle size of the HCM powder causes the BN preforms to be
severely weakened structurally at the grooves. Many (~30 to 50%) break
during grooving, and those that do not are too fragile to use for subse-
quent filling., The BN preforms made with pretreated powder do groove
adequately, but powder preparation increases the costs of this type of
preform,

To eliminate the above disadvantages, a BN preform pressing die com
taining splines that produced grooved BN preforms was designed by engi-
neers at ORNL and at EPI, Mismi Research Laboratory. This die, shown in
Fig. 8, alloved the pressing of BN preforms for the latest CFIL FRS design
that contained six 0.5-mm grooves spaced in 60° intervals. Although the
die cost is approximately twice as much as a similar nongrooved dié, the §
to 10% grooving loss is avoided, the quality of BN preform is enhanced,
and HCM powder can be used without pretreatment.

Studies have been conducted to optimize the following important
pressing parameters: pressure, dwell time at pressure, and optimum length-
to-thickness (or length—-to-diameter) ratios for preforms as functions of
final density and variation in final density., Percent expansion after
pressing was evaluated to enable accurate final preform size control,

Figure 9 shows a typical density-vs-pressure relationship for pressed
TS-1325 powder., The increase in density with pressure is almost linear
until 3.5 x 10f kg/m3, where it levels off to an apparently optimum den-
sity of 1.89 kg/m? (84% TD)., Because the 3.5 x 10f kg/m? pressure allows
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Fig. 9. Density vs pressure for a pressed TS-1325 BN powder.

manual pressing with tool-steel dies without major die jamming, this pres-
sure was used in most ORNL applications. However, pressures as high as
5.625 x 10* kg/m? have been used in automatic pressing.

Dwell-time measurements at constant pressure are difficult to obtain,
but experience has shown that short dwell times (<0.5 s) do not allow suf-
ficient time for adequate particle movement or for release of entrapped
air. As a result, density variations along the preform length can be ex-
cessive, and the structoral quality suffers. Dwell times in excess of 3 s

are unnecessary because all entrapped sir has escaned withir that time

period.

3.3 Preform Purification

Removal of lubricating and pressore-transmitting additives to reduce
the carbon and oxygen impurities to acceptable levels is now a routine
part of the preform fabrication process., This is accomplished by first
subjecting the preforms to a bakeont at 232°C in a 1.33- to 4-Pa vacuum
for 8 t0 24 h to remove most of the readily vaporized organics. Following

the bakeuv:., preforms are treated for 8 to 12 h in an anhydrous ammonia
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atmosphere at 900 + 25°C. Carbon and oxygen impurities are removed vis

the following reactions:
3C + 4NH, + 3CH, + 2N, ,

30, + 4NH, > GH,0 + 2N, ,

and
CH, + H,0+ O + 5H, .

An Inconel or molybdenum boat is used to uecrease the possibility of
contamination, and care is taken to ensure that the prc¢ vem suriace ares
available to the ammonia vapor is as great as possible. The furnace is
swept with nitrogen gas at the completion of purification and is cooled to
_ambient under a nitrogen blanket. Initial purification operations were
performed at ORNL. However, a microprocessor—controlled purification
furnace was purchased by EPI, and automatic purification techniques were
developed by them., Preforms are now received in their final, purified
condition,

The ultimite test of the purification priocess is the direct measure—
ment of adequate electrical insulation resistance at high temperatures
(>1 MC—cm at 1000°C). Figare 10 shows the results of such tests on a test
cell fabricated with preforms of TS-1325 powder. These preforms were
(1) pretreated with hexane-1% camphor, (2) pressed at 3.5 x 10! kg/m?
using an acetone—1 wt % stearic acid die body lubricant, (3) dried in a
vacuum, and (4) baked in anhydrous ammonia at 925°C for 8 h, High-tem-
perature resistance decreased at the rate of a factor of 10 per 125°C and
was above 100 kfl~cm at 1250°C. Extrapolation of these data gives a resis-—
tivity of 104 Q-cm at 1400°C, which is adequate for all FRSs designed to
date,

3.4 Quality Control

The single most critical part of an FRS is the BN preform, Approxi-
mately 350 preforms are used to fabricate one full-lengihk GCFR-CFTL FRS.
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Fig. 10, Resistivity vs temperature for preform test cell fabricated
with pretreated, lubricated, and purified TS-1325 BN.

The preforms must insulate as much as 350 V at temperatures np to 1400°C.
In the 1120~mm heated section, the preforms must also have extremely uni-
form density and thermal condoctivity, Additionally, dimensional toler-
ances of the preforms should be within +0.025 mm. An organic impurity or
metallic inclusion in only one preform per FRS (0.3%) can result in the
rejection of an entire FRS,

In the past, no established quality criteris for BN powder, preform
dies, or preforms have existed. DPart of our developmental effort was di-
rected towards establishing criteria that would result in low FRS rejec~
tion rates while not imposing too stringent time and cost restraints on
the inspection process., Efforts to improve the BN powder qua ity are dis-

cussed in Ref. 7 and will be summarized in this section, Determinstion
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ard control of die and preform quality criteria graduslly evolved through-
out this effort as a result of feedback from FRS electrical and radio—
graphic inspections and FRS operational performance.

The HOM powder, as initially procured from UCC-CPD, met procurement
specifications for <0.5% total impurities. Even so, it contained emough
conducting metallic inclusions to p~event its use in FRS fabrication. A
joint effort by UCC—CPD and ORNL resulted in the elimination of ~90% of
the particles via magnetic separation without significantly affecting
other powder properties.

The major inspections now required for acceptamce of BN powder are:
(1) radiography, (2) a sperk—source mass spectrometer scan, (3) oxygen
analysis (by neutron activation), and (4) a carbon Leko analysis, Addi-
tionally, am electrical conductivity test cell is fabricated from cach new
lot of BN powder, and the BN resistivity is tested to 1200°C with a 500-V
megger. It must attain a minimum resistivity at that temperature of 104
Q-cm and remain stable for a miniamm of 60 min, The impurity criteria now
established are summarized in Table 19,

An ultra-pure BN powder designated TS-1449 has been supplied to ORNL
by UCC-CPD through a joint development that spanned 18 months. This pow—
der was produced to the specifications of Table 19 using improved and more

Table 19. Contamination limits

on BN powder

MAX limit

Contaminant imparities
o’, L 0.2
C. % 0.1
Fe, ppm 10
C.. ppm 30
Ti, ppm 30
Other metals (each), pps 30
Borates, % 0.2
Total impurities, % 0.5

Motallic inclusion, in. (cm?)

»0.007 (0)
0.005 ¢ 007 (0.3)
0.003 ¢ 0.005 (1.5)
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stringently comtrolled prccessing steps than previously e-ployéd with HCM
grade powder, which is similar. High—gradient magnetic separation was
used to eliminate most metallic impurities during the Orocessing. Because
of this effort, a process now exists that can routinely produce powder of
high quality when neceded.

Dies for the antomatic production of BN preforms are ordered to very
strict requirements, Figure 8 shows a photograph of a typical annular
preform die with grooves. The ID and OD tolerances are set at a maximum
of 5.1 pjm. Die body upper and lower surface parallelism, surface finish,
and hardness of all contacting parts are also critical and are closely
controlled. The most difficult dimension to control is that of the lands
and grooves of the relief region at the top of the die body. The require-
ment of 1 mm taper per millimeter on both lands and grooves is critical if
the preform is to expand equally on its outer surface as it is removed
from the die. Unequal expansion causes preform deformation or cracking.

Automatic pressing of the BN preforms requires setup and control of
up to 62 separate functions. Although many parameters, once determined
for one preform type and dimension, are fairly similar for some preform
types, this is not true for many others. Therefore, initial optimization
of pressing parameters requires an experienced engineer, and thorough
training of quelified operators is a mnecessity.

Figure 11 shows the Hydramet—American Model 12-B hydraulic electronic
press employed for BN preform auntomatic pressing. There are three hydran—
lically driven rams, the upper and lower punch rams and a core rod ram.
Easch permits individual control of prepress dwell time, rate of movement
(in and out), press dwell time, eject dwell time, and pressure.

An automatic die body lubricetion system (DBLS) was designed specifi-
cally for BN preform pressing. Its functions are to spray a lubricant
into the die body ID and core rod (for tubular preforms) and to dry this
lubricant prior to die powder feeding. This DBLS has become an integral
part of the Hydramet-American press.

Another festure unique to BN preform pressing is the oscillating-
vibrating powder feed shoe. This device is necessary because the poor
flow characteristics of camphor-treated TS-1325 powder (used for some of

the preforms) and the thin wall of many of the tubular preforms made it
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ORNL PHOTO 3071-82

Fig. 11. Hydramet-American model 12-B hydraulic-electronic press
used by EPI to cold press BN preforms.

very difficult to feed powder into the die., The time and uumber of oscil-
lations to fill are individually controlled so that the die cavity is com—
pletely filled prior to pressing.

Mmring the production of preforms, quality must be monitored on &
continuous basis. Small variations in such aspects as powder quslity,
bhomidity, and ,ress temperature may produce variations in preform prop-
erties that will result in rejection., Preform quality is monitored by
continuous visual checks on all preforms during pressing snd by density
checks on 5% of them. Visual inspections include checks for chipped ends,

soft parts, significant length variations, or foreign matter on the pre-
form surface.
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Yhen completed and purified, preforms are stacked in 10—cediam,
1-cm-high petri dishes; packing powder (rejected BN powder) is poured in
to fill all voids, and lids are put on and taped to the dishes. Several
dishes are then wrapped with air-cushioned wrapping material, and the
vackages are enclosed in a box filled with pieces cf polystyrene foam,
The preforms are shipped via air carrier. This me thod of packing and
shipping does not introduce contamination and has resulted in only a very
smal]l number of broken preforms.

