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NONDESTRUCTIVE: EVALUATION TECHNIQUES EOR SILICON CARBIDE HLAT-EXCHANGiR TUBING*

D.S. Kupperman, W.D. Deininger, N.P. Lapinski, C. Sciammarel la**, and D. Yuhas
Materials Science Division, Argontie National Laboratory

Argonno, II. ' G0'139

ABSTRACT

The adequacy of various nondestructive evaluation (NF)Ey techniques for inspect "
heat-exchanger tubing is discussed. These methods include conventional ul trasnni • ••,
conventional and dye-enhanced radiography, holographic interforonetry and in'YarrJ •
On the basis of current test results and an examination of thr discuss ion? in av.ii l.
techniques were compared with respect to (a) effectiveness in detecting crai;,s j.i
and voids, (b) effectiveiiesr, in characterizing detected flaws, (c) adapta! ilif.,
(d) adaptability to in-service inspection, (e) reliability, and (f; extw.i o; u
for commercialization.

i i. or j , !• i.J•

INTRODUCTION

The production of reliable and long-lived
structural ceramic conponents depends on the de-
velopment of effective nondestructive evaluation
(NUE) techniques. Since structural ceramics such
as silicon cati>ide niid ~.i 1 icon nitride iiave n
critical flaw size an order of magnitude smaller
than that of metal'* (e.g., on tne order of in:) ;.n
for silicon carhie'e), NDL met. ds that arc ade-
quate for metals m y not be appropriate for ceraniir
materials. This paper describes an Argonne Nation-
al Laboratory-Mjterials Science Division program
to assess the effectiveness of various NOT methods
applicable to silicon carbide: heat-e.xchanner tubes,
develop proi,.sinq teclinicjues, and establish a
strategy for tube inspection. The techniques cur-
rently under evaluation include conventional ultra-
sonic testing, dye-'jnhanced radiograph, acoustic
microscopy, infrared scanning (IR), and holographic
interferonetry. (The latter three techniques can
also measure elastic properties, thermal conduc-
tivity and stress-intensity factors, respectively.)
Techniques previously evaluated but no longer under
study include acoustic inpacl testing, acoustic
emission and internal friction: These techniques,
although useful for evaluating {.he overall quality
of co'iiponents, nave not been found practical for
detecting very sma1! defects. Overload proof test-
ing has also been considered as an 'SUC method: how-
ever, this technique is very expensive and tine-
consuming and does not necessarily reproduce
stresses encountered in the field environment.
References 1-4 desci the other techniques appl ical"1"
to silicon carbide.

The tube specimens investigated in the present
study were fabricated from s;liconired, sintered
and chemical -vapor-deposited (CVIJ) silicon carbide.
(As will be sho.-.n later, the variation in tiicro-
structure among these three types of silicon car-
bide affects the sensitivity of ultrasonic inspec-
tion techniques. The tubes, obtained from Carbor-
undum, Norton and Materials Technology Corporation

*Work supported by the U.S. Department oT Energy

^Illinois Institute of Technology, Chicago, I!.
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(MTC), are ap|'ro\ir\itc-ly .'
in dianeter and hiu'• v.ail
1 to 3 n:i. 1 he fl,,i:s sci'
sion s , voids ai.;! fn>o :, i 1 i
techniques are dismissed j
effectiveness in clnt O L t: !;•

The dye-enhanced radio irupbic ; •!!
on the filling of surface dr-fi'ts wi'n
that will absorb p"ur! r.uiivi radiation
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r.ucii as cracks a;-i( |
qe':V'ra 11 v re ' vea le i i v cu'dii
come d e t e c t a b l e when a dye
hance-'ent has be r n most ;.i;(
j u n c t i o n w i t d r. ' /utron t w i ic f ra ; 'hy . - ! V :
r ad iog raphy i s a more convrni ' . -nt t r -chn :

