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ABSTRACT

The adequacy of various nondestructive evaluation (NHDF, tcchniques for inspecting <iii or
These methods include conventional ultrasoni- o, a0,
conventional and dye-enhanced radioqraphy, holoqraphic interferonctry and infraved ccoonivn

On the basis of current test results and an cvanination of the
effectiveness in detecting crace,

heat-exchanqer tubing is discussed.

techniques were corpared with respect to f(a)
and voids, (hb)
(d) adaptability to in-service inspection, (c)
for cormmercialization,

INTRODUCTION

The production of reliable and long-lived
structural ceraric corponents depends on the de-
velopment of effective nondestructive evaluation
(NDE) techniques. Since stroctural ceramics such
as silicon carbide and =ilicon nitride aave a
critical flaw size an order of magnitude speller
than that of netals {e.g., on tne order of 100 .m
for silicon carbide), LWL met. 4s that arc ade-
quate for metals may notl be aporopriate for ceramic
materials, This paper describes an Argorme hation-
al Laboratory-lMaterials Scierce Division program
to assess the effectivenncs of various NP moethod:
applicable to silicon carbide heat-exchanacr tubes,
develop proi..sing techniques, and establish a
strategy for tube inspection. The techniques cur-
rently under evaluation include conventional ultra-
sonic testing, dye-cnhanced radioaraph, acoustic
microscopy, infrared scanning (IR). and holoqgraphic
interferonetry. (The latter three iechniques can
also measure elastic propertics, thermal condic-
tivity and stress-intensity factovs, respeciivels.)
Techniques proviously evaluated but no longer under
study wnclude acoustic impact testing, acoustic
emission and internal fricticn: These tcchniques,
although useful for evaluating the overalt quality
of components, nave 1ot been found practical for
detecting very small defects. Overload proof test-
ing has also heen considered as an NOE mathod; how-
ever, this technique is very expensive and tine-
consuming and does not nccessarily reproduce
stresses encountered in the field environment,
References 1-4 desci ibe other lechniques applicalle
to silicon carbide.

The tube specimens investigated in the present
study wcre fabricated from siliconiced, sintered
and chemical-vapor-deposited (CVD) silicon carbide.
(As will be shoon Tater, the variation in niicro-
structure amonq these three types of silicon car-
bide affects the sensitivity of ultrasonic inspec-
tion techniques. The tubes, obtained from Carbor-
undum, Horton and Materials Technology Corporation

*Hork supported Ly the U.S. Department of nergy
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effectiveness in characterizing detecte! flaws, (c¢)
reliability, and ()}

discussions in availa:
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(MTC), arc approsiratelys [0 5 ot
in diancter and bayvs wail e :
1 1o 3 run. The flaws seicht o
sions, voids and free ilicon.  Soovs’
techniques are discussed folon e oo o
cffcctivences in detocting i

DYL-LEBANCT s

1

subetatice

The dyc-cniianced radicirapisi
on Lhe fi1ling of surface defeoty {
that will atsorh penrirating radiation . re effect-
it tare do~

“hoaro on

cd s Tas

ively than the fase matwrrial, Thas,
Tects, such as crachs and pitting,
qernerally revealed by ordinary radioarais,
come detectal:le when a dye 35 preosent,
hancerment has bLoen nost succonsiully
junction with neutvon radic wrachy. =
radiography is a rore convenient teghn'o
x-radiography, tne rnost eficclive Jdoring
found in Lhie presert dnvestinatior wae o selulion
of silver nitrate and water {(coual pert 1y
weidht),  bPigqure 1 shows the retio of v o0 ar-

Juent

serption coetfficients for <ilviy nitvaie ond siii-

waves

con nitride as a funcoion of s-rvay creryg, and
length.,  Silver mitrate abeorbs s-ra; - i
mately 20 times riore stron, iy than =iticon
the ratio for silver nitratic and silicor tarbice
i similar.  The absorption cdse for <:lver results
noa neak in the ratio of rmass abrorptine coof-
ficients at an energy of alcur J5 keV, T test
contrast for silicon carbice uas cbtaine ar
ained

t
x~ray energy of about 50 keV. The resulis o
with a CVD silicon carbide tube approsyatoiy 1o
thick, examincd by radiograpiyv and et
Tographic se ticning, arc iy ical. o darcost
crack (50 throaali the wall) found after wcctioning
was revealed by orvdinary radiooraphy, lLut foo-
other cracks were vevealed only by dve-centanced
radiography. Since good photographic reproductions
of these radiographs were rot obtainable, a similar
result ohtaincd frem 3 cracked Mexiclass rod a-
rayed with and vithout silver nitrate penctrant is
shown in Figq. 2. The x-ray with the doping cgent

clearly shows nurerous crachts that arc not other-
wise visible.