When the preforms are received at ORNL, they are unpacked, and the
packing powder is removed and stored. The preforms then undergo a series
of receiving inspections, and an archive sample is taken.

Table 20 shows the preform physical property data sheet on which the
inspection data is accumulated. It includes the preform type, powder
used, the archive sample number, type of lubricant uszed in pressing, and
record of the total length received. The ID, OD, and density data are
also recorded before the preforms are purified and again after purifica-
tion.

The most important incoming inspection is the radiographic inspec-
tion that is performed on 100% of the preforms. After receiving inspec-—
tions are complete, most of the preforms still remain in the petri dishes.
The dishes are then visually checked to remove bad preforms, ard the re-
maining preforms are packed in the dishes so0 tightly that no movement can
occur, The dish tops are then replaced, tightly taped, and the dishes
numbered and marked with a zero degree reference.

Radiographs are then taken of the dishes in _roups of four., Lead
numbers and reference markers are used that correspond to those marked on
the dishes. The film is developed, and the radiographic images of pre-
forms are inspected for metsilic inclusions, Any preform with a metallic
inclusion >0.13 mm is rejected, and preforms with more than one visible
metallic inclusion of any diameter within a 90° section are rejected.
After the inspections are completed, the radiographs are compared with
the petri dishes and reject preforms are removed.

Total radiographic inspection of preiorms has virtually eliminated

FRS rejection because of metallic irciusions within the insulating region,
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Table 20. BN SHEET

PREFORN TYPE: ARCHIVE SAMPLE NO.:
PCWDER USED: LUBRICANT:
AVG. LENGTE: in, TOTAL LENGTH: in,
TOOLING : TOTAL WEIGHT: s
CORE ROD OD in, TOTAL LENGTH: in, (sfter purified)
DIE BODY ID in. TOTAL VWEIGHT: g (after purified)
ITEN BEFORE PURIFICATION AFTER PURIFICATI
INSP. INITIALS
EATE
BD (in.)
ID (in.)
Emsrn (g/cm®)
PURIFICATION SCHEDULE:
TIME TEMPERATURE ATMOSPRERE
1
2
3
4
5
OTHER TESTS:
CHEMICAL ANALYSIS -
CONDUCTIVITY CTLL -
RES. AT ROOM TEMPERATURE = _ ___ ohms
RES. AT _____ °F = ohms
HOLD TIME AT Tqu -

FRS/TEST CELL NO.

e
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This inspection has been the most important factcr enabling the fabrica-—
tion of large bundles of very high reliability FRSs.

A spark—source mass spectrographic analysis and carbon and oxygen
analysis a1+ obtained on sawple purified preforms from a mew lot of powder
¢ from a mew process, Adiitionally, an archive sample is taken from
every lot of preforms after purification. Traceability of preforms is
maintained throughout FRS labrication. Thus, samples are available for
analysis if subsequent fabrication problems arise that may result from
defective preforms.

A conductivity test cell ‘s also fabricated from preforms from each
new lot of powder or from thos: fabricated wiih a2 new process. Figh-
temperature resistivity tests from these test cells provide operational
performance data that indicate powder quality.

Final precautions takeu with the preforms are to (1) store them in
a furnace at 250°C and at 13.3 mPa for 24 h prior to use, (2) keep them
ahove 100°C (by using a hot plate) cduring SRS fabrication, and (3) perform
8 250°C, 13.3 mPa bakeout of the assembled FRS.
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4. VARTABLE WIDTH RIBBON HEATING ELEMENT DEVELOPHNENT

As the power—generating component of an FRS, the heating e¢lement is
required to operate under comnditions approaching the maximum capability
of the material. The heat flux profile for the GCFR-CFIL FRS is generated
by a coiled ribbon heating element embedded in BN insulation within the
stainless steel sheath. Chopped cosine {(cosine profile chopped at either
end so that power goes to zero abruptly) heat flux profiles have been gen—
erated by varying the helical pitch of a2 constant width ribbon. This
method, whilc acceptable for steady—state tests, resuited in unacceptable
profile perturbations during transients in heat flux,

This paper describes the materials selection, fabrication develop—
ment, and jcining of variable width, helically wound heating elements,
which eliminate the disadvantage of variable pitch ribbons while providing

other important advantages of an evolving FRS fabrication technology.

4.1 Heating Flement Materials

He=ting element maitcrials of three types have been used during the
evolution of the GCFR-CFIL FRS. Table 21 summarizes some of their impor—
tant properties. Because the mazimum operating temperature and heat—flux
product depends on the heating element melting point, the Pt-8% tungsten
alloy would apparently be the best choice despite such obvious disadvan—-
tages as the relatively high temperature coefficient of resistivity (TCR)
and the cost. This material was investigated for both the breeder reactor
program (BRP) and GCFR programs. A thorough swrwary of development in
support of the BRP is presented in Refs. 5 and 9. The principal findings
of this previous work were (1) the material was subject to excessive grain
grovth when prestrained and then operated above about 1300°C, and (2) bo-
ron .rom the BN insulation reacted to form au low melting (~1000°C) boron—
platinum eutectic, The reaction initinted ir, and progressed from, the
grain boundaries when the material was operated near 1400°C,

As part of the GCFR-sponsored effort, methods to retard grain growth, |

to protect the heating element from boron attaci, and to eliminate the
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Table 21. Heating clement materials
used in GCFR-CFIL FRS prototypes

Designation
Nichrome V Kanthal Al PtV
Composition, wt % Ni-20 Cr Fe-22 Cr-5.5 Pt-8 VW
A1-0.5 Co
Melting poimnt, °C 1400 1510 1870
Maximum use tempera- 1350 1450 700
ture, °*C
Resistivity at room 108 145 76
temperature (pfl-cm)
TR® x 10-¢, *C 70 35 270
Coefficient of linear 17.0 15.0 8.9
exp x 10~¢, °C
Relative high-tem— Medium Low High
perature tensile
strength
Weldability Very good Poor Good
Fabricability Very good Good Poor

aTenperatnre coefficient of resistivity, room tem—
perature to 1000°C,

free boron in BN were studied. Of these, the most successful was the

grain-growth retardation effrrt.2®

After several attempts, excellent graim-growth retardation was
achieved using & homogeneous dispersion of 0.1% MgQ into a powder of
platinum—§% tungsten. The material, when processed by powder-metallurgy
methods, exhibited stabilized grain growth both at high temperatures (up
to 1600°C) and at medium temperatures (1200°C) for long periods of time.
Figure 12 (a and b) shows the modified and unmodified platinum8% tungsten
alloy, respectively. The grain size of the modified alloy, after treat-
ment at 1200°C for 97 h in vacuum, is essentially the same as it was at
room temperature, while the control sample exhibits excessive grain
growth.

Following this investigation, several feet of the modified alloy were
prepared. Electrical resistivity, thermal expsnsion, and mechanical prop-

erty tests were conducted. Except for s slight discontinuons increase in
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Fig. 12. MNodified and unmodified platinum-tungsten alloy after
treatment at 1200°C for 97 h in vacuum, (Original reduced 50%)

<9
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the thermal expansion above 1600°C and a small amount of uniformly dis-
tributed porosity, the modified alloy was equivalent to the ummodified

one. Welding tests showed that, with slight modification of the proce-
dure, welds were obtained that were equivalent to the ummodified sample.

Finally, a series of compatibility tests of the modified and ummodi-
fied alloys in intimate contact with the cleaned and purified BN were con-
ducted. These results, illustrated in Figs. 13-16, showed that borom at-
tack of the modified alloy was enhanced over that of the ummodified alloy,
even though its grain size remained smaller. Apparently, porosity present
in the modified alloy contributed to increased diffusion rates and accel-
erated attack. In view of these data, it was concluded operating time at
high temperature (~1600°C) must be limited to a matter of minutes for rods
fabricated with either alloy.

Concurrent with the above-mentioned tests, conductivity test cells
made with each of the two alloys were fabricated locally. Identical se—
ries of tests were conducted on each in the SRSL, culminating in operation
at 1000°C and at 270 ¥/ cm? with the unmodified alloy (first) test cell,
while the modified alloy (second) test cell operated at an even higher
power of 320 W/cm?. Note that the second cell operated at a heat flux al-
most twofold higher than the maximum power level of CFIL rods. The cen—
tral heating element reiched a maximum temperature of 1354°C in the second
cell. These results suggest that (1) grain-growth retardation is at least
as importan: a; protectinn from boron attack, and (2) the modified alloy
may be somewhat of an improvement over the ummodified version.

The inability to eliminate boron-platinum evtectic formation and un—-
favorable effects o. thermal expansion mismatch of the platinum—tungsten/
molybdenum FRS (Sect. 2) finally led to increased emphasis on the other
tvo, nonrefractory heating elements materials, Nichrome V and Kanthal A-1
alloy.

Nichrome V (see Table 21) is a widely used heating element material
for obvious reasons. It has a low TCR, good high-temperature strength,
and good welding and fabricating characteristics. Its melting point of
~1400°C is the lowest of the three candidate materials and essentially the
same as the FRS cladding. This precluded its use in FRSs that would be

tested under approach-to-melting conditions for the cladding. It became
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MaC PHOTO
Y150119

Platinum-9% tungsten alloy imbedded in BN, trested at
(Original reduced 27.5%)

Fig. 13.
1200°C for 97 h.
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M&C PHOTO
Y150127

Fig. 14, Platinm-8% tungsten and 0.1% MgO slloy, imbedded in BN,
treated at 1200°C for 97 h., (Original reduced 28%)
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MacC PHOTO
Y150106

Fig. 15. Platinm~8% tungsten alloy imbedded in BN, treated at
1500°C for 1 h. (Original reduced 27%)
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the reference heating element material and proved very successful for FRS
testing uwp to 1000°C cladding temperature. However, the need to comduct
approach—to—melting tests and the higher radial AT associated with nom
swaged FRSs led to the investigation of Kanthal A-1 as a high—temperature
heating clement material.

