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as an NDE tool to locate defects and structural damage which are not easily
located by visual examination. Al so discussed are possible applications to
alumi num structures . 

-

I 
-~~

L
t

i
-

S

UNCLASSIFIED

SECURITY CLAIIIFICATION OF THIS PAGE(~~Ian Data l. ,i .,. ~~

I
_______ - -~~~~~ 

________ __________ - ‘ *--.-- - --



____  —

1~ ’ - ~~~~~~~~
.
~~

-
*S-

I
NAEC-92-131

PREFA CE

Tise ~o nd e st r u c t i v e  Eva lua t ion  (NDE)  of advanced a e r o s t r u c t u r a l
m a t e r i a l s  has bi~t ii approached  using many techniques ; among these are rad i-
ograp hy (both ~--rav and N—ray), ultrasonics , edd y current , hallograp hics ,
etc. Recentl y , probabl y the most widel y used is ultrasonics , espec ially for
composite mater ials. Lltrasonics has many advantages; however , one d is—
advantage i lf  the technique is the necessity fo r  ted ious scann ing pr ocedur es
in order to inspect large surface areas.

I-i

It is this disadvantage which has prompted t h i s  research into
thermcgrap hic infrared detection of flaws wh ich could provid e a more rapid
method of inspecting large aerostructural surfaces. Use of large surface
areas of graphite epoxy is a certainty on advanced Naval aircraft. The F—1 8
Hornet , for examp le , is estimated to have about 40% of its external surface
areas made of advanced composite materials.

Rap id scanning of such areas with thermograp hic techn iques will most
certainl y lead to some loss of quantitative information; however , if potential
flaw sites can he identified in a rapid manner , then another technique such
as ultrasonics , could be used at the potential flaw locations to confirm flaw
presence and quantif y flaw extent. This procedure should significantly
reduce inspection time when compared with ultrasonic scanning of the total
surface. It is with this goal in mind that this research has been initiated .

Thanks are given to Mr.  C. Chance of Grumman Aerospace Corp . and
Dr . W . 1- . Dance of Voug ht Corp ., Advanced Technology Center , fo r  prov id ing
composite samples and to Dr. \~~. R. Scott of the Naval Air Development Center
for his advice during this effort.
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I. INT RO DUCT ION

A . Ce r t a is’. t v p t ’S s I .sws ~ nd da mage in  .t t’re s p, I c  c n p o s  i t  and a l u m  m u m
St r u e  t ures  a re  not r cad l i v  oh scs’va l ’  lo 1w v i sisa I •-xam I nat  Ion . l x ,  imp It’s el
these  a re  d e l . i m l n at  I ons , b l i n d  e l d e ’ lmp. i5 ’t ,Li:’ , i~~ t -  , and  ~u~-~5u r 1  aec ’ Int es’ S a u l  I l l !’

Cracks. Pr, r ims , t i t ’ cu r r en t  l v  un.,I t ’r w ay  t o  ~Ie vi ’lop u. ’t I ied ~ St  d~ t~ ct Ing
su e it t ’ la ws Sw mans’ nond i’-,t  ruc  t Vt ’ i ’vS l t i , i t  j O i l  NtD’ ~ tee hit s 5pmes , among w l m  I c  h
i r e  \ — r a v  • neu t ron  tad ‘ei ’ . sp tt ~ (

~ 
- U d \ ’ ) , uS. r as o n  h- t r a n s~’.l i s s ion and

ref l i ’~- t a n e e ’ , eddy cu r r en t  , and t li~ se~~i , i 1 ’h ~- . I b i s  re p or t  de~~’r i l ’ t ’s r e s u l t s
St in exper Int ent  .i . in~l .iiia l v  t I c ’  :11 r es, ’,! reSt I nv  i ’~~ t i ga I on t o  eva I n a t e  i n S  Fa r  i ’d
t n ’s :rs ’i r a p hv as a n \i~!’ t so I for c o u p ’s  i t o  and a I Inn m u m  n t  rui’t u ro s  t o  I i ’ C . i t  i ’

d t ’ t ec t s ait~! st rue t s i s a l  P . i m i i S i ’ w h i ch  .i r e  n ot i’S liv I -.’ s.’ .4 ted t’v \‘ 1 O t i S  1
t ’xam i , i t , i t  i s ’i t  .