This technique has also been used to reveal
dents in hot-prussed silicon carbide bars, Tor
example, a dent = 25 wm and ~ 700 ;m across was not
indicated in conventional radiographs; however,



when Tilled with the silver nitrate doping agent,
it was clearly seen by radioqraphy.

HOLOGRAPHTC 1TERMEROMITRY

The specific objective of the holographic in-
terferomsetry offort in ty assess the applicability
of ithis tethnique to the detectian of cracks in
cerammic heat-cychanger tating, Figure 3 shows a
schematic representating af the optical systen.
Lens techniques are utiled to facilitate the
applicaticn ot doable-t- o Potoarepty and to a'.ow
for reconstry *ion with o Tess coherent souvcn when
a reductionr 7 “he spectie roilse 15 neednd,

1. Thevnal Streeco o The introduction of a o=
perature dradiont can i bice very high stresacs
on a tubo, et -eghann tuhes vere subjocted to
theroal gqrea dortg b e, af g Tinear heating
elei ot Jorae b oin e coetor of the tube, pro-
ducing cro bl The outhersiall Lerperature was
prodaared vt g cheprristor. Discontimiities in
thee qnterte v patiern, produced by Lhe cracks,
veere ol D g roal e and plolographed,  Lx-
aiv e i voen in bigs, & oand S, Figure b s
pavitoiec s dnteresting hecause although the saw-
bt ot eoae very shallow, dhe diccontinuity pro-
ducet v, thy preense of the ceaed e clearly visi-
by i the Tringe sy<tien,

Slresc-intensity

2. Method Tor Dhtaining the
Footonr fror She Tivcieronce o - o rigorous
Sulatiang exists far o ~trecs-intensity Tactor
associated with a surface crach op a cy.inder,
which in «ubiecied to a 3-0 staie of stress.  How-
ever, an aporoximate tolution ray be derived as
follows: If the v-displaceucent field 15 projected
on a plane tenaent to the cylinder, the displiace-
ment Tield parallel Lo the tube axis s given by

"
: i s (])

P

where v is the dictance from the crack tip, 1

15 the stress-intencity factor, 6 1s the shear
modulus, - is Poicon's ratie, and is the angle
with the tube axis. rom the nolearaphic maire
paitern obtained by pressurizing Lhe tube, we can
obitain the displacenent and the distance from the
crack tip, and thus iy, For example, 1f the dis-
placenont field is represented by fg. 1, the fringe
orders in the y-divection (perpendicular to the
crack plane) stauld very with ). consequently,

in a log-Ton plot, the frinqe orvders should plot as
straight Tines with a slepe of 0.5, By inserting
the appropriate values in Lg. 1, we obtain

] (2 - 29 sin

v = 0.0203 ,F Ky x 107 (2)
or
Ky = A0, gt (3)
Vv

from a given order in the holoqram, r and v are
determined and thus K].

THERARFD_SCAIHTHG

This program evaiuatled the use of thermoyraph-
ic techniques to dotect flaws and measure heat-
transport propertiics in s.licon carbide heat-
exchanger Libing.  In these investigations. the

tubing (sprayed with gqraphite to cusure uniform
emissivity) was heated at one end and simultancous-
ly monitored with an IR camnera to record tempera-
ture distributions duc to axial heat flow  Com-
puter madeling was used to help interpret the ve-
sults, and thermoccuples were placed on the sili-
con carbide tubcs to establish the accuracy of
guantitative IR szanning data.

1. Computer Modeling - A solution of the heat-
conduction equation was used in a model for axial
heat flow to aid in interpreting temperature-
distribution data in silicon carbide tubing.
Assume the tubes arc {inite rods of Tength L, and
their initial temperature distrilution is f{x).