Kanthal A-1 (Table 21) has a melting poimnt ~100°C higher than
Nichrome V and a lower TCR but has poor weldability and low high—tempera—
ture strength. The weldability disadvantage was overcome by the use of
precise laser welding techniques.2! Because the material was to be
tightly contained within a ceramic insulator and, as & coil, would not be
subjected to high thermal stresses, low strength at high temperature could
be tolerated.

Subsequent fabrication and testing of FRSs containing variable width
Kanthal A-1 heating elements validated this assumption. Based upon these
results, reported in Sect. 2, Kanthal A-1 became the reference material
for the GCFR-CFIL FRS.

4.2 Heating Flement Fabrication Development

For peak FRS performance, the heating element, as the power generat-
ing component, is required to operate under conditions approaching the
maximum cspability of the material., The geometry of, and the configurs—
tion within, the FRS must be optimized based upom careful considerstion of
the thermal, mechanical, and electrical properties of FRS materials for
the operations]l range. Reference 12 presents the detailed design, fabri-
cation and inspection of vsriable width ribbon heating elements, A sum—
mary of this work as pertsins to the CFTL FRS is presented here.

Under high heat flux conditions the nonswsged FRS will have a radial
temperature profile as high as 160°C/mm so that the radisi distance from
the OD of the cladding to the ID of the beating element directly deter—
mines maximum operating conditions fr - the heating element at & given
cladding temperature. Generally, the hesting element diameter shounld be
as large as possible while maintaining an appropriately thick electrically
insulating layer of BN between the heating element and the FRS cladding.

This annular region, which contains the FRS internal thermocouples, must
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maintain acceptable insulation resistivity at the required operational
temperatures and must withstand the voltage potential between heating
element and cladding or thermocouples without dielectric breakdown.

Because FRS peak internsl temperature will increase as the ribbon
thickness is increased, the thiclkness of the heating element should be as
small as practical. Problems in forming or fabricating the ribbon, as
well as bhandling, assesbling, and swaging of ribbons and FRSs, place
practical limits on the minimum ribbon thickness. The heating element
must be capable of withstanding differential thermal expansion without
permanent deformation during tramsient testing. As the ribbon thickness
decreases, normai variation in its thickness becomes much more significant
to local heat generation, in as much as the generation (with constant
current through the ribbon) is inversely proportiomal to thickmess. A
practical ribbon thickness and tolerance limit is 0.25 + 0.0125 mm,

Because transient operation of the CFIL FRS is of paramount concern,
the heating element confignration must be carefully analyzed under tranm-
sient conditions gs part of the design effort. Hest capacity effects
become promounced in the transient heat flux profile, and zxial and cir
cunferential conduction do not smooth out the profile as they do umder
steady—state conditions. Furthermore, with the use of BN preform tech-
nology, axisl conduction is much lower than radial conduction because of
the snisotropic nature of thermal conductivity in BN preforms. Thus,
under transient conditions, such properties as the turn-to-turn spacing,
ratio of coil surface area to sheath surface area, coil diameter varia-
tion, coil turns per unit length, and eccentrisity of the heating element
become important.

Evsluation of thermal, mechanical, and physical properties of the
heating element material provide design limits for the variable width coil
ard assure that it car be fabricated and will be suitable to its environ-
ment. Electrical considerations provide the design basis for the exact

configuration to meet FRS op:rating requirements.

4.2.1 Design

Design of the heating element is dependent upon current and voltage

available from the power supply. For parallel connection of the FRS to
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the power supply, a heating element resistance “"window” can be calculated

by

Riax =Vi/p, (4.1a)
and
Rlin = p/13* , (4.1b)

where V is voltage, P is power in watts, and I is current. Factors such
as resistive heating of the terminal, FRS dielectric breakdown, and mate-
rial TCR must also be considered in optimizing the element resistance.
Once the resistance has been determined, the design of a constant
width, rectangular ribbon heating element can be accomplished using the
method illustrated in Fig, 17. Frcm this, ribbon width w is derived in

terms of the physical and dimensional parameters of the heating element:

. w2

Rt

The ribbor thickness t, coil pitch diameter D = OD — t, material resis—
tivity p, wound element resistance R, and axial heated length C are the
input parameters that, along with the ribbon width w, completely defirne

the wound coil.

Once the width has been determined, factors describing the FRS power

profile are needed, These are peak/average power PPIP‘, peak/minimum
power PPIP., and coil axisl length C, Figure 18 shows a typical chopped
cosine profile where Pp, P‘, P-. and C are defined. The power profile of

Fig. 18 can be defined by

P= Pp cos ¢ , (4.3)

where ¢ is the angle that relates the power profile to the coil axial
hC. B finition, cos =P /p =1, = 0° .
length C y definition, co ¢p »'Po 1, and ¢p 0° at pp The
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SECTION “b-b", V
Lt DEFINITIONS
6 = WINDING ANGLE
w = WIDTH OF HEATING ELEMENT
t = THICKNESS OF HEATING ELEMENT
a = AXIAL LENGTH OF WIDTH
C = AXIAL LENGTH OF HEATING ELEMENT
1 = TURNS PER CENTIMETER
£ = LENGTH OF RIBBON FOR 1 TURN
L = OVERALL LENGTH OF RIBBON
N = NUMBER OF TURNS IN COIL
D = PITCH DIAMETER OF COIL
A = CRGSS-SECTIONAL AREA OF RIBBON
e G} R = RESISTANCE OF HEATING ELEMENT
DERIVATIONS
W w 3 w
1 B = = — 0 2 = —
sin 0 2 a,ws 2 7
C Csinf C Cc
N=—m="""" =" @b, L=N= —,
a w 70 cos 0
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Fig. 17. Considerations of winding a ribbon of length L on a pitch
diameter D for an axial length C results in an equation that defines rib-
bon width in terms of material and dimensional properties.
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Fig. 18, Variable heat flux chopped cosine profile,
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angle at P- where x = +C/2 is now

¢ =cos™* (P /P) . (4.4)
n mp
The profile can now be described within the chopped region by

P= P} cos ¢ = Pi cos [%i cos™1 (P;/Pp)] . (4.5)
Equation (4.5) relates the chopped cosine profile analytically to the
axial power variation.

Because current is constant through the heating element, power is
proportional to resistance. The local peak resistance RP is in the center

of the profile and is given by

P
R '»p
Rb =T P‘ , (4.6)

as shown in Fig. 18.
The ribbon width at the peal. of the profile wp (where P = Pp) can

now be calculated from Eq., (4.2) by replacing R with Rp of Eq. (4.6) and
taking C to be of unit length:

nDp\1/3
wp = (ﬁ) . (4.7)
P

The design of a ribbon profile to give a specific axial heat flux
distribution was first reported by D, L. Clark and T. S. Kress,1? The
local heat flux distribution was established to be

I3p
P= it ’ (4.8)

where P is the local power per unit area, w is the local ribbon width, and

I is the current,
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From Eq. (4.8), the local ribbon width w is

w = (;{_p_)‘/’ . (4.9)

if Eq. (4.9) defined the power it some reference position, such as the

center where P = Pp and w = vp (Fig. 18), then the local width w, with

respect to the -:lceremce width, is

P \1/3
P
Y= (P ) 'p . (4.10)

Equation (4,10) can be used to establish the relative width « vwhere
along the ribbon, However, knowing just the width is not sufficieut. 7lae
ribbon must be wrapped around a mandrel to form the coil of .he desired
diameter and length L. Figure 19 shows the uncoiled ribbon contour and

the coiled c¢unfiguration. For the coil to wind properly, the vertical

ORNL-DWG 80-5574A ETD

VARIABLE
WIDTH STRIP

WOUND
VARIABLE
WIDTH
RIBBON - —

Fig. 19. V:riable width contour is designed with a constant vertical
width Wv = aD, local width W varies with windiag angle 0 tc allow coil to

be wound »n a ciscumference nD with no variation in gap between turns,
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contour angle 6§ must be the same on both sides of the ribbon at any
position along the abcissa shown in Fig. 19. Thus, for the gap Gv =0,

the vertical component of the width of the ribbon 'v is constant and is

w ==xD, (4.11)

where O is the ribbon pitch diameter as defined previously. The local

width w is given in terms of the contour angle 6 by
w=nDcos 8 , (4.12)

or in terms of a reference angle GP at Pp, 'P by

P \/3
cos 0 = (;g) cos 0 . (4.13)
P

The vertical contour or winding angle ©® can now be determined in
terms of the specific profile information by substitution of Eq. (4.5)
into Eq. (4.13):

1 1/3
cos § = 2e cos ep . (4.14)
L;os (cos-2* P /P ) =
mp C

Then local width w is calculated using Eq. (4.12), This defines tne rib-—
bon contour in terms of 9 snd w at any axial length x for -C/2 { x ) C/2.
The final task is then to determine the rihbon length ¢ and the ver-
tical length y in terms of x for a given ribbon contour and to compile the
information 1 a .orm that can be used to generate magnetic tapes for ma-
chining and winding the ribbons.
From Fig. 4.8:

(4,2
cos 0’ 4.15)

and

y = x tan 0 , | (4.16)
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where £ is the length of ome turn. Equatioms (4.12), (4.14), (4.15), and
(4.16) completely define the parameters of a variable width ribbon in
terms of the axial length x, These data, computed from a programmable
calculator, are then used as input to generate ribbon machining and wind-

ing control tapes.