o . 1 . -c us n ,t e st  rue t ly e  ~‘x ,sm I n a t  i on m.~ t or j~ i 1.~; .~nil o t  i - t i , - ui- es 1w t n t  t’a r cii
he s moe rap liv has been i s ty C ’s t i gat  e l  by Si ’V ,-r a  1 r i’ sear  C h e r s  ( i  e er enc  e ~- .1)
1 l~ ( 1 )  or i ’ \ amp I el . Me St  of t I to  F e e  c i i i  no r k on c ompo s it i ’S

( r e f t ’r or ice ’s (g ’i t hr su 1z l ’. t~ . t o r i ’x a s i p l t ’) , has  !‘~ en d t  r e i ’ t ed  t 5 ’w a r d
s i e t  ect  ing  1, i in ag i ’ ‘r o p a g et Ion In t h e  V S.C l n i t v  OS a ¶ i ii, or c r . i ck  In a
coup e  i t o  - - t r u e  t u re  u n der  eve 1 I e I e.sd t ns . l’hc CS i F i ’nt  I S V  e st CS t I ~‘u is
, i in ied  a t  u t  [I  L’.it  b i t  05 pe r t u r b e d  t hermal  p a t  t ,‘r i t s  in s t r uc t u r e s  t o  i o i ’ a te
sin- h t laws . In’s n a t  h I s  can In’ used t o ~ one s’~~t o t h e r m a l S Ic l d s t o si t ’t cc

l aw s . i’ r , i 5 ’k s  , or  d a m a g e ’5! r i ’g I o n s

E N S ’  P E N A l  l .,’i’ AP I ’I . l  El ~ I ’lll ”R>t -\ i - I- ’! ELI ’) (, LA i ’I ~ . Au O xt  , ‘Fn,i  1 5 , 1 1  -.‘.‘ t t t ’ .’ C

can  ha ’  app ! i eJ t o  st rue t i t r a  I sur f a C t ’S in o r d e r  t o g s ’fli ’I a t  e t hermi t  I g rad  t e n t  s
in t Sit . st i- t i c  t ur  e . I t ‘ t e l  e a t e  no l a w s  and  t hi’ g i’ad t i n t  i s usi I o s r i ,
i s ot  h ’ t ’tt~s t , , ’u ld  be - - t  ra ig i l t  1 t i n ’s .  T e m p e r a t u r e s  ‘‘ d e n n i st r e a t n ’’ C’S t l i t ’ app 1 led
he . it  - o t i r , s - t,- o u l P  a l so  I’ , ’ u n i f o r m . i n  t h e  p r t ’st ’i n- t ’ of  a f l a w  or damaged
F e C  l , ’i’. • ‘ d t s , - o n t  i nu o t i s  t h~’r m.i 1 , o i ~~1t i c t  l v i  I \ w s u l d  c a us e  .i pert u r b i s t  ion in
the ii ’,! t t’ I u x and t &‘mpet ’ a t t ir e  t I t ’ 1 d • re sts I t  1mg In  c u r ve d  i sot  horns and
S O S i U S  i t  SI’ - t cup c t at  ur os  ‘dowi ’- st t’ c,SIU ” 0 t h\ t ~ p e l t  ni ’ h’ .i I iou  as shown in 1’ gut  e 1

~~IRI~~S - - - C i - N l - ’RA h-P t ’} lF R MAI FIF1 P ( S L I t - ’) . Even  I t oug h most  miter t a l  s
o l u d  tri g netS1 ’. and c o m p e s it e ’’i c an l- ~’ Ideal fte,l  as I i f l i ’ , l l  - i ’l~~st i~~’ ev e s  .i F

o ~~~t i i .  o,- a i s t  ‘,‘r t  i on  ot  t a - s r  sad s ’ . i n 5 t ~ , S h er e  is  a l w , i v s  a l l \ ’st e r t ’si ~ l o e j~,
V er Sm,  .1 • u p o n  load  i t~~ .iiii l un I end lug . The ~‘ues ~~v so ~eut ’r ,s t ed in  a

i’ V C  i~’ of load ing  and unload t r i g  i s  d Issi pat i’d i s  hi ’ , i t  , ansi  t h e  i t e i i t  g e n er a t e d
l~ h i g hest  wLot ’ e S t r i ’~~ - ., ’s and , S o f e s ’ nt a t  i on  a r t ’ h i gh e st  . S s l i C e  C r a c k s  • t t.iis ’s