x - r a d i o g r a p b y , the? most e f f e c t i v e do;.'in
found i n the1 p resen t i n v e s t i c a ' . i o r ;:•:•.<>
o f s i l v e r n i t r a t e and wat^r i,ci,-./ci7 pa r t
w e i g h t ) . I i g u r e 1 show:, t h e r a t i o o f r
s c i ' p t i o n c o e f f i c i e n t s f o r <,il-.i>- r: i t •
con n i t r i d e as a f u n c t i o n o f \-tM_( e:
l e n g t h . S i l v e r n i t r a t e ab co j ' bs \ - , > M ;
mate ly 20 t imes more s t r o n . l y than s i
the r a t i o f o r s i l v e r n i t r a t e and s i l i
i s s i m i l a r . The a b s o r p t i o n eiige f o r
:n a ncak i n *-hr r a t i o o f r . iss a b s o r p ' i : - l ; - , r -
f i c i c n t s a t an energy o f a! cu t Tf) k>.-V. * 's t e i t
c o n t r a s t f o r s i l i c o n c a r b i d e ;.."S r .b t j i ' i i ' . ; ;-i ar
x - r a y energy o f about 50 keV. The r e s u l t s ob ta i ned
w i t h a CVi) s i l i c o n carbie iu i. jbo a p p r e w . , ; : - ~,y 1 r;r
t h i c k , examined by rad iog 'T ip i iv and s.;:••••,:,• s : • i t a l -
l o g r a p h i c se1:'. iein in<u are t ; , ; i c a i . ~hc K i r ges t
c rack (50 th rough the w a l l ) found a f t e r s e c t i o n i n g
was revea led by o r d i n a r y r t i J i i u i r a f h y , but fo . : i -

o t h e r c racks were revea led on ly by clve-enhanced
r a d i o g r a p h y . Since good pho tog raph ic r e p r o d u c t i o n s
o f these rad iog raphs were t o t o b t a i n a b l e , a s i m i l a r
r e s u l t o b t a i n e d f rom a c a c k u d P l e x i g l a s s rod x -
rayed w i t h and w i t h o u t s i l v e r n i t r a t e pone t r .m t i s
shown i n E i g . <?. The >:-rc.y w i t h the doping agent
c l e a r l y shows numerous c racks t h a t a re not o t h e r -
w ise v i s i b l e .

Th is t echn ique has a l s o been used t o revea l
dents i n hot-pre:ssed s i l i c o n c a r b i d e b a r s , f o r
example, a dent ~ 25 ;.i;i and - 700 ;:m across was no t
i n d i c a t e d i n conven t i ona l r a d i o g r a p h s ; however,



when f i l l e d w i t h the s i l v e r n i t r a t e doping a i j en t ,
i t was c l e a r l y seen liy r a d i o g r a p h y .

HO LOG K A P j I I C I ' ; T j J U T R ( ) r [ l J _ ! | X

T h e s p e c i f i c o b j e c t i v e o f t h e h o l o g r a p h i c i n -
t e r f p r o n c t r y " f f o r t i s ! . J a s s e s s t h e a p p l i c a b i l i t y
Of t h i s t e ; h n i q u o t o • i n ' d e t e r f i i n o f c r a c k s i n
c e r a . " ; i c h o a t - e ' . c h a i i ' i e r '•:'."•••]. F i g u r e 3 shows a
schcni-T t i c r e p r e s e n i . a f i n - i 1 " t h e o p t i c a l s y s t c n .
Lens t e c h n i q u e s a r e u t i l i - . " ] t o f a c i l i t a t e t h e
a p p l i c a t i i i n c t d o j b l e - l • • . 1 . . • u l i i ' i r a p h y and t o a ' . o w
f o r ( K o i r . l i ' i ' i n n w i t h ,>. l e s s c o h e r e n t s o u r c e when
a r e d u c t i n r >•" ' .ho spe . ; 1. r n i s e i s n e e d e d .