4.2.2 Machining

The objective of the machining phase of ribbon development is to
convert the ribbon contour information into ribbons of variable width that
have & precisely controlled contour. The major requirements are to hold
the width variation and the x and y locations describing the ribbomn con-
tour on the x-y plane (and therefore the angle) to within 1% throughout
the ribbon length,

Early attempts to machine the ribbon contour vun a numerically com
trolled (NC) hor:zontal milling machine were unsuccessful because
(1) these tolerances could not be held, (2) excessive ribbon edge burring
occurred, and (3) machine time per ribbon was excessive.

These difficulties prompted investigation of the use of grinding
techniques to permit simultaneous fabrication of a number of heating ele-
ments stacked on the machine table. This method eliminated edge burrs and
reduced fabrication time, Dimensional inaccuracies were overcome by using
a high-precision NC template grinding machine (Fig. 20), which is equipped
with a 50.8-cn—diam aluminum oxide grinding wheel with an adjustable ver-
tical oscillating <troke, mounted on the y axis or main slide. It has
been retrofitted with a vertical milling attachuent that is mounted on the
grinding wheel housing. Hovever, the x axis or cross slide machine travel
was only about two—thirds £s long as was needed to machine current ribbon
designs, This limitation was overcome by using a staging technique to
effectively extend the cross slide travel from 137 to 245 cm, Thus, ade-
quste slide travel was provided to machine the element contour of all de-
sign configurations of imterest,

Ribbons are machined from strips of base stock up to 15.2 cm in width
and 259.1 cm in length; up to 15 of these strips are stacked together and
clamped between stee. plates, Figure 21 shows the heating element geome-

try within the tase stock.



Fig. 20.

Numerically controlled template grinding machine,
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21. FRS hoating element goeometry within ribbon stock.

As the figure shows, up to 5 sets of 15 stacked ribbons camn be ob-

tained from ome stock assembly. The machining sequence is as follows:

1. The upper left surface of stack one is machined.

2. The upper right surface of stack one is machined.

3. The stack is reversed and rerounted on the machine, -

4. The region between stacks one and two is milled, and the fiist stack
of 15 strips is separated from the rest ot the assombly.

5. The upper left surface of the first stack is completed.

6. The upper right surface of the first stack i: then machined,

completing the first stack.

Stacks 2—-5 are completed similarly, resulting in up to 75 ribbons

with precisely controlled contours.

4.2.3 Vinding

The variable width ribbons are formed into spirally wound coils on a
stainless steel mandrel by a high-precision sutomated winding machine. To
obtain reproducibility of coil parameters, the winding equipment must have
a controllable variable lead rate (centimeters per revolution), This lead
rate must be programmed to maintain a varisble vertical fpeed defined by
the variation in ribbon width at points along the ribbon contour. Rota-
tional velocity remains comstant throughout the process.

The Black—Clawson four—axis NC winding machine, depicted schemati-
cally in Fig. 22, was selected to fabrizate the coils. Only the y axis
and the 6 axis motions are eqiired for winding,

A typical coil winding opiration uses an appropriastely sized stain-

less steel rod loaded under teasion between the headstock (machine base)
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Fig, 22, Sckematic layount of Black-Clawson winding machine,

and the tailstock. VWith a winding die attached to the machine ram, the
headstock rotates as the ribbon is fed into the winding die. The die is
advanced by the ram in a controlled vertical movement. Figure 23 depicts
the machine in operation, and Fig. 24 provides a close~up of the headstock
chuck and the coil winding die affizxed to the machine ram,

4.2.4 Swaging snd jinspection

A finsl processing step, swaging, sets the coils to finasl dimensions

and required tolerances prior to installation of the coils in the FRS,
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Fig. 23, A variable width ribbon being wound into a coil. Inset
shows how ribbon is formed on rotating mandrel by die.
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Fig. 24. Headstock chuck and winding di»,
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First, the coils are rewound tightly on & hard, stainless steel man—
drel with the turns touching., Both ends are attached to the mandrel, one
with a clamp and the other by spot welding. The coil is then carefully
swaged to lock it into this configuration. After swaging, it is removed
from the mandrel. Swaging supplies cold work to the coil to lock the
turns in place, sets the required diameter, removes the concavity intro—
duced by winding, and decreases the surface roughness.

Additional cold work put imto the coils by swaging makes them rigid
and mechanically similar to a spring. Them, gaps between turns are pro-

duced by stretching the coil about 5% of its length. The coil does not

plastically deform under these conditions; thus, the gaps between turms no
longer depend on the local material yield stress and are quite uniform.
The coil OD csn be comtrolled to within +0.013 mm using this method.

Coils are dimensionally inspected with a micrometer, cleaned in a
vapor degreaser, and cut to the exact length after sweging. To maintain a
symmetrical chopped cosine profile, equal amounts of materia® -re cut off
each end.

Infrared scanning techniques were used to evaluate how well the heat
flux distribution produced by the coils fits the design criteria. The
most acceptable technique for coil evaluation is (1) to paint the coil
with a black paint (to increase surface emissivity), (2) to insert a close-
fitting insulated arbor into the center, (3) to stretch the coil on the
arbor about 2% of its length, and (4) to scan it after applying a power of
about 25 W for 4 min, Much more sensitive analysis of coils is possible
by vusing higher power, shorter time scans, and/or by close, narrow range
scans, The 25-W, 4-min scan of a bare coil was determined to be compar-
able to the 1-s core transient infrared scan commonly used in FRS inspec—
tions. These inspections indicate that coil OD variations of +0.025 mm
and coil gap variations of 0.05 mm are acceptable from a thermal profile

standpoint,
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5. SMALL-DIAMETER THERMOOOUPLE DEVELOPMENT

5.1 Gereral

Each CFIL FRS is fabricated with six (four in earlier FRSs) type K
thermocouples with insulated junctions (Fig. 2). These thermocouples are
the primary means for obtaining thermal-hydraulic information in the CFIL.
They are required to measure high temperatures (vp to 1100°C) and encoun—
ter severe thermal transients (uvp to 100°C/s) during simulsted reactor
accidents in the CFIL. These oxtreme requirements, in addition to opera-
tional life requirements of uwp to 1000 h, place severe demands on the
thermocouples.

This section delineates development efforts to improve the reli-
ability of these thermocouples. Examination of thermally cycled thermo—
couples along with investigations of their time and temperature behavior
yielded three criteria for improvement of thermocouple lifetime. MNethods
to eliminate thermocouple prestrain, reduce impurity content, and refine
thermoelement grain size were developed. A new draw and anneal process
was defined to enable manufacture of refined-grain—size thermocouples on
a production basis.

Table 22 summarizes the requirements of the CFIL FRS thermocouples,
As reported in Sect, 4, the thermocouples and FRS were qualified by oper-
ating the FRS at various steady-state conditions from 300 to 1100°C for
100 to 200 h, including 40 h st 1100°C., It was then subjected to more
than 2000 thermal cycles for a total operation time of about 1000 h,
Thermal transients were normally from 10 to 50°C/s, and the temperature
changes during cycling were from 150 to 600°C,

In the early stages of our program aimed at providing reliable small-
diameter thermocouples, we tested four swaged FRSs into which 13 (total)
small-diameter insulsted-junction thermocouples had been installed, About
1200 h of steady-state and transient-cycling tests were conducted on the
four FRSs, and over 1000 thermal transients were conducted on one of them
having four thermocounples. Most thermocouples failed in the initial
steady-state portion of the tests., Those thermocouples that did survive
the steady-state tests failed within a few hundred transient cycles.
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Table 22. FRS thermocouple requirements

Type K (Chromel-Alumel)
Sheath Inconel 600
Insulation MgO
Junction Insulated
Length, mm 1550 to 2750
Diameter, mm 0.51
Lifetime, h 1000 minimum
Time at 1100°C, b 40
Time above 1100°C, min ~10
Thermal cycles 2000 minimum
Cycling range
Normal, °C 300 to 800
(10 cycles, °C 300 to 1370
Ramp rate, *C/s 1 to 100
Accuracy, °C +8 to 80O

+15 from 800 to 1370

Failure in all cases was by development of an open circuit im one or both
of the thermoelements (Chromel or Alumel) at elevated temperature;. When
the FRS temperature was lowered, the thermocouples would again become op—
crative. Photomicrographs of failed thermocouples showed voids at the
grain boundaries of both thermoelements, and both were extremely brittle.
These negative results prompted investigation into the causes and
mechanisms for failure. Our investigations were primarily directed toward
lifet.me improvement. Previous work by Potts and McElroy?4 and by Ander-
son and Kollie!$ showed that small-diameter thermocouples are susceptible
to meiallurgical, chemical, and mechanical changes tkat affect both life-

time and accuracy.

5.2 Thermocouple Investigations

To understand the factors that contribute to the premature failure of
small-diameter thermocouples, both their structure and metallurgical stite
must be considered.

A thermocouple consists of two thermoeclements, sn insulating material
and s metsl sheath (Fig. 2). One thermoelement is Chromel-P* (the K+
alloy), a nickel-based alloy having chromium as the major alloying ele-

ment. The other thermoelement is Alumel® (the K- alloy), a nickel-based

sTrade names of the Hoskins Manufacturing Company.
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alloy containing aluminum as the major alloying element. The final grain
size of both thermoelements is specified for CFIL use to be ASTN microgram
size 7 (0.33 mm) or smaller. Thermoelement wires are contained in an NgO
insulation having a particle size of ASTM micrograin size 7 or smaller.
The sheath is Inconel 600,* s nickel-based alloy. The thermoelement wire
diameter, the insulation between thermoelements and the sheath, and the
sheath thickness are 0.0508 to 0.0762 mm. Thus, the thermoelement grain
size and wire diameter are such that as few as two to six grains traverse
the entire thermoelement cross section. Grain boundsiiss represent mate-
rial discontinuities and are relatively weak and brittle compared with the
rest ¢f the material, especially at high temperatures;1¢ regions along the
thermoelement with large grains are, therefore, weak points within the

structure.