If there is no flow of heat at x = L, and the
temperature (as a function of time) at £ « 0 is
ﬂz(t), the temperature distritation along the tube
is given by®

. c~2
T(x,l) = o et y) cos (%) 4 2n(-1)
n=0 (
1 .7,
4 J RGN PROER
4]
L )
: j F(x') cos(r x"dx! J , (5)

where ¢ = (2n 4 1)2L, « = F/.c (thermal dif-
fusivity), o = lp/.cw, 100N triperature is taken
as the zero point, 10 i< the thernal conductivily,
p e the circunference, ¢ s the specific hoat,
"is the cocefficient of heat {vensfer, @ i< the
density, and w is the cross-scctional area of the
rod.

Assune the rod is initially at room tcmpera-
ture (therefore (s} = © for all x), and after
immersion of the end ef the tube in a water bath,

DZ(L) Ty (the bath temperature). Then for all
t > 0, we qget
) ( 2)
2 =t(uker
T(x,t) = ¢ = e 77 'n’ cos(a x)
L n-0 n
[ t 2 )
n r (rﬁ +1)) 3 \
+ ? kR, {-1) J, Tpe d> J . (6)

After we evaluate the integral and simplify, the
temperature distribution becomes

—————— — cos(f x)

Fquation (7) is valid for all t > 0 and for all x
where 0 < x < L.



Two computer proarams were wrilten to evaluate
Eq. (7). The first one calculated temperature vs
position, aleng the vod as a function of time with
various values of the thermal constents « and -,
The significant paramcter was the thermal con-
ductivity. As an exanple, when one end of the tube
is at ~ 60°C, a 10 variation in the thermal con-
ductivity results in a chanae in the tube termpera-
ture (as a function of position) of up to 1.5°C
during heating and 0,6°C after cquilibrium s
reached at - 507C,  The curves ailow prediction of
At, the difference in temperature belwcen equiva-
lent points on two different rods. The other pro-
gram calculated temperature vs Lime as a function
of position alonag the rod for various ihermal-
conductivity values. Here again, with all other
parameters unchanged, a 10 variation in the ther-
mal cond&ctivity r01U]th in a to”pr“a‘wxc varia-
tion of up to 1.5°C during heating and 0.3°C after
equilibriue was reachod. The 6mpnr1nnnLa1 data
may he compared dircctly with the calculat d
curves, A conbination of the results allows the
prediction of 27{/x), ihe differchce in tempera-
ture Letveen two points on the sane rod, 8s a
function of time.

2, Experimental j@?ﬁurﬂlegﬁ - Axial heat flov

vas exaunincd in sanples siticon carbide heat-
exchanacr tubing to d(torn1nu waether laws in the
tubes could be detected and to compare ihe thes haid
propertins of different tutes, The experinenta
apparatus ic shown in Fia, 6. at(r f]o\ inte

the basin and circulates freely to mainicin a ini-
form temperature. A Styrofoam tlock holds tho-
tubes i an upright position, with one erd of cach
tube drrtersed in the waior bach to a depth of

3 crm. This allavs singltanceous conparisedr of

the tenperature distrifvitions produccd by axial
heat flow in several tubes. lata were of wained
making thernoarans with arn ACA Thernevision 750

IR carmera, which s capable of resolving terperatmne
differences of 0,2°C, and rcading icolhorm units
from the color IR monitor, Yhen uuant:lativc
measurerienls were made using the isothorm controls,
a thermometer, with the mercury bull spraqu vwith
graphite, was heated with a hicat auan to provide a
reference terperature.  [igure 7 shows a typical
thermoaram (initially in color) of the transient
temperature distribution during axial heat flow.
The dif“erent colors cen be related to the surface
tenperature, As shown in Fiq. 7, cach tubce haed a
unique heatina rate. The temperature distribution
in tube 4, which was scverely crached by t’O\hd]
gquenching, differs markedly from that of tube

which was notl cracked. (Defore Lube 4 was crackod,
the temperature distribution patterns in the two
tubes were sinilar.) To exatine the differential
heating of the tubes nore thoroughly, a series of
thermograns vere made with the tubes in different
s:quences. It was found that the Horton HCA30
tubes aluays conducted heat better than the Car-
borunduri Super KT tubes., To eostimate the actual
temperature differences between the tubes, AT