1 . Then1.1 l ' • ! ' • ! • " . - "*h.• !••! r o d u c t 'cm o f a i. 1:1—
p c r a t ' j i v f i ' " - ! . | j . - i ' . ; ( ; i , j r . j if.i> very i | i ( | i i s l r e s s i s
On ,1 i u b e . i ' r r-.-••.[ i i , ' . : ! " • ' t u b e s ' , . " re s u b j e c t e d t o
t l . f ' H ' . i l if'-' i ' 1 ' . ' . ' ' . ! : ; •< ! ' • . n f a l i n e a r h e a t i n g
c l f i 1 ' - I . ' , l o : - , v ! i n ' V ' ' i i ' ! * : r 0 ! t h e t u b e , p r o -
d u r i i ) ' ! i rr • . ", v • i v , ' • • r - i . - . i ] 1 f e r p e r a f ur<_' was
n;-.';T..i! .'-I v ' l ' 1 ' .1 * ' i r n ' i s t o r . Di s e n n i i n : i i t i e s i n
» i ) - . j > i *, • r r • • •••;.:..• p a t l . e r n , i - ' T i i l m n l b y t h e c r a c l ' S ,

v. • v . !.'.'.,••• . • ! i n r i ' . i l f i ' i i a n d p b i t o ' i r a p l i c i ] . [_*.-
( ! . • • • ) . • - i ! • •'• t-.-ii i n I i i | s . '1 i i i i . ! b . F i g u r e : J i s
p j r ; n •. ;,• i ,• i n : ere-. t . i i i ' i bcc.iiir.r.- a l thouf jh the s<r.v-
c j l •• r. • is :'cry s b . i l l m ; , i hi.1 d i sennt i n u i t y p r c -
(I u. 1 i !•_, t ' i ! i.-i-.'S'v"f e r f i e c a r ' 1 i s ' l e a r l y v i s i -
l'}- it. (.':•.' f r i n i j e s y s l e u .

?. Mctfiod for__p!)t,i inii,.-: M i " r> 1.r0>' - i j i j . o n s i t y
FP 1 or f ro i i '.he I n ' i ; i " i ' i 'n(e ! ti t '„.' 1.1 - No r i g o r o u s
s o l i i ' i - i ' i e x i s t s ! ,->>• ,i sf.c.'S',- in l .ens i Ly f a c t o r
a s s o c i a t e d w i t h a s u r f a c e c r a c k on a c y . i n d o r ,
v /h i fh i s ',<ibjpc.ic'l to -1 3- i i stai .e o f s t r e s s . How-
eve r , an ap i i r ox i na i . " s o l u t i o n nay lie de r i ved as
f o l l o w s : I f the v - d i s p i a c e u e n t f i e l d is p i o j e c t e d
on n p lane tanqent to the c y l i n d e r , the d i s p l a c e -
ment f i e l d p a r a l l e l to t he tube a x i s i s g iven by

v = / ; • - /-') s m .,
(1)

where r is the distance f ro ' i the crack t i p , K]
is the s t ress- in l f . ' i s i f •. factor , (', is the shear
modulus, v< is f'ui son's r a t i o , and is the anrjl"
with the tubo ax is . f'ro."i the nolonraphic noire
pattern obtained by pressurizint i l.lie tube, we can
obtain the displacement ami t!-,e distance from the
crack t i p , and thus i^ . For exai'iple, i f the d is -
placement f i e l d is represented by Yq. ],, the f r inge
orders in the y-d" :rect ion (perpendicular to the
cracl; plane) should very with > r: consequently,
in a lon- loq p l o t , the f r inge onr.'rs should pi01 as
s t ra igh t l ines wi th a slope of O.b. tiy inser t i in j
the appropriate- values in Eq. 1 , we obtain

tubing (sprayed with graphite to ensure uniform
emissivity) was heated at one end and simultaneous
ly monitored wilh an IR camera to record tempera-
ture distributions due to axial heat flow Com-
puter modeling was used to help interpret the re-
sults, and thermocouples were placed on the sili-
con carbide tube'., to establish the accuracy of
quantitative IR scanning data.