Another closely related factor influencing lifetime is that of ther—
mal stresses arvising from differential thermal expansions between the ther-
mocouple components and other FRS components. Figure 25 (Ref. 2) gives a
comparison of thermal expansion of the 316 stainless steel alloy used as
the FRS cladding, the Incomel 600 thermocoup .e sheath material, and the
Chromel and Alumel thermoelement materials, At 1000°C, the 316 stainless
steel alloy clad has expanded 20% more than the Chromel thermoelement and
30% more than the Alumel thermoelement, The thermocouple is intimately
associated with the much more massive FRS clad, and both thermoelements
are put into tension as temperatures are increased. These tensile forces,
imrosed on grains only slightly smaller than the thermoelement lead wires,
are major contributors to premature thermocouple failure.

A third contributing factor is that of oxidation, Spooner and
Thomas,?? operating bare Chromel and Alumel in various environments, found
that oxidation of both Chromel and Alumel thermoelements resuvlted in em-
brittlement and early failure, especially when the thermocouples were op-
erated in the temperature range of 815 to 1038°C., They state that elimi-
nation of oxygen from the insulation matrix wil]l extend the thermoelement
jifetime indefinitely and speculate that operational temperatusres close to

the materisl melting point may be possible,

*Trade name of the Internationsl Nickel Company.
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Fig. 25, Average linear thermal expansion of materials for CFIL FRS
cladding and thermocouple components,

A final factor that has been found to make thermoconples susceptible
to both ecarly failure and temperature measurement errors is residual cold
work, or prestrain, in the material prior to its use at temperatures above
its recrystallization temperature.

Potts and McElroy'4 have shown the importance of a fully recrystal-
lized microstructnre, free of material cold work, ss the final fabrication
step for type K thermoelements. Cold working changes the thermal electric
sengitivity of the material, and, during use in an FRS, the cold worked
material will be annealed, again changing the thermal electric sensi-
tivity. Such changes csuse temperature measurement errors.

In addition to catsing errors, small amounts of cold work have been
shown to cause relatively large increases in grain size when a material
recrystallizes, possibly by a factor of 2 or 3 for low values of cold
work, 1% Fignre 26 illustrates the effect of cold work on recrystallized

grain size. With thermoelement grain size alresdy on the order of the
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Fig. 26. Schematic curves of recrystallized grain size vs amount of
cold work before recrystallizatiou,

wire diameter, prestrain clearly should be avoided, if only to preserve a
small grain size.

Anderson conducted tests to determine the combined effects of graim
size, prestrain, and differential thermal expansion on thermocouple life—
time.? Material from two manufacturers was used, The first had s grain
size of ASTM 7-8, and the second had a grain size of ASTM 6-7. Test sam—
ples wore prepared by collepsing 1.5-mm-diam stainless steel tubing over
a8 length of 0.5-mmdiam thermocouple material. The clamping of the col-
lapsed tuting to the OD of the thermocouple sample was intended to simu—
late the strong mechsnical comnection that exists between the FRS cladding
and thermocouples. The collapsed tubing was electrically heated through
various thermal cycles, and the loop resistance of the samples was
monitored,

Those samples with the smaller grain size (ASTM 7-8) were found to
endure about 5000 cycles before failure, or two to three times the number
imposed on thogse with the larger grsin size. Also, prestraining the sam—

ples 5% prior to thernal cycling rednced their lifetime by a factor of 2.
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Photamicrographs of most of the test samples showed void formationm at
the grain boundaries, as had our earlier photomicrographs. Amderson at-
tributed these voids to aluminim and chromium oxides that apparently
formed at the respective grain boundaries and were removed by metallo-
graphic sample preparation., In Anderson’s findings (as well as ours) sam—
ples with voids were extremely brittle. This brittleness was attribated
by Ludwig?? to the brittle oxides that formed at the grain boundaries.

A quite different explanation of grain bowndary voids tas been of-
fered by Dyson and Henn?® and by Dyson and Rodgers.?* They found in a
study of a nickel-based slloy that prestrain introduces microcracks that
nucleaste to form grain boundary voids when the material is subsequently
heated above its recrystallization temperature. Furthermore, the effect
of stress is to enhance the formation of voids., Prestrain values of about
2% reduced the elongationmto—fracture of samples by a factor of 2 (Ref.
20), indicating that even small values of prestrain result in grain
boundary voids.

Although not specified, most ther=ocouples are received with a ro—
sidual cold work of 1 to 3%,*¢ presumably to adjust the thermoelectric
sensitivity to meet the calibration curve. Further, as part of their cs-
sembly into an FRS, the thermocouples are strained an additiomal 0.5%.
Thermocouples assembled into the earlier swaged FRSs were prestrained an
additionsl 4 to 5% by the swaging process. Thus, the thermocouples in a
swaged FRS (like those initially tested) have a prestrain of §.5 to 8.5%,
and those in nonswaged FRSs have a prestrain of 1.5 to 3.5%.

As the effects of prestrain were surfacing, the design of the CFIL
FRS was evolving tosard use of the monswaged fabrication techmnique, which,
by its nature, reduced thermocouple prestrain to a level below which re-
crystallization occurs (Fig. 26). We had also incorporated a period of
low-temperature operation at ~350°C for 1 to 2 d as part of the opera-
tional sequence. After these changes were adopted, lifetime tests of ther—
mocouples in 3 nswaged FRSs were extrexsly successful, slthough there was
still evidence of .-calibration, Eight nonswaged FRSs with 27 thermocou-
ples endured over 5,000 h of steady-staty and transient testing, including
over 36,000 thermal transient cycles. No thermocouples failed prior to
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FRS failvre, oeven though 4 rods endured more than 4,000 to 10,000 tranm-
siertx, meny as severe as 50°C/s. v

Figure 27 (samples a and b) compares photomicrogranhs of the Alumel
thermoelemen froa a swaged FRS prototype and a ponsvaged FRS prototype,
respectively. Both FRSs enduvad about 1000 b of steady-state and tram—
sient operstion and over 200¢ thermal cycles. Ssmple 5.3(a) failed sfter
~200 h of steady-state ~zeration and 400 thermal cycles, while sample
5.3(b) did not fail. Sample 5.3(s) was extremely brittle, but sample
$.3(b) was ductile even though the grains were relatively large.

ORNL PHOTO 0482-82R

Fig. 27. Photomicrographs of Alumel thermoelement samples from (s) s
swaged FRS sad (b) s sonswaged FRS, both of which endured ~1000 h of oper—
ation with more thas 2000 thermsl cycles. Voids in sample remder it very
brittle, while the void-fzee ssmple is ductile.




Thus, while oxidation contributes to fsilure and shculd be minimized,
we feel the major cavse of premature failure of small-diameter thermocou
ples is prestrain-induced grain growth and graia boundary void growth,
cruging reduced thermoelement cross—sectium and grain bouadary embrittle-
ment.

From the thermocouwple investigations we conclitded tlat the thermocow
rles must have three characteristics if they are to meet CFIL operationmal

requirements :

1. There must be a2 minimwm of oxygen and moisture as well as hydrozides

[suck as Mg(OH),] or oxides (swch as irom oxide) imside the thermo—

couple sheath., This ;2quirement will help to reduce the source for

oxidi1ing the chromium or aluminom in the thermoelements, -
2. The final grain size of both thermoelement wires must be very small,

with a recommended maximum of ASTN micrograin size 9 (~4440 grains/

mm? or 0.016-mm dismeter).
3. The thermoelements must be fully acnealed when received. Any ensuing

cold work occurring during fabrication of the FRS should not exceed 1%

and shovld be .emoved prior to operating the thermocouples at or

above their recrystallization temperature.

Adequate purity of thermocouple insulators cam be achieved oy 2

1000°C, <10-pm vacuum bakeout prior to their aszembly into the thermocou-

ple sheath, followed by assembly of the thermocouple bulk material in an :
inert atmosphere. Satisfactory grain size of thermoelement materials can
be achieved by optimization of the _hermocouvple fabrication process (Sect.
5.3), sand a structure free of cold work canm be obtained by (1) a recovery
anuneal below the material recrystallization temperature or (2) an anuneal
above the recrystailization temperature if the residoal colé work is net
in the criti:al range where thermoelement grain size might be adversely
affected.

Groth-Mazor Industries of Addison, Illinois, was chosen to be the
CFTL FRS thermuvcouple manufacturer, We provided guidance to GMI and con-
ducted evaluations to ascertain that the (hree above characteristics would

be met,
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The purity requirement was not easily accommodated. Discussions with
GNI personnel revealed that they intemded to use their mormal bakeout pro-
cedure (at ambient pressure and 200°C) on the ir -ulators for this growp of
thermocouples and further that they inteaded to anneal the bulk thermocow
ple material (BML) after each reduction by drawing (~10% area reductionm '
in most cases). Because there are known hydroxides that do mot break up
unatil well above this 200°C temperature (specifically as high as 900°C),
it was apparent that such hydroxides would subsequently be available for
oxidation of both chromiwm and almmiamm. As a consequence, we obtaimed
samples of imsulators from GMI in both the "as-received” and “as-pro-
cessed” conditions. These samples, wvhen subsequently baked out im a
vacumm furnace at ORNL, revealed a lower level of outgassing at low tem—
peratures ((400°Cj for the as processed insulators but also revealed sub-
sequent release of CO,, H,, and other gases at temperatures up to about
950°C. On the b-sis of these results, GNI agrced to establish a high-
temperature vacumm bakeout system and to load the MgO imsulators into the
BML sheath ingside s glove box vuder argon cover gas.