— a nd im ag ed reg ions wil I act  as stress c one  out i- at ,‘i’s u n der  app  I ted st ri ’s s ,
h ’  i e i t  5t ’s ler i4 ~ ‘d in i’VC leo  ot  10,4 , 1 is and u n lo a d  Ing i s l i l  be m a x im u m  w hor e

t he ~,t r e s e, ’ o as- i ’ hi  g h o st  • . . f l eL4 l’ t h e ’ S I . tn  poI  I - mt ’s Ic c oup on  i t  i’s • t lie
— m i t  r i t., I s  of low c o n d u c t  lv  i t  v .ini! St r e s s - - s t  t- .i in c h ,t r a e  I ci l et  j e s t  Ca u s e ’ .i

S - t t ~~~ i ’ hVS t i ’ t ’ t’S I S loop hi i ’l\i i’ t h e  st t o i s t ’ t e S t S  s t e a m  t h e  t l ,t t , ’e os e t a c k s  c au s e s

T ‘ ‘ hot  sp o t  s o d cv i ’ I op in t l i t ’ r eg ion  lmmed La t i i  v sid j ac cut t o  t he’ S l aw
(F’ 1 - R t i r e .‘ \

C.  Re I t  Sit i d e  r and S t  i n c i t e  sub ( r e ’s i’r t ’sls ’ i ’ ( t \ )  hay  e oh ’ sert ’  ~‘d hlt ’ ,1 t gt’nerii t I i’ll

n i - ,i r damaged reg i ens t a ii isn p~lc I od g r a p h I te  / epoxy  l~~m i nst  e wh I c1 w~t s S. sad ~‘d
cvc i I . a ‘~ Iv  , t t  “ i ” lI z 1w a s i’t’ V O  - ivI r . tu 1 ft t en t Ing us e  hi Inc . but  i t  I s  unc l ear
whethe r t he heat g one r i  S t Ori 1 ,511 du o t i ’ ,‘o !s t  i nn  tug d a m a g e ’ ~‘i ’opagat  ion s’S n-a
only visi’oel,isttic m a t e r ia l hi ’Intv l o t . l’ he ’v . i l so  51es5 ’rI i ’t ’  a Si I I ’  m et hod of