'• Cor̂ pi|_t_fM̂ _ rkic(c 1 in<;i - 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 tubinn.
Assume the tubes are finite rods of length L, and
their initial temperature distribution is f(x).
If there is no flow of heat at x = L, and the
temperature (as a function of tine) ?.t x ~ 0 is
^ ( 0 , the temperature distribution along the tube
is given by 0

T(x,f) - I f' e " 1 ^ 1 ' ^ 1 cos(r x)
n-0

x') cos(-nx')dx' (S)

where ,r'n -- (2n ̂  l)'/?l., < := K/.c (thermal dif-
fusivitv), '-' - Up/, cw, room temperature is tak.en
as the ̂ ero point, K is the thermal conductivity,
p is the circui ifer(Mir(s c is the specific h?at,
" is the coefficic'iit of heat transfer, : i; the
density, nncJ w is the cross-sectional area of the
rod.

Assume the rod is initially at room tempera-
ture (therefore f{x) = f1 for all x ) , and after
immersion of the end of the tube in a water bath,
0 2(t) =- T b (the bath temperature). Then for all
t > 0, we get

cos(p.nx)n

'"d> (6)

or
v = 0.0243 v'r K] x 10

K , . i L ^
1 S?

-4
(2)

(3)

After we evaluate the integral and simplify,
temperature distribution becomes

the

From a given order in the holonran, r and v are
determined and thus K-j.

TNFR/\ RH3 lULI
This program evaluated the use of themoyraph

ic techniques to detect flaws and neasure heat-
transport properties in s.licon carbide heat-
exchanger tubing. In these investigations, the

T ( x , t ) =
n=0 tcp + v

[ 1 - e^(^Bn
2) J (7)

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



Two computer progra-ns wore writ ton to evaluate
Eq. (7). 11K; first our calculated temperature vs
position, along the mil as a function of tirio with
various values of tho Uierna) constants r and -.-.
The significant parancter was the tlwrnal con-
ductivity. As an example, when one em) of the tube
is at 'i- 60°C, a 10 variation in tlie thermal con-
ductivity results in a elmnqe in tho tube tempera-
ture (as a function of position) of up to l.D'C
during heating and O.o'C after equilibrium is
reached at •> 50°C. The curves allow prediction of
At, the difference in temperature between equiva-
lent points on two different rods. lhe other pro-
gram calculated temperature vs tine as a function
of position along the rod for various thermal-
conductivity values. Here aqaii:, with all other
parameters unchanged, a 10 variation in the ther-
mal conductivity resulted in a temperature varia-
tion of up to l.'j'C durinq heating and 0.8cC after
equilibriun was reached. Tie experimental data
may he conparod directly with the calculat J
curves, A combination of the results allows the
prediction of '.l('.x), the difference in tenpera-
ture between two points on the same rod, as a
function of time.

2. E_xper imentaj _H(v;yrpi :• ri_t s - Axial heat flow
was examined in samples of silicon carbide hcat-
exchanncr tubing to determine w'H'tner i laws in th"
tubes could be detected and to rcrr,jare the the, vii
properties of different tubes. The experinenta
apparatus is shown in Fin. C. Mater flows into
the basin and circulates freely to naintcin a uni-
form temperature. A Styrofoan i.lock holds the
tubes in an upright position, with one ei d of t acli
tube immersed in the \-:<itor bach to a dept') of
"-• 3 r.r. This allows simul faneous comparis-H1 of
the temperature distribut ions produced by axial
heat flow in several tul.es. Data were oltained by
makinq thermoorans with an ACA Thernovision 7F,Q
IR camera, which is capable of resolving temperature
differences of CJ.i'°C, and reading isotherm units
from the color 1R monitor. When nuant.itative
measurenents v/ere made usii,g t'ie iso'birm controls,
a thermometer, with tho mercury bulb sprayed with
graphite, was heated with a hc-ai g..m to provide a
reference temperature, figure 1 snows a typical
thermogrnm (initially in color) of the transient
temperature distribution durinn axial heat flow.
The different colors can be related to the surface
temperature. As shown in Fig. 7, each Lube had a
unique heatinn rate. Th" temperature distribution
in tube 1, winch was severely cracked by thermal
quenching, differs markedly from that of tube 3,
which was not cracked. (Before tube -1 was cracked,
the temperature distribution patterns in the two
tubes were similar.) To examine the differential
heating of the tubes more thoroughly, a series of
thennograms were inado with the tubes in different
s;quences. It was found that the Norton fJC-130
tubes ah/ays conducted heat better than the Car-
borundun Super KT tubes. To estimate, the actual
temperature differences between the tubes, cJ
(A tube), the scale on the left side of the thcrmo-
gram in Fig. 7 was divided into 10 isotherm steps,
each represented by a different color. The cali-
bration curve for isotherm units vs temperature is
linear in the 3f.-50~C temperature region. This
implies that the color scale in the thermogran
covers a 2^0 temperature, range. Analysis of Fin. 7
indicates that the IiC'130 tubes are '• 1"C hotter
at midheight than the I'T tubes. Accordinn to data
supplied by the manufacturers, th • thermal conduc-