The requirement for eliminating cold work from the as-received ther—
mocouples was adeyusately achieved because the thermocouple specification
required ¢ 48-h "ordering” bakeout. This low temperature hest trestment
was specified to order the Chromel thermoelement for measurement error
reduction.*® When conducted as specified on material that had beeu fad-
ricated by procedures desigeed to optimize thermoelement grain size (dis-
cusred below), this heat treatment effectively removed any residual cold

work.

5.3 Greip-Size Refinoment

Achieving the required grain size was more difficult, however. The
specification requires a maximum grain size of ASTM 7 (32-um average di-
amster) for both thermoelements., Ristorically, this requirement has beer
difficult to attain; only ome thermocouple manufacturer has had reascnably
vniform success in achieving it. Initial samples from GMI were evaluated

by ORNL, snd it appeared likely that GMI would not meet the grainm size




94

requirement using normal fabrication processes. Therefore, ORNL worked
closely with GRI, in their facility, to iwprove the process.

The development effort optimized both the drawing and annealing pro-
cesses to achieve the finest grain size possible consisteni with reasonm
able production times and material yields. A brief review of recrystalli-
zation and drawing theory as it pcrtains to thermocosple fabrication is

wvarranted before discussing process development,

5.3.1 Recrystallization and drawing

Recrystallizatjon. Material recrystallization is a nucleation and
growth phenomenon, the completion of which is dependent on annealirg tem
perature, time, and cold work performed before annealirg, as well as on
composi tion variations. A schematic represcatation of the effect of prior
cold work and initial graim size before cold wvorking on the recrystallized
grain size is shown in Fig. 26. The schematic suggests that s large
amount of cold work is desired to refine grains by subsequent recrystalli-
zation; small amount: of cold work must be avoided unless they are too
small to initiate recrystallization,

Because it is a nucleation and growth process, the amount of material
transformed during recrystallization follows a sigmoidal distribution with
time.* The time at temperature generally follows zn Arhennius-type rela-
tionship with the material activation energy as the exponential variable.

If the grain size of two materials is to be minimized and if they
must be annealed at the same temperature (as is the case with the Chromel-
Alumel system in a thermocouple), then the smount of recrystallization of
the material with the highest activastion energy (Chromel) determines the
anneal ing time. Thus, the extent of recrystallization necessary for sub-
sequent cold working of that material without fracture must be determined.
This amount of recrystallization will determine the annealing time for the
system and, therefore, the grain size of the material with the lowest
activation energy (Alumel).

Praving. Reference 22 provides an excellent review of drawing theory,
patrt of which is presented her:. The general equation for drawing is

o5~ (1/n) [ o de , (5.1)
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where

¢, = draw stress,
material istress at ¢,

= process efficiemcy,
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= true straia ia drawing (cold work).
For materials that cbey the straim—hardening power law,

c =Ke" , (5.2)

where K is a stremgth coeffi ient and n is the stzain-hardening exponent.
Ia this case, Eq. (5.1), sfter iategration, becomes

cal- U.‘¢;/n(l +1) , (5.3)

and for s second—draw psss, becomes

= (os,e, —ce,2.)/n(n +1) , (5.4)
3
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where s, is the flov stress of the material exiting the die, and

t = In(A /A)) , (5.5)

where A, and A, are the entering and exiting areas, respectively.

Figure 28 shows typical material stresc and strain plots during
steady—state drawing as described by Fq. (5.3). The materisl flow stress
o increases in accordance with Eq. (5.2) and is o, st the die exit, The
materiasl is strained to ¢ = In A /A, st the die exit, and the drawv stress
% acts on the reduced, strain—hardened material,

Figure 29 shows the drawing operation for a first draw described by
Eq. (5.3) for n ( 1 and n =1 as well as Eq. (5.2) for the materisl. The
material is influenced by the draw die as it passes through but is again
in pure temsion, in s work-hardensd state, as it exits. It is normally
work hardened enough so that it will ne~k and break if it yields. To pre-
veat this, % must be less than o, 80 that the draving limit is reached

when ad - a‘. This is shown in Fig, 29 as the intersection between the
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Fig. 28. Steady-state drawving operation.
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o4 and o, curves. For this case, Eq. (5.3) becomes

| C

max'drav aln +1) . (5.6)

For pulling im pure tension,

( ]

®max'puil T - (5.7)

Compazison of Eqs. (5.6) and (5.7) indicates that a maximum additiomal
100% elongation is possible with drawing as compared with pulling im pure
tension. The amount achieved depeads on n, the drawimg efficiemcy. For a
second draving pass, the materisl flow curve would start at L snd, be—
cause the mrterial is strainm hardened, the 0q, CUIVe would rise more
sharply <o that (e, —s,) C&,.

The draving efficiency n has been shown to depend omly on the product

of process frictional and reduidant work terms and is given a.32

i/n = £, (5.8)
where the process frictional work term is

£ =(1+pcota), (5.9)
and the redundsnt wock term is

¢=[1+cCa-1)], (5.10)
where

C = g constant (0.12 for wire),

coefficient of iriction,

-
L]

g = draw die semiangle,

>
[ ]

dsformation zone geometry factor = d/L (Pig. 29).

From Eqs. (5.8~5.10), thke process efficiency depends only on A 4,
and a. To maximize the total cold work & besiwesn anneals, the product of
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the factors containing ¢ and A must be minimized. (7he friction coeffi-
cient p depends primarily om the lubricant, Many factors go ianto its se—
lection, and although some investigations were conducted, to further mini-
mize p was beyond the scope of this work.)

Process parameters a and A are related by

x (1 + e_.I’)’
A= e - (5.11)
180 (1 -¢)

The friction factor [Eq. (5.9)] asymptotically decreases with izcreasig
a, vhereas the redundant factor IEq. (5.10)) linearly increases with A so
that their minima is reached at some intemvediate value of a and corre-

sponding A,

5.3.2 Application to thermocouple drawing — the
internal stress factor

The preceding analysis is adequste to arrive at optimum conditiuns
for drawing ovf wire. Foi thermocoup.e drawving, however, drawability is
normally limited by ome of the internal thermoelements breasking (opem cir-
cuiting). The drawing process must, therefore, be optimized based on the
cold work and stresses occurring on these internal components. The fric-
tion factor [Eq. (5.9)] results from die—to-the.mocouple surface fcrces;
it should be independent of ¢ and can only influence the mean dravw stress,
not the radial stress distribution across the thermocouple.

The redundant term, however, Las as its basis the occurrence of non-
uniform die pressure and resultant internal stress and strain distribu—
tions as functions of the deformation zone geometry factor A. Figure 30
schematically represents stress and rtrain distributions as they might
appear across a thér-ocouple cross section for A = 3, The strain plot was
extrspolated from hardness data3? on lubricated wire for A = 6.9 and lubri-
cated strip for A = 4, both with a true sirsin or cold work for ¢ = 0.17.
From the plot, cold work can be seen to have a large variation across the
¢ross sevtion and is at a minimum internslly. The average strain 7 is
increased above ¢ for the ronuniform distribution by the vaslue of ¢ given

in Bq. (5.10). For A = 3, the aversge cold work on the thermoelements is

o e e At
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Fig. 30. Schematic representation of radial stress and stre.s pat-
tern across a thermocouple dravn with A = 3 and ¢ = 0,17, Average straias
is incressed to ¢ by noruniform distribution, and strain of thermo-elesment
{s sbont 0.8¢. Intermal stress is maximom in center and depends om yield
stress as weoll as A,
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oaly about 0.8 s, while the shoatk imcurs ~2 g. As A decreases towards
one, the straie distridbutioa becomes wmniform. The implication is that low
A draving is more smitable to thermocouples if imtermal cold work is to be
mexinized as nmoeded to refinme thermoeleomeat grain size.

The stress dictribwution of Fig. 30(c) further reinforces this no—
tion. The distributios shown was derived from Hill’s®? slip-line field
analysis (for frictionless plain-straia compression of a ncnhardening
material) and from Backofen’s33 maximwm stress distribution analysis of

- Fill's data. Backofen showed that the variation in the internal stress

distribrtion L. from surface to ceater followed the same relationship
with A as did the ratio of die pressure to surface yield stress (Flcy)
reported by Hill. The maximum in this intoml' stress variation is given

by

L =2 ‘y A, (5.12)

mex
where A is the deformation zome slip-line apex angle and is 0 for A =1
and 0.43 x for A = 8.75. By interpolation, the maximum centerline to sur-
face stress with A is then

xx Yy

max
The stress distribution shown in Fig. 30(b) for A = 3 is constant from
the surfacc inward for a distance L/2 =1 /A (where L is as shown in
Fig. 28), then rises approximately limesrly to a mazimum of ~0.7 o'y (0 =

y

28 x 10° xg/m3) at the center., The draw stress % is =0.1 ay larger be-

cause of this disiribution, and the internal stress ch is
O4g = % * o, = O47 » \ (5.14)

where ‘

2 (A - 1)\3 ‘
o «0.350 (A-1) [1--(—-)] , (5.15)
7 y 3 |
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and the iaternal stress factor y iy

Y
y=1+— (5.16)
%

Equation (5.3) for the first drav im texrms cf the internal stresses iow
becomes

rar (5.17)

If there is to be s second draw of the samc materiasl, the stress distribs—
tion of the first draw must be takem into accownt., This distribution o

is additive to the intermal stress developed in the second draw. However,
for A { 2 on the first draw (which should normally be the case), 'i: <«
Sz 5° that c1 =0__ and the internal stress distribution can be accu-
rately rcepresented by 0'1‘. A second distribution described by Eq. (5.15)
is developed for the second draw, which results ino . The interml
stress after the second draw is the swm of these two :ttnsos. Equetion

(5.4) for the second draw, in terms of the internmal stress, becomes

(oe -
c‘m’z .17, ':; T :;l") ’ (5.18)

where 1’ is now

T, =1 + . (5.19)

Equstions (5.3) and (5.4) for the draw stress and Bqs, (5.17) and
(5.18) for tbs intermal stress together emable complete modeling of the
thermocouple drawing process, In their application to thermocouple draw—
ing, the assumptions of nomstrain hardening snd homogeneity must be rec-
ognized, slthough the ability of the model to predict and improve the pro~
cess vill ultimately determine its usefulness, The stresin-hardening as-

susption, although intended for sorstrasin-hsrdening material, was showa by
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Backofen to still provide a reasonable upper—bound estimate of redundant
strain proper*ies of strain-hasdening materials.2? The erfect of non
homogeneity will be discussed in the next section.