{4 tube), the scale on the qeft side of the thermo-
gram in Fig. 7 was divided into 10 isotherm steps,
each represented by a different color. The cali-
bration curve for isotherm units vs termperature is
linear in the 37.-50°C tempera“ure region. This
implies that the color scale in the thermogran
covers a 2°C temperature rance, Analysis of Fig, 7
indicates that the hC430 tubes are ~ 1°C hotter

at midheight than the KT tubes. Accordinag to data
supplicd by the manufacturers, th: thermal conduc-

tivity of the NC

of KT. For tubes

mal conductivity
perature differe
the data are in

420 tubing is 17 great
differing by this amo
, [q. {7) predic-s e a
nce of  1°C during tca
reasonable agrecment v

model prediction.

Three thermocouples were attached o b 4 ¢

obtain tenperatu
along the tube.

the top of the t
Lelow the lop us
cement,  Quantit
IR canera were ¢
as well as with

determine the ad

uring tenperature

of +T( ¥} for th
function of tine
the computer-rod
the therwcouple
For exarij.1c, the
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a value of 2 C
a value of 3.3°C
the IR scanning
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in reading the
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vation of these two 'olens s continning.,

Llectric-dico b goe-rachined veference notehos
were nede in a sintered <ilicon cartdde tube,
The tube was raliogqraphed o confir the notch
size and depth, and vag <hen interrogdated oltra-
sonically from the quteid to cotim
Livity of this fnopoctice nethod, o=t
dia teansducer and San:c ek T patoor-receiver
vere eriployed.  The Jaroe votohen (80 5 200 oy
deep) wore clearl, cvidor: ia the video rode; the
smaller notches (0000 L, 177 o) could alen be re-
solved, but not as veadity.  Searching for fhe
notches fromr th - GO oo hapered byt
the tube, which voo wlve na defooomaing of the
beam as it pans theough e wall, Ul the b
is inspected nloy et le Treny e Bore aide
hoviever, Uhe Ghpos i oo ary the v Froction tends,
to focus the bea -

Hiv o fepy-

ALC T HICRO 0,
T, Effect of Miovane, Sare - “ovoral fvies of
Si.l"lL.-()rl_'(»nl‘i)lL]‘ e I}' PR s ""(r‘(n
Structuires wieter dn s v gl srep Lhrnigh
transmission arousiic oo ooy ook e Hut~
pressed, sinteved, oibienndoc b, and GV g der

viere OAdWi“Od. Tooo ot ol e oy dation din
microstructire an ‘e acou i ic-nioronenny vesiult

is discussed bhelow,

[hoartan HOAR
11 ¢ 4(.;”;,(,: 'é’i

Teo types of <ili-onized
and Cavborundiy POV oo elect
.

the solution df"ri‘~« in ;nf. 7 16 roveai the
micrastractinal il oy oen ther, Figare

1la shows an v1r%'J (SRR siticoin carbide
tubing supplied by M0, witn qrainag up to 59 v in
size end some porosiiy.  The #1 ptecial (Fig. 1106)
has sl arains, o mainuey sce of RAFE
HCA30 (Fig. e} hon a Linodal distr ibution of
mrain sizeo, with o rozimam 0 of 100 . T

1

Tight areas seen in Loih raterials are free Silioon,

Figures 17a and b iy opticas niovomanhs of
hot-pressed (Horton) amd sinreved (Corborundu)
silicon carbide sarplen, rewoectiveds, Pores (dar!
areas), Goenerally less than oo in cdze, are vove
peevalont in the sintered matorioed

Acoustic micragraphn of “wo <iliconiced sili-
con carbide tubi sarmles (€ and €5 anJ one
CVD) sample are stown i fig. 1200 The 1043
(Fig. 13a) shaws higier Tevels of ecountic
than the smaller-araine ! SET material (0ia, 1305,
despite the facl ithat i SET sauple is thicker
(3 vs T ow).  The Tines in the Tattor micrograph
are curved because of Lhe curvaeture of the cample,
The T-=thick (VD speciven (Fig. 12c} has a hiigher
acoustic noise level than either siliconized spoc-
imen.  Finure 14 shows acoustic nicroyraphs of a
G-mm-thick bar of hoi-nressed silicon carbide and

T-mm-thick tube section of sinftered silicon carbide.