tivity of the NC43fi tubing is 10 greater t..:in
of KT. For tubes differing by this amount in t
i:la 1 conductivity, fg. (7) p r e d i c t ai: aver,!':; '.
perature difference of l'C during leatin::. i
the data are in reasonable agreement v. i ! h t;v
model prediction.

Three thermocouples were atta
obtain trmptrature-vs-time data at
along the tube. One thermocouple
the top of tho tube and the others
below the top using lijsol t'.2O ror .:
cement. Quantitative i '".isuremenf
IR camei-a were compared with the t
as well as with the coi"puter-:;;odi-i
determine the adequacy of the IF-! (/
uring temperature gradien!1-. ligu
of /T(.'X) for the top an'' niddlc '
function of time. There w.is fair
the computer-:".odr?l iM'pdi^i.ions, '.'•!•
the thcrmocP'iplc data for ela[iS'.".i
For examj.lc-, the value of '1 ('
thermocouples, i

ed to

3.:-
anda va lue o f ? . t ' C

a va lue o f 3 . 3 ' X . !l
the I I ' sc, inning data

e of (
C at 1 ?0

1 ru- co i -p i i
.v"vo>", as
show cons is ..

than the t h " n i o c ( i ' i p l o .n,J co; :;,ut'-
d i c t i o r i s . " h i s can hi- a t i r i h i i e d
in read iny the ca l i ! . r< : t i a; '. u r v r
marker s c a l e . The d e v i a t i o n s fro. ' .
t i o n s f o r t •' CO s ar i l t • 2'J) s ,
to the inadequacy o f <"i ;ipro-.. i ; \ i ' ir.*
a srial 1 - d i ame te r rod ." id the ( ' . i f f
ing f o r c o n v e c t i v o < o o n i ; n ( i . e . ,
ten i ' . in in i i H) .

efforts are under'.:,';/ to d e v
ultrasonic pro'.e ."or s i l i c n cai
conceptual design for the ul ti-as;
of straight tube-, i1- slc.-.'n in f~i.
frequency iiigher t'iar, that C O M V - 1

I'setal tubes is chose;: in order ','•
as '. 100 :.n can be rcsclvod. 1',
oriented parallel to t'ie w;i.r -'"
genera I r waves axial 1 v d'.'v.n thr "
mirror is placed lolo'..1 the rrc: •
longitudinal b'jari to ; he '.-.all i n
thinning or drla-'in.itivi':r. ; c c
tho angle o ' incidence i ••. a.!: : -' •
tudinai w.ivc; incident on '.••• i''
rnocic cenver'.e
down the tube
about 1 iTi to
In all cases,
360 r scan can
anticipated t
be controlled

r \-r-\i •

; wo:; i

ro

d to s
. The
generate cif I M H ' 1 "
a motor rotates ',' • ;
be radr at each a-.ial
at the axial moii,;:; o
by a i -icroprocess-jr ai

motor and that • at.i on signal amrl i :•.;.!<
sition in the tube will U- stonii a n .
a computer. In i'ig. 10, th'1 lesolutio