To examine the internal stress as the limiting paremeter in thermo—
couple drawving, the fiiction, redundant, and internal stress factors in
Egs. (5.17) and (5.18) must be calculated for various a and A, Figure 31
plots the ¢fy product of Eq. (5.17) as a function of a for various amounts
Jf cold werk (¢). The deformation zone geometry factor A was determined
for each a using Eq. (5.11). The draw stress o

d
Bg. (5.3), and K and n in Bq. (5.2) were determined to be 137.0 x 10¢ kg/m3

wes determincd using

and 0. .8, rexf;ctivcly. from tensile tests of Incon:zl-sheathed, type K

thermocouples.
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The ¢fy picduct acts as a multiplier to the useful work in drawing

Jode, which results in the internal stress ¢ As the useful work in-

cresces (with g) the efficiency ne = 1/¢fy i-d:tovn. Figure 31 and
Bq. (5.3) indicate that s first drav of ¢ = 0.44, with ¢ between 10 and
12* and A between 1.6 and 1.9, is optimum and will give a ".m"“’"c ratio
of ~0.7, adequate to sccount for process and model uwacertaianties.
Additicnal cold work before annealing can be obtained with a secoad
draw. However, the cold work is less and process parsmeters are much more
eritical (Fig. 32). The intermal stress, resulting from redundint strais
snd characterized by A, dominates the process for a above 3 or <®, and
friction dominates for a at (3°., The more promounced miamima and larger

¢fy product for the second draw results from thé greatly imcreased yield

ORNL-DWG 81-16304 ETD
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. Fig. 32, ¢ft product vs draw-die semiangle for various ‘p-omts of
second-draw cold work (p = 0.19),
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stress causyd by strain hardeming duriag the first drav.. The yield
stress, imitially 35 x 10¢ kg/m®, iscreases by a factor of 3 to 4 to c“
for the secomnd drawv. From Eq. (5.15), this proportiomslly imcreases the
internal stress distridution with A. It is therefore ertremely important
te draw with A close to 1 on the secomd draw,

5.3.3 JThermoeclement graim—size refimemenmt

The development to produce the rofined—grain thermoelements was per—
forme: by ORNL during fabrication of s quentity of bslk thermacouple mate—
rial for OBNL by GMI. Using the actual production equipment avoided the
effects on the final results of small variations in specific paramexers
such as deformation, furnace temperatuires, and temperature gradients,

The fabricatiom process consisted of the following steps: (1) the
MgO insuiators were subjected to a 1000°C vacuum bakeount, and all materi-
¢ls were thoroughly cleaned; and (2) the thermoelement wires and Mg0 in—
sulators were then assenbled into an Inconel 600 sheath ~5 mm in diameter.
The dismeter of this assembly was reduced to 0.51 mm by a multiple—draw
anreal cycle.,

The development effort optimized both the drawing and the annealing
processes to achieve the finest grain size possible, consistent with rea—
sonable production times and material yields.

The new drawing and snnealing schedevle to obtain grain refinemeat was
determined from (1) the preceding recrystallization and draving theory,
(2) literature informatio. and pkysical property tests on the thermocouple
components, and (3) industrial experience. The development conmsisted of

three general tasks:

1. adjustment of anneslir; conditioms to minimize grain growth of the
Alume! thermoolement shile still obtaining full recrystallization of
the Inconel shesth and ((hromel thermoelement,

2, definition of the 2iis’ing drawing process in terms of Eqs, (5.3 and
(5.4) and cslculation of the friction factor f and co-fficient of fric~-
tion y, end

3. determination of a new process to maiimize the reduction between an-
nesls by optimizing process parameters a and A in terms of Lqs. (5.17)

and (5.13) and by comparison of dran and material stressos adz and LA

o e
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Ansealing coaditions were determimed by drawiag anmealed samples of
Chromel aad Alsmel wire aad of assembled themccouwples to 20 to 50% oold
work, followed by ansealimg at several time—temperzture comditioas. Elom
gation—to—failure tests, as well as metsllographic and microhardeess ex-
smination of ammesled samples, were then used. Optimwm amssaliamg comdi-
tions were forad to be 1025°C for 60 s for a 1-mm-dism thermocosple. The
anmosl ing temperature was thea held comstant amd the tims varied to ac-
count for themocouple mass—per—unit—length changes with diameter. An-
neal ing times ranged from 120 s at about 3-ma dimmeter to 30 s at 0,.5-mm
diameter.

The applicability of drawing Eqs. (5.3) and (5.4) to a monhomogeneous
thermocouple was investigated by (1) comducting tesmsile tests on Imcomel,
Chromel, and Alwmel wires and on type K, Inconel-sheathed thermocoaples
and (2) conducting draw tests on samples of thermocouples amd the Chromel

taermoeloment. Figure 33 summarizes the tensile tests. Compsrison of

ORNL-DWG 81-16302 ETD
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Fig. 33. True stress vs true strain for an Inconel-sheathed type &
thermocouple anl for Chromel and Alumel thermoelements.
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plots of measurements on the imdividual thermocouple compoments with the
thermocosple measaraments irdicates that Mg0O insulatiom substantially u«f-
focts the tensile characteristics of the thermocouple even though it canm
not itself sustalm a temsile stress.

Strain-Lardening constants for Eq. (5.2) were obtained by curve fit-
ting using the thermocouple and Chromel stress—strain plot, and thes. val-
ues were used in Eqs. (5.3) and (5.4).' Draw stresses ‘d; and ‘d, were
measuroed with a standard spring balance pl.ced betwoen the drsw bench-
puller jaws ané the thermocouple or Chromel wire being drawn. The fric—
tion facter f was then calculated for each of the samples. The results
showed 1 to be --35% higher {.r thermocouple drawins t1an for wire drawing.
This apparently reflects thev work assaxciated with sovement of the insnla;
tion as the thermocouple iz reduced us vell as relative movement of Inso—
1ation materisl and thermocouple metallic components as the insulation
traasmits the draw stress to the themoclement during thermocouple z1edac-
tion. The insulation thus comtributes to the work of deforxation without
supperting a8 bulancing tensile stress,

The incinesed friction f:ctor for thermocruple drawing serves to in
crease the draw siress for a given reduction or, equivalently, to reduce
the maximum ci1ongatiocn possible for 2 given draw stress.

Calculation of the coefficient of friction p was sccomplished by
drawiag thermocouple samples with existing dies (with a = 6°) from ¢ = 10

to 30% while measuring the draw stresses g4 OFTC Strain-hardening

constants from the thermocouple plot of Figt 33 v:;o nsed in Eqs. (5.3)
and (5.4), and Eqs, (5.9) and (5.10) wers used to calculate the frictiomal
and redunédant work terms, respectively.

Friction coefficient calculations from these meszsurements at first
exhibited large variations., Draw dies that exshibited s larger~than—
anticipated draw stress were replaced with new dies. Im some cases, as
muck as a 40% decrease in draw stress was obtained for s new die under the
exact drawing conditions imposed on the old one, This was sttributed to
die wear and varictions in die bearing length B (Fig, 28). Afcer die re—
placements, § was messured to be 0.19 + 10% for 90% of the dies tested,
although varistions wp to 25% occurred,

e o
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The existing process consis.ed of drawing to 20 to 25% cold work in
one step botween anmeals using draw dies with a = 6°., During development,
thiee new jrocesses were obtaimed. In the first, the oxisting first-dr:s
cold work (or slightly more) was retained, and a2 second draw of about 5%
was added. Existing dies with g = 6® were used, in most cases, for btoth
dravs. In the second process, new dies with larger semiangles were de—
signed, and the first-draw cold work was ~~tended to about 42%. Tbe finmal
proccss cowbined the 40% maximuw first-draw cold work w.th 15° second-draw
cold work to obtain 55% cold work between anneals,

Optimization of thc drawing and anm3eling schedule required comtinu-
ity checks and elongatiom—to-failure tests of postannealed material. Ex-
cess stresses often did not immediately zesult in therncelement open cir-
cuits, However, elongatiova-to-break temsile tests of postanmnealled ther-
mocouples were excellent indicators of damaged or borderlime materlal,
Material correctly drawn and annesled experiemced a true temsile elonga-
tion of 20 to 25% for both thermoelement: and sheath, and the failure
occurred initially in the sheath. Damaged r.aterisl was characterized by
initisl failure of the Chromel thermoelemant at a true strain of only 10
to 15 and, occasionally, failure of the Alumel thermoelement prior to
that of the sheath as well. Materisl, once damaged, psrformed poorly in
subsequent draws,