Although it s rwch thinner, the <intered specinen
(Fig. 14ah) is acoustically ruch noisier than the
Tess porous hot-prossed specinen (Fig. 14a).  How-
ever, the sintercd specimen s less noisy than

either of the siliconized samples (Fiqs  13a and b).
In surgary, the bot-presccd SiC had the Towest level

of acoustic noise of any of the naterials examined
and would be the easicst to inspect with through--
transmission acoustic microscopy techniques, fol-
lowed in increasing ovder of difficulty by Lhe
sintered, siliconized and CVD materials.

Lo the sensiti-

carvature of

terial

2. Defect Confirtation - This scction discusses
the Tncadisation, by xmxtruct1wp ovanination, of
defects indicatsd Ly acoustic microscopy tech-
niques. A piecce of siliconized silicon carbide
tubirg (SET), 7% nyin dianeter with a 3-mi wall
thichness, serves as an cxample. A flaw indi-
cation is evident in the acoustic nicrograph of
Fia, 15. Ax<ial and radial radiojranhs of the
intact tube section showed no flaw indications.
The tube was cu o down in size until an axial-view
radiograph indicated a circunferential dejeni-
natiogn about 1 4y across (in agrecsent with the
acountic-rmicroaqrapl result) and avproxiuatlely 3.3
my b dow the surface,  The sarple was Lhen gronnd
dovn civcunferentially to deternine the axial
Tength of the defect, Figure 16 shows the result.
A delanination aporosisately 1.0 v long vas re-
vealed, aqain in agresient witn Lh acoustic-
microscopy cesult.

As a vesult of the initial success in using
the acoustic nicro,cope to detect notural {laws
in silicon carbide tube sections, 2 stace was
developod to interface with the Sonasuan acousiic
MicroLLope S0 thnt a helical scan of a tube could
be rado, This stage is currently heing eval-
vated,

COMPRRI SO OF_TLGEG

Clearly, there arve many considerations an

s2lecting an HDE technique for siticon carbid
heat-rxchanger Lul One must consider hr
adaptaliility of Lhe technique to the tube geo.
metry, rate of inspection, applicability to in-
seryice inspoction, veliability, offectivennas
of flaw detection and characterization and the
dovelornent required for cormiercial use of the
tectnioue.,  Table T surmarizes the resualis to
date of the present investigition, in torns of
these criteria, dable T1 gives tne ostimaiod
sensitivities of some of the melhods under iaral
labevatery conditicas,  Arong the techniques
investigaied, acoustic microscopy has been shown
to be the most sensitive for detecting dofects in
siticon carbide tubing; this technique can also
reveal the character of the defecti. A surface
defect of 100 i Tong and 40 ;m deep in a silicon
carbide bar has been revealed by holographic
interferonetry techniques, using a 4-point bend-
ing fixture. The sensitivity of radiography has
been dmproved throiagh the use of dye-cohancoment
techniques.  Infraved scanning has been shown to
be us~ful for detecting variations in heat.-
transport propertics, and conventional ultrasonic
testing has been shon to be capable of detecting
reflectors on the order of 100 ;i in size using
frequencies of 20 1Mz or possibly higher, which
arc w11 above the frequencies novmally used for
metal tubes. At this time, the three most uscful
technigues for NDL of silicon carbide tubes appear
to be acoustic microscopy, conventional ultrasonic
testing frow the bore side, and dye-enhanced radio-
graphy.
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Table I1. Lsiimated Sensitivaty of NDE Methods for Flaw Detection in Silicon Carbide Heat-exchanger
Tubing

Technique Smallest Anomalies Detectable
Acoustic Microscopy Flaws = 100 1 long
HoTagraphic Intorferonetry Flaws 100 ym long (with lens techniques)
Dye~cnhanced Radiography Surface flaws with depith = 0.5 4 t
Infrarcd Scanning 2% variation in thermal cenductivity
Convencional U7 surface flaws ~ 100 ym decep
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