'd t'.p;in"
ver'-us

i spl.v. i v
jrn:rv.!p g ,

by the scheme described above is sh,i..n for longi-
tudinal waves, figure 10a shows the radio-fre : ;••!!
inner-wall r'efleition and luickwall echo seen \.-\- i
20-Mlfz, l/o-in.-diai'eter probe is ur.od fro-; t'ie
boro side with a <Vj reflector. An "irpulsc"-typL
initial pulse is -:sed. With a "tuned" initial
pulse (C :<]. 10b) and a different ,\;lser-receiver
used in the video-out; ut mode, i:;any i.'ore echos fan
bo seen. The latter scheme* may be more sensitive
than the forner for locating defects. Tlw evalu-



u a t i o n o f th e s e two s;. stems is i ont inning.

Llectrir.-disi h.u ge-nac.hi nod r e l e r e n c e not'lies
w o r e m a d e in a s i n ' i i e d i i I > c nn c a r b i d e t u b e .
The t u b e w a s r<i ii'jqraph"d o c o n f i r m the n o t c h
size and d e p t h , and ',,.is *h.-n inteiTO.;ated u l t r a -
s o n i c a l l y fro:1, 'he outsid- to e s t i m a t e the s e n s i t i -
t i v i t y o f this insp-1, '. ii.r m e t h o d . !• ;'ii-"!ir, 0>—:-r-i—
d i a t r a n s d u c e r a.nd r,on:i "AT'T' H I pu Iser-recei v e r
w e r e e m p l o y e d . Ihe Lirq" not- lies ('.'"; x ?'.': ;:n
d e e p ) w e r e clear!, 1 <-vid-t: in t h " v i d e o modi.-; the
s m a l l e r n o t c h e s ';•••] ,. I.'--' ;.n) c o u H a l s o ! c- r e -
s o l v e d , but. no*. ,is re-idily. ''Oan.hing for tiio
n o t c h e s f r o m ' h • Oi) is hd"-pen d by 'l;,- c u r v a t u r e of
the t u b e , win'i h ri- i;l's in a <]• • f n. -jss ii:g of the
b e a m as it p a s s e s t! rou'in ''," w a l l . '.;ii.--n :he ii-i-

'i' ill.' r n . : ) tl: • j ';re s id-'-.
nr ' .: r\ ; t h e r I tsn. t i o n I e n d s

ion - Tin's section
destructive e\a;:iination of

is inspected id • ,;
h o w e v e r , tl.'1 o;-p,j
to focus the ! er. -.

If !-!iU-!0' '.di'i

1 . [ f f e c t o f " I C M . S - : , • i f 1 - r r v - r-i] t v p e s o f
si 1 i c o n (.arii id' •.,. , i - .•.'•> •! • i I -i . • ' • -ii.ro-
S t r u c t u r e ' ; w e r e in" • r. ,,•; ,: < • ; , . ':-!,-:,'• r g i b r n : ; g h -
t r a n s n i s s i o n a ' o u s t i - . • • - m - o n ; v i h n i J I H .. H o t -
p r e s s e d , s i n t e r ' - I , s i 1 '•< " M I .••• t, a n d < ','!) • ,. ;; 1 f--,
w e r e e x a m i n e d . Tn, -fi.i.: i>; t v v, t i a t i o n i n
r n i c r o s t r u c t u r e o n '••• a'os 1 1.: i r - m i< r o s o o e y r e s u l t s
is d i s c u s s e d b e l o w .