1
~~~~~~~~~ ~~~~~~~ 
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inducing t Iierma l hot spo t s  in t lawed spec imen s 1w inert ial evc  l i e  loading
throug h a shaker or t r an sdu cer ( r e f e ren ce  ( I ) ) .  Rec enti , Henne ke and Jones
( r e f e r e n c e  ( k I )  h a v e ’ h ’een a b le to show that hot spots a re p s o s l u e e d  at
delam lu at e d  areas ot composite lamin ates wh ich have been ax i a l ly  cycled
w i t h  an u ltras onic vtbvat or . a lso , Charles (reference (1)) has described
t he  use of l i quid c ry sta l s  to de tec t  f l a w s  1w both SGTF and EATF tec hniques .

0. The present program has invest i gated the  p rac t i ca l i t y  of det ec t ing
damage s i t e s  or f l aws  in composi te  st r u c t u r e s  using an in f r a r ed camera w i t h
vide o-i so therm readout . Both F’ATF and SGTF techni ques were evaluated . Var ious
spec imens , both f lawed and intact , wer e’ subj ected to EATF and SGTF hea t - -

g e n e r a t i o n. Photograp hs of the resul t ing  t einper ilt ur e f ie l d s  were t a ken for
several types and sizes of flaws In grap hite/t ’poxv , glass/epoxy, boron/epox y ,
and aluminum spec imens . Concurrent l y , a n a l y t i c a l  thermal field calculations
were made and checked ag a i n s t  the  t e st s  to exp la in  r esu l t s  obta ined  and
point  out factors which a f f e c t su c c e s s f u l  th er mograp hic detec t Ion of flaws
in composites. These preliaiinarv results have allowed an assessment to i’e
made  of the feasibility of development of thermographic tec hniques and
equipment fo r  use in the  N *va l av ia t i on  ma intenanc e environment . Tenta t iv e
conclus ions  concerning hardware required for thermograp ti le ND} have also
been drawn .

h
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II. EQUIPMENT AND PROCEDURES

A . t s t  e c t - ~ were’ imp lanted in p lates of lamInated grap islte/e’ i~oxv , b ’~’r o n / e ’p ex\’ ,
g l , i s s  f e ’poxv , and u k )u l— to aluminum . S i n c e  1,115,1 — To and gi-ap h i t . ’ hav e ’ u s s r  lv

ii, ’ sante c o n d u c t  lv i :  v (1 ‘~0 W/ t i  o~’) , ,t c o u i p o  5 i t  5’ 0 1  gr  ,i ~ it i t  e’ . i i i s t  a 1 I
w ill exhibit very little anisotropv in thermal conductivit y , and w i l l  have
abo ut t h e  s i :ne  c o n d u c t  lv it v as t h e  ,i lu r t  Intui t  .s lone . e ’ r tfl , % I S h i P  t s ’s ’.i S t s s em -
a l um i n u m  spit e imens a re  t i i e r e t o r e  e x p e c t e d  to  r e p r e s e n t  t, io u - s  of ~rsp iiltc /
, t l u u ’ i i n u r u  m e t a l  matrix composites .

S • I ’ent p s ’t  .it u n -  g r a d i e n t s  we t . ’ in d u c  ci In a 11 spec I n c u s liv app l y t u g  heat
external  1~ ( I A  I ’E )  o r  by n t r e s s — c v c l  log ( S C  i’fl . ‘fl it ’ r e s u l t  lug t r a i t s  lent
s u rf a c e  t e m p e r a t u r e s  we ’re  monitored 1w in .-\C,A S. i i s - r u i o v  I s ion S v a t  cm oSO / 102B
i n f r a r e d  c a m e ra w i t h  b o t h  b l a c k  and w h i t e  and c o l o r  I s o t  hei’ t: v i d e o  r e a d o u t .

A u n i f o r m  t e ’mpe ’r a t u r e  gr a d i e n t  wou ld  l’e i n d i c a t e d  on t h e  b l a c k  a- nd
w h i t e  screen as  a - , ‘ i i t  in uou s  c h a ng e  of shade f r o m  n - h i t e  ( h o t t e s t )  to  b l a c k
( c o o l e s t ) .

2 . I l ie co l or  tt t  l~ v is ion ic r~’est b r e a k s  a g iven  r i n g s - ot  t empe r at  ures