Tables 23 smmarizes psrt of the first process. As the table shows,
the aessured aiud calculated draw stresses for bof. first and second draws
are in good agreemeni. Howcver, internal stresses, calculated from
Bqs. (5.17) and (5.18), are low on the first pass bat high or the second
pass. This is & direct result of the high A values produced by using the

.existing dies with @ = 6®°, Open circuits of the Chromel thermoelement

occurred on the second draw for cdn-to—c' ratios of 108.4 and 99.8%. As
development continued and the adz-to-a. ratio for the second draw was re—
duced by lowering a (snd thus A), the incidence of open circuits de~-
creased, Al) failures were caused by Chromel thermoelement opens; mo
sheath breaks occurred,

Table 24 summarizes the second and third draw—annesl processet. The
seccnd process used draw dies with a semiangle of 11, based on the pre—

dictions of Fig., 31, and an sttempt was made to limit die-beariang length




Table 23. Type K, Inconel—sheathed thermocouple
draw-anneal schedule for process I

Percent cold A?:°'l Draw stress ad Calculated Processa
work (e) .‘:c (kg/m3) krror internal adE/U; x 100 parameters
10250C (%) atress (%) — ———
Per draw Total () Calculated Measured 94E (kg/m3) e A
’6.4 58.6 59.3 -1.2 66.0 69.9 6 1.6 =
15.3 a.7 90 52.7 51.9 +0.6 100.1 93.3 6 2.7 ®
30.7 68.9 69.5 +0.6 ‘74.1 75.4 6 1.4
12.2 42.7 60 45.5 45.7 -0.2 104.3 96.6 6 3.4
28.1 62.8 60.9 +3.1 66.5 69.3 6 1.8
9.7 37.8 45 40 .4 50.8 -20.5 113.1 108.4 S 3.6
27.6 61.4 61.6 -0.3 67.2 70.3 6 1.8
12.5 40.1 45 45.6 47.8 -2.5 108.9 99.8 6 3.4
28.6 64.2 64.6 -0.6 70.2 72.17 § 1.5
11.5 40.1 30 50.6 46.7 +8.4 9.0 83.9 4 2.4




Table 24. Type K, Inconel-sheathed thermocouple draw—anneal
schedule for processes II and III

Anneal

Present cold time Draw stress od Calculated Process
work (s) at (kg/m-) Error internal adB/c. x 100 parameters
1028 ¢ (%) stross (%) —
Per draw  Total (s) Calculated Measured oqp (k8/m?) a A
Phase II
40.8 90 74 .4 84.7 -12.2 94.2 88.4 11 1.9
40.8 60 T<3.4 82.8 -10.1 92.3 77.7 11 1.9
37.8 45 68.2 86.4 -21.1 96.6 92.6 11 2.0
39.3 45 1.7 87.3 -17.9 97.5 92.4 11 2.0
41.8 30 76.0 99.6 -23.7 108.0 100.5 11 1.8
Phase 1I1

‘lns 1601 89.9 "'15.‘ 990‘ 92 08 11 1'9
15.9 $7.4 60 85.5 70.5 +21.3 90.7 77.3 3 1.3
42.5 77.6 101.7 -23.7 110.1 102.1 11 1.8
18.6 61.1 45 98.9 90.0 +9.9 101.6 85.1 3 1.1
43 .4 79.7 110.6 -217.9 119.0 109.7 11 1.8
17.8 61.2 30 96.0 92.1 .2 108.1 90.3 3 1.2

601
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to 15% of L (Fig. 28). Correlations between measured and calculated draw
stresses decreased considerably with an additional 10 to 15% first—draw
cold work, Fizst—drav predicted values average 17% below those measured.
Extrapolation of the strain—hardening constants to high cold work values
or frictional behavior that results ir the friction factor f increasing
with cold work [Eq. (5.9)] could account for this.

Process I1i, presented in Table 24, summarizes the latest draw—
anneal schedule, still under development, in which 55% cold work between
anneals is achieved by drawing in two draws. Dies for the second-draw
pass were designed with a = 3° in accordance with the predictions of
Fig. 32. The measured first-drav stresses were also higher than those
predicted by Eq. 5.3, but the measured second-draw stresses were lower
in contrast to those of process I with iower first-draw cold work.

Errors in the strain-hardening constant n, the redundant work ters O,
or the friction factor f at high first-draw cold work must have occurred
to account for these discrepancies. Second-drav redundant work is high
for process I and low for process III, so higher redundant errors would
be expected in process I thanm in JII if ¢ errors dominate. »ome strainm
hardening error at high cold work is probable. However, draw tests at
e = 0.42 that resulted in sheath breakage (°¢ = cd;) indicated that c‘ is
within sbout +8% of the value cbtained from thermoccuple strain—hardening
constants, Because the apparent coefficient of friction p is higher for
thermocouple drawing than for wire drawing, an additional increase in pj st
high cold work is ressonably asammed to account for much of tue discrep—
ancy in calculated vs measured draw stress, For this assumption to be
true, p, which is constant at 0.19 for cold work up to 30%, must increase
sharply to pu == 0.3 for co.1 work sbove 40%. No mechanism is yet available
to a~.count for this phenomenon.

The schedule developed in process I was used to produce thermocouple
bulk material with an average length of about 50 m. Failure of the
Chromel thermoelement caused by high internal stresses was the limiting
factor. The process JI schedunle was nsed to produce thermocouple bulk
paterial with an averasge lon;th‘ol about 100 m with sheath breakage limit-
ing the process, Although lonr bulk material lengths are possible with
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process III above about 1 mm in diameter, developmnent has aot beea com—
pleted to obtaia 0.5—mm material in lengths comparable with thcse of pro-
cess II, '

First-dvav cold work for beth processes II and IIT is limited to a
maximum of about 42% by sheath breakage. The process III secomd draw,
while extemdiag the cold work up to 20%, is limited om the low side of a
by friction and oa the high side by high intermal stresses. Whea two
draws are nused to obtain maximwm cold work. dismetrical toleramces of both
draw dies are critical to maiatainiag secomd-draw cold work withia 10 to
20% as thermocowple dimmeter is reduced below about 1.5 mm.

More than 3500 m of bulk thermocomple material was prodmced édu-ing
Process dovoiopont. Figure 34 shows the microstructure of the Chromel
and Alumel thermoelements resulting from an average of 40% cold work be—
tween annoals. The micrograin sizes of the thermoelements are ASTN 11 and
9 (15,960 and 3,970 grains/mm?), respectively.

ORNL PHOTO 501980

Fig. 34. Caromel (left) and Alumsl average grain size is 9 and 17 p
(ASTM 11 and 9), respectively, after grain size refinement (400x).
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5.4 Susmmary and Conclusions

Premature failwure of small-dimeter, type K Inconel-sheathed thermo-
couples required an imvestigatiom iato the camses of failure and ways to
improve lifetime. Failuce was judged to be caused by thermoelement grain
growth and embrittlement. The brittle comdition was characterized by
large grains with respect to thermcelement dismeter and by voids and
oxides formed aloag the § >in boumdaries. Major coatributors to this com
dition were impurities in duced during thermocosple assembly and, par-
ticularly, critical amounts of cold work left in the thermocouple caused
by incomplete ammealing or imtroduced by swaging dering FRS fabrication,
The embrittled thermocouples subsequontly failed when thermally activated
expansion mismatched between them, and the FRS cladding imposed relatively
small axial strains on the thermnelements, camsiag grain-boundary separa—
tions. Three characteristics were established as important to mproved

thermocouple performance under high-temperature, thermal cycling condi-
tions:

1. elimination of prestrain in the thermoelements prior to operation of
the thermocouple sbove their recrystallization temnerature;

2, wminimizaticn of oxygen, moisture, and hydroxides within the thermo-
couple; and

3. refinement of the thermoelement grain size to meet ASTM micrograin

3ize 9 or smaller (as a goal).

Significant improvements in thermocouple performance were Cemonm
strated simply by eliminating small amounts of cold work in the naterial
by a recovery asneal prior to their use. Additionslly, a 1000°C vacumm
bakeout of the insulators prior to their assembly into the thermoelement
sheath, careful cleaning, and thermocouple assembly with am inert cover
gas were sdded to the thermocouple fabrication process. Finmally, refine-
ment of thermoelement grain size to ASTM micrograin size 9 for Alumel and
11 for Cbhromel was accomplished by development of a new draw-annesl pro-
cess,

Annealing conditions were estsblished as 1025°C for 30 to 120 s, de-

pending on thermocouple diameter, The drawing process was optimized by
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spplication of the gomersl wire-drawiag equation o, = féfod. to thermocow—
ple draving. The equation was exteaded to describe intermal stresses for

multiple—pass drawimg of thermocouples, snd process parameters were evalu—

ated and optimized to imcrease cold work between amneals from 25 to 60%.
This maximem cold work level was achieved in two draws between ammeals
averaging 40 axd 158, respectively. High secomd-draw yield stress camsed
by first—drsv strain hardeming combimed with frictiomal losses to limit
second—draw cold work to 10 to 20% with a draw die semiangle of 3 to 4*.
The frictiom factor f = (1 + g cot a) was found to be abownt 35% higher for
thermocouple drawiag than for equivalemt wire drawimg and also appeared
to be a2 funct.on of the per—draw cold wirk level whem cold work was >30%6.
Improved grain size was most casily schieved by single-pass drawing
to an average of 40% cold work between anmeals., Although further improve—
ment in grain size occurred with the 55%, multiple—pass process, diametri-
cal tolerances were critical below about 1.5 mm because small diamctrical

changes in either draw die caused a relatively large second-draw cold work

change.
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