T w o t y p o " o f s i l i ' o n i z e d tn1!.-"'. ( N o r t o n !',(/•'••'<
a n d C a r b o r u n d u m !'.') i1 >'' ('lec'.rely e.... 1 1" ' " ' h e i 1 i<,
t h e s o l u t i o n d e s ! . r i ! " d i n i " f . 7 t o revr-ui 'li'1

m i c r o s t r u c t u r a l d i ! !<• !-• i -'-s [ "ti:eeu 'hn-i. F i g u r e
l l a s h o w s a n el.i h ' d s a m p l e o f CVi) s i l i c o n cat b i d e
t u b i n g s u p p l i e d b y ,''i(., w i t n g r a i n s u p to '•'>') ". in
s i z e a n d so;:ie p o n y , > i.y. 7 n e Kl i n i t r i d l (fi'i. l i b )
h a s s m i l l g r a i n s , v i i h a • \i" i m : n si.p'- o f ;•<: ,-i.
110430 (F'ig. l i e ) h a s „ l.-i:,odal d is tt i!.:il i o n o f
g r a i n s i z r s , w i t h a i -̂:: i: •.: IIM si.n- o f ]<VJ .;-. "i,,,
l i g h t a r e a s s e e n i n b o t h r a t ' - r i o l s a n - frer- s i l i - f n .
F i g u r e s 1 ? a a n d b shiiw optii.ii m i; i'i"ii ,iphs o f
h o t - p r e s s e d (ilcir-onj a n d si u''ff-'i ((,:i'boi undtim)
s i l i c o n c a r i i i d e scimiiles, I T , ; « : : i y iy. ['ores ( d i r l
a r e a s ) , ( j e n e r a l l y l e s s t h / m l;; . :i in i.-'i-, •ire m o r e
p r e v a l . n t i n tlu 1 s i n t e r e d m a f ' T i d l .

A c o u s t i c m i c r o q i v . p h s o f ' w o s i l i c o n i z e d s i l i -
c o n c a r i i i d e t u b e s a m p l e s ( N O ' i i a n d T C i ) a n d o n "
CVI) sa::!ple a r e s h o w n in |"i(|. 1 3 . T h e !K:43'1 i s a f e r i a l
( F i g . l.-io) sliow, higt!-'r l e v e l s o f a c o u s t i c n o i s e
than the smal ler-grai n" ' SI'.T material (I in. lit ) ,
despite the fact tha! (i •• SKI sample is thicker
(3 vs 1 n:i). "Ihe linos in the- latt'T micrograph
are curved because of the cur/.iture of the sampln.
The 1-mm-thick (.VI) specimen (Fig. M e ) has a hig:ie>-
acoustic noise level than either siliconized spec-
imen. Figure 14 sho.,"s acoustic micrographs of a
G-mm-thiek bar of hut-pressed silicon carbide and a
1 -nii'i-th ick tube section of sintered silicon carbide.
Although it is much thinner, the sintered specimen
(Fig. 14b) is ar.ousMr.il ly much noisier than the
less porous hot-pressed specimen (Fig. 14a). Mow-
ever, the sintered specimen is less noisy than
either of the si 1iconi/ed samples (Figs 13a and b ) .
In sui'iwary, the hot-presrcd SiC had the lowest level
of acoustic noise of any of tiie materials examined
and would be the easiest to inspect with throuqh--
transmission acoustic microscopy techniques, fol-
lowed in increasing order of difficulty by the
sintered, siliconized and CVD materials.

acoustic microscopy tech-
siliconized silicon carbide
in diameter wi'h a 3-mm wall
an example. A flaw indi-
the acoustic micrograph of

radial radiographs of the
showed no fid1.,1 indications,
'ii in size until an a..-.ial-view
a circumferential del,-.:ii-
oss (in agreement, with the

result) and ai>proxi!-iut"ly 0.3
The sample was then ground
to determine the axial
Figure If. shows the result
ately 1 .-J ' :n long was re-
nil witn til': acoustic-

2. Pefeet Confirm.tt
tiie local i za ti on, \,j
defects indicated bv
niquos. A pK'ce of
tubing (M'.T) , .'".• I.I i
thickness, serves as
cation is evident in
Fin. 10. Axial and
intact tube section
The tube was cu dow
rad iograph indicated
nation about 1 •Ji m.

mm below the surface
down c. ircumferonl in]
length of the defect
A dr-la: dna tion ajoro
vc-dled, again in agr
1'iicrosc opy resul t.