d~~wii into ten sui’--rangs ’s , and shows e t c h  1/10 ot  the t o t a l  t e m p e r a t u r e

5luge as a d iu t e r . ’nt color . -or e x am p l e , ,i 10° C gs i d i e s s t  f ro u : :  .~i t 0 L to 30° i
would -thon ’ up on the color sc r ccii at 100 C sel l s  i t  lv it v as :

‘t h . ’~l’ h- R A I l  RI” TI- 1~t i’ t - E,ii~ h i - ~i
LOS.  PR (°C) CO1 Ok

Whi to  abo v e ’  29 I ,  I ght B t ue  .h ~— 2 - .
Y5 ’l  l ow 28— 2~ Gre5’n 22— ,~ S
Orange 2 7 — 2 5  B lue  s :I’ et’n 2
f t ,t 21 ’— 2 7  h ) ,i rk B lue  0 — 2 1

.~ “~— 2 O  B l ick Be low 21)
I’s I t p le  2 - .—  2~’

es. ‘ 
, be r d cr s  ~5 ’t t,’eesl c o l o r s  r ep r e s in t  i sot i er m s  Is  or examp l e :  t lie

‘or, ! e ‘ct seen o ran ge  and red indicates si,: s’t~ as ’ c t emp s’ra t t s r  s’S of 27° C ’)
P5 -r t u s  - it ions in , ‘t i t er ~~.i i-i e smooth  i s ot h e r ms  as shown in i .~u r s - 1 i n d i c a t e

I t o  p : C S ef l c t ’  of I l an s i n t e r r up t i n g  o t h e r w i s e  u n i f c ’ i ’ iui s ea t  f l o w  f o r  EATF
m~~t h o d e , e nd hot s pot s  or c on c ent r  Ic c losed  i so t h i e r n i s i n d i c a t e  s t r e s s
conecuIt rat t o t s ,-; t sr  t h e  SC IF ’  heat generat  ion of F igurt’ 2. S i s i c e  ex a ct

ent p . - r i t  u r~’s are not necessary for i d e u s t  I f v  lu g  d e f e c t  s by p e r t u r b e d
Isotherms , most photograp hic records of the color video screen w e r e ’ t a k e n
in black and white . The resulting Isotherm hands a re  s u f f i c i e n t ly  d l s t t [n c t
t o  l o c a t e  d . ’f ect — induced perturhat ions .

C , F’.’pcs c’s d e t e c t  s ins ’ s -st  Iga t  ed were ’ d e l a min a t  I o t i s  , p a r t  Ia 1 t lir s’ugh—
5-rac ks , through—holes , and p a r t  lal t h r o u g h— h o l e s ,  Clu e t atter s,’e r e ’ used
to - i m i t a t e  bl ind—sid e -impact damage where the Impacted sitriace sites, ,. r~
o te, ss of d i tusge , hut t h e  back s i d e  can he sha t t e red  or s e v e r e ly  damaged liv
r e f  I c - t e d  stress waves . )  Some prel iininary t e s t  1mg w an a l s o  s l Oth ’ on r i v e t e d
alum inum j o i n t s .  Therma l gradients  were Indu c ed in samp le s  by conduc tion  and

- - ~~~
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rad i a t i o n/ c o n v e c t i o n  PATF methods , and by t en s ion—tens ion  c y c l An g  w i t h  an
I n s t r o n  teust machine to induce SCTF isothemms . In addition , tests were
conducted to assess the importance of emissivity, reflectivity, and
conductIvity for var ious painted and unpa inted surfaces. Finally, an
assessment was made of the need for several equipmen t fea ture s such as
temperature level adjustment , temperature sensitivity range , type of hea t
source and app lication techn ique , and type of video thermal readout .
Table 1 lists the tests performed and materials used .

TABLE 1 — THER MOCRAPH IC TEST PROGRA M OUTLINE

TEST TYPE MATERIALS , PARAMETERS TESTED
EATF METHOD SGTF METHOD

FLAW TYPE CONDUCTION RADIAT./CONVECT . CYCLIC TENSION

THRU—HOLE Gr/Ep ,B/Ep, — Gr/Ep ,Gl/Ep , Al
Gl ,Ep,Al

~ PART TIIRI’-HOLE Gr/Ep Gr/Ep Gi/Ep Gr/Ep ,G l / E p

D E L A , M I N A T I O N  G r / E p, G l / E p Gr/ E p , G l/ E p —

PART THRU -CRACK G r / E p Cr/ E p Gr/Ep

RIVETED JOINTS Al 
‘ 

- —

- ‘ 
SURF . REFLECTION Painted/unpa inted Al , Gr/ E p,  B/ E p ,  Gi/Ep

~ ~~, SURF . EMISSIVITY Black/white painted Al , Unpainted Gr/Ep,B/E p,Gl/E p

MTL. CONDUCTIVITY Directional Cr/Ep , Gl/Ep,B/Ep; Aluminum

[P~EYT FEATURE & Temp . level adjustment , temp . sensitivity range ,
P’5~~\Yh-:TERs TEST heat sour ce/app lication techn ique , video readout

0 . ‘or  t h e  EATF tests , two heat generation techn iques were used as shown in
~igure 3. In the conduction techn ique , a 6 —x’-6—inch ( 15 .2  cm x 15 .2  cm)
spec imen was clamped between insulated supports with the test section below
the suppor t s .  The top section (above the supports ) was heated cont inuousl y
wit t, art electrical heat gun . Heat was conducted down the specimen into the
test section causing transient thermal gradients ire the p lane of the specimen
sur fa ce . The radiation/convec tion heat app lication technique utiliz ed the
same low air volume heat gun with 350—600 watt electrical resistance heater
elements. Heat was radiated and convected directly onto the test section
surface , causing transient thermal gradients perpendicular to the surfac e
as well as parallel to the surface.

8
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E.  SGTF heat was generated in flawed specimens by cycling in a tension —
tension mode (R ” O. l , 0 . 5  to 5 Hz) at ma x imum aver ~e stress levels represent ing
0.05 , 0.10 , 0 .20 , 0.30 , and 0.50 of the flawed specimen ’s u l t imate  s tat ic
f a i l u r e  load . Figure 4 shows a schematic diagram of the SGTF test setup .
Results of previous investigations (references (h) throug h (k) for examp le)
have shown that heat is generated near flaws in composite specimens at 0 .2  to
0. 8 of the static ultimate load and at cyclic frequencies of 15 to 50 Hz .
The present program inves tiga ted signif icantly lower maximum loads and cyclic
frequencies .

5,.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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1 1 1 .  LATE FLAW DETECT ION TEST RESULTS

I ’ h I K i i 1 t L l l ~~I ls u 1, l :1 ;

I . A h o l e  w h i c h  extends comp 1etel~- t h r o u g h t h e  t hi c kn e ss  of  a p la te  can
I ’ .’ eas l i v  seen and , of course , needs no N I l E  liv any  means o the r  t h a n  the naked
cv , - . I t  is , howeve r , a convenient s iniu lat ion of o t h e r  d e f e c t s  such as impact
- - l i e t t e n in g ,  and provide ’s an easi ly m a n u f a c t u r e d  f l a w  f o r  a t e s t i n g  program .
i h i e r e t o r e , to  sheet l i g ht on t i l e’ ef t  e c ts  of ma te r  t a t  prop ert  ies , su r f ace
c i t a r a t ’t e r t s t  ics , h eat  .mpp l i ca t  ion t e c h m n  i ques , e tc  . , h o l es  rang ing in sizit f r o m
1/ iPe  t o  1 inch (0.04 t o  2 .54 cm ) in d i a m e t er we ’re ’ d r i l l e d  In . 0 ( i — l n c h  to
5 / 5 — i n c h  (0 .  I S  cm to (1. 1 2 cm ) t h i c k p isi t en 01 [ 0 ]  t r / E p (g rap h i t e/ e p o x y )

1) - B / l - ’p (i’oron/epoxv) , 0/ 90 t:l /E p (g l a s s/ e p o x y)  , ansi 6 0 6 1 — i t  a l uminum .
l b . ’ p l a t c’s were ’  m o u n t  eel in t h e  f m’ aiuue shown schiemat l ea ! l y in F I g u r e  3 and

l ’ . , i  c,I

-
, 
. I v p  te a l rt ’ uus  I t ,  s I or the  s’oi t Iu c  t Ion  e x p e r  intents , i  r e  shown in Fi gure  5.

t - ’s’t tie unis! i rc ct formal grap hite/epoxy spec incus , or ientat ion of f ib er s  to
t I m e  1 e a t  f l o w  d ir ec  t ion imimel a l a r g e  ef f e’ct upon the  degree  of i so therm
t ier  t u r i ’s t ion . In t i l l t l ir ee  cases  ( f f lie r s  para l I e  1 , p e r p e n d i c u l a r , and at

“ d e g ree s  to  heat  I I u~ ) t here was a d e f i n i t e ’ “hourg l a s s ’ p er t u rb a t  ion
- i  i omm nd t lie t l a w  as r eg  t o i s s  up st  ream of t ime  f 1 :iw heat eel mom ’s’ q u i c k l y and
n e st , b u s  slownstre’:mni ol t i m e  f l a w  heated I s’sS q u i c k l y than t ime’  u n f i a w e d  port  ions

O S  t he p l i t s ’ on e ’i t  11cr S t~le . However , t i me ’  p e r t u rb a t ion w an g rea tes t  or t h e
spec itus. ’is w i t  Ii I I hers  p i ra  l i e l  to  t h e  heat  f l u x  d it ’e’c t ion and least f o r

i t ’cru ;  a t  ‘10 de g ree ’s. ‘l ii i s  was expected , s ince  g r ap l i i t e / e ’p oxy e x h i b i t s  a
Ii I g h i  d egr e e  of i n S .  s~~t r ep i t ’ thermal  conduct  lv i  t v  , K ( about  80 Wmm °C

( u’s ( 1 ’ ’ I lie n d i i c e  t ion , and (1 . h W/ns°C t r a n s v e r s e  to  t lie f i b e r s )  . N o t e ’
lu ’ s hewe ’d I sot  he ’ i- i,t p a t  t i’m in t i m e  4 5— d egre ’c o r I en t  a t  ion .  I n  Id I rec t ional

5, ’ ! , t s u ; / , ’p s ’x v  i n  L I . ’rma l Iv l en s  an i so t r op i c  (K 0 . 7 , K = 0. 1 54/m °t ’) ,
,i i id  t t , ’ , osO p l I s’sl l a i n i n st  e t e s t ed  had a t h m ~.~~tftI~i co nduc t  i~~~~V~

’ahout  equal
I ’ ’  t ’~ tr amss ~- t ’m ’se , ‘ s i i i e l i i s ’ t  i v i t ’ :  s t  t h e  [ 0 1  C R / F - p .  ,-\s se e ms In F i g u r e  5 , the

0 / i f l  
- 
Cl / Ep cxii lb it ,’; ab ou t  t i m e same’ i so the rm p er t u r h a t  i o n s  as does the  (100

r / Pp . ‘ ‘ ron / epo xv has 115 a x i a l  conduct  iv i t  v between those of Cr 1 Pp and
c i  ‘ 1- p , i sP ti m e ’ pe ’r t u r l ’a t  i on s  in the [01 antI [45 1 B / P p i s o t i m e rn-i s of F i g u r e  5

e u ’s ci  ,‘a t , ’i t han t hose ’ f o r  g l a ss  hu t  less than  t iioss’ b r  Gr/ Ep . i s o t h e r m
p o r t  me m - b . e  t lou t s  t s t ’  l i t ’s t conduc t  ion t ransverse’  t o  I I hers was abou t t h e  same f o r  11/ Pp

e m ;  t s r  C r / P p a n d C l / V p .

S. , -\ 1 uns i mmmi i  was used to simulate grap h It c/ a l  uun inu un  me ’ta 1 mat  r ix  compos it its
l’ , ’u (  i i m - l ’ - sI I so l isemm s f o r  t i m e  a luminum samp les looked much I I k i ’ ti m e gr ap hi t e ’ /
and he u - on! ~‘p ’xv n&’su it s wit Ii el 1st in ct  ‘‘ hourg ia Os ’’ i s ot h er m  p e rt u r h at  ions
R , ’ u ; i i  it 5 .1 r e ’ shown In I- I g l i i ’es  (e anti 7 f o r  I R camer a  scum s It iv it it’s el ~ 0 

~ and
‘~~ I , r e ’ -;j ’s ’t i v e ’l v , w i t h  h o l e  d iame ter s  I rons 11o4 i n c h  ( 0 .0 4  cm) to 1/ 2  m d i

( I  .2  / - i t s )  . N e t  s’ th at  ho I t ’  ci iamet er s  of 1/16 inch (0.5 (-e cm) and less did not
s’ati oc v i s ;  i l l  t ’ p e r t  u r b .m t ions  in t ime i s o t h e rm  p at t  eni , wim l i e  h o l e ’ si lamet ers ot
I /5 inc I s (0 . 1 , ’ c m)  and is rgt ’r m enu i t  t ’d In v i s  l i i i e l o o t  lue r ni  p e r t  u r h a t  i o n s .
Al  u s. ’ , while ’ .‘‘‘ C I R c a mer a  sens it Iv It v set  I ings (F I gur e  7 ’) r e s ul t  e d  in more
( s o t  t i e ’rms t han t i l e ’  50 

~ sims i t  iv  I t  v r e s ul  t o  ( F i gure ’ 6) , t i m i t  i s ot h e r m s  in the ’
2 ” 0 i t ’uiul t we’re i t ’;;:; distinc t and showed “fuzzy ” boundaries between colors .
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B. Dl:LAMINATI0NS . Edge delaminations were p laced in Gr/Ep and Ci/ Ep plates.
Both conduction and radiation/convection tests were performed .

1. Tue upper half of Figure 8 shows results of conduction tests on
Cr / E p. The lef t—hand picture was taken as hea t propaga ted parallel to f iber s
from the right side. Note the “sp ike ” at the bottom edge of the plate at the
exact location of the edge delamina tion , and the coolness of the f r ee edge
where considerable heat Is being lost by surface convection . The upper
right shows resul ts of hea t being conduc ted transversely to the fiber direction .
Note the hot spot at the edge in the delam inated regions.

2 .  An ed ge sp lit was p laced in [0 ]  Cr / E p (lower lef t , Figure 8) b y peeling
up a 1/2—inch-wide by 1/32—inch-deep by 1— inch--long strip. Hot air was
rad iated/blown onto the surface to the righ t of the split with a heat gun ,
result ing in the isotherm pattern shown . Note that the flaw characteristics
are neatl y outlined h; the isotherm pattern .

3. The lower right photo in Fi gure 8 illustrates the effect of heating
a [0/ 901 GI/Ep p late containing a t riangular ed ge delamination at mid—p lane.
The resulting isotherm pattern not only clearly locates the f law , but outlines
i ts  boundaries accurately ,

C. PARTIAL THROUGH—HOLES. When composite surfaces are impacted with
low—velocity blun t objects , many t imes the back surface shatters but there is
no v i s ib le  damage on the f ron t  surface.  To roug hl y approximate th is  type of
damage , 1/4— inch—d iameter (0.64 cm) holes were drilled about 50 percent
throug h 0 .1- inch—thick  (0 .25  cm) plates of Gr/ E p and Gi/E p.  Both conduction
and radiat ion/convection tests were performed with the unflawed surface facing
the infrared camera .

1. In the conduction tests (top of Figure 9), an hourglass isotherm
p - r t i r b - - 1t ion pattern was visible in the Gr/Ep at the  flaw location. The
p, ; t  t~ - m s  were much like those which developed around the through—holes , and
c u c - a r l y i n d i c a t e d  the  presence of the f law .

2. For the radiation/convection tests , a hea t gun was held at 3 inches
(7 . (~it cm ) f r o m the spec imen sur face  and moved from lef t to r ight at a velocity
of  2 inches per second (5.08 cm/sec). At the location of the partial through—
hole , a distinct hot spot appeared as shown in Figure 9 , lower lef t , f or a
Cr / P p spec imen . Similar results were obtained for G l/Ep spec imens. To
evaluate the effects of cooling from a higher tempera ture , a cool , damp clo th

~as wi ped across the specimen ’s surface. The resulting thermal image is shown
in Figure 9 , lower ri ght. Note , in addit ion to the black spot at the defect
location , there Is a set of peaks or corners in the isotherm pattern runn ing
upwards from the left of the black spot. Upon close v isual inspec t ion , it was
determined that a part-through surface crack had been impar ted to the specimen ,
pr obabl y during the drilling operation . The interruption in thermal
conductivity due to the crack had caused a discontinuity in isotherms as heat
f r o m  the hotter upper left—hand portion of the spec imen (white on the photograp h)
propagated downward .

11
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O . i’ -~B l I Al. l ’iI R e iVCII— ( ’b-\ e ‘ES . t,~e’ve ’ra 1 c o n d i m s ’ I lou  t cot  were’ pert cried on :r/ Pp
samp les  w b t lm p a r t  1~~l t l m r s i u g i i — s ’ r i c k s  par sl  I c  I t o  t ime I lbe’r direction . It was
I ound t lis t t i i t ’t ; e ’ c’m ’acks could b~~~t l i e ’ slot t ’ct ed by heat I m x  cli  m ’ect  Ion
pt ’rpe’umti is’ ii t a r  t o  t lie c r slc ks , si r at  an a n g l e’ gr e