As a result of the initial suitess in us inn
the acousiic m i c r o , c o p e to d o t e d iv.'.-.irul flaws
in silicon carln'do t.j! u s e c t i o n s , a slarje was
develoj'ed to interface with the Sonoscan acoustic
i.iicrosi ope so that n helical scan el a tube tould
be 1-,-ule. This stacje is currently Iminy eval-
uated.

COMPARISON Pj__T[Xii;|_lQ_i!:S

Cle?rly, there are many considerations in
s^loetino an !ii)! techniciue for silicon cirbide
hc?A-r-y.rliatvjr-r 'Jil••'•?.. O n e r'ust c o n s i d e r t h e
adaptaliility of tiie technique to the tube geo-
metry, rate of inspection, applicability to in-
service inspection, reliability, effee'iveness
of flaw defeo'ion ar.d charactei iration and the
dove! or-: lent required for connri!'cial use of the
technique. Table I summarizes the results to
date of the present investiqit ion, in t?rr.r> of
those criteria, "('able II nives I ne estimated
sensitivities of sonic of the methods under ioeil
laboratory enndi fir..'is , Among t!ie teciini'iucs
investigated, acoustic microscopy has been shown
to be the most sensitive for detecting defects in
silicon carbide tubing; this technique, can also
reveal the character of the defect. A surface
defect of 100 :.n long and 10 J.III deep in a silicon
carbide bar has been revealed by holographic
interf eroinotry tecliiiiquos, usimj a 4-point bend-
ing fixture. The- sensitivity of radiography has
been improved through the use of dye-r;ihancen'.-nt
techniques. Infrated scanning has been shown to
be useful for detecting variations in heat-
transport properties, and conventional ultrasonic
testing has be-on shown to be capable of detecting
reflectors on the order of 100 ; n in size using
frequencies of i.'O Illlz or possibly higher, which
are w5.-11 above the frequencies normally used for
metal tubes. At this tine, the three most useful
techniques for FIUI. of silicon carbide tubes appear
to be acoustic microscopy, conventional ultrasonic
testing frtv.i the bore side, and dye-enhanced radio-
graphy.
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Table I I . L ' j l i nw tcd S e n s i t i v i t y o f NDf. Methods f o r Flaw De tec t i on i n S i l i c o n Carbide Heat -exchanger
Tubing

Technique Smallest Anomalies Detectable

Acoustic Microscopy
Holographic Inti rferone try
Dye-enh.ineed Radiography
Infrared Scanning
Conventional ill

X-RAY F'NFir.Y (KFV]

8 1
• t

|

Daws ± 100 |;n long

Flaws 100 ;:n long (with lens techniques)

Surface flaws with depth - 0.5 '•i t

2". variation in thennal conductivity

Surface flaws "* 100 •,•!;] dec-p

0.! 2.0

;. WITHOUT DYE

F i g . 1 . R a t i o o f !:nr>r, A,V.f>ri>ti<>'i f o n f f i c i c n l s f o r
S i l v e r N i t r a t e . <n'd S i l i c o n ' . I t r i d r - .

\ i' , • '• \

'• / • : ' • • ' : ' r

\| ' • .' ' -'. WITH DYE

Fig. 2. Cracked Plexiglass Rod Radiographed With-
out and With Dye Enhancement.



HEIGHT ADJUSTING MIRROR
2. BEAM SPLITTER
3. MIRROR
4. MODEL
5. IMAGING LENS
6. IMAGING LENS
7. PHOTOGRAPHIC PLATE

Fig. 3. Schematic Representation of Holographic
Iiiterfcriirictry System.
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Fig. 6. Schematic of Infrared Scanning Apparatus
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Fig. 8. Plot of AT(AX) VS Time for Top and Middle Thermocouples, IR Data and Computer Model.
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Fig. 11. Optical Micrographs of (a) CVD (Haterials Technology Corporation), (b) Siliconized (Carborundum
KT), and (c) Siliconized (Norton NC430) Silicon Carbide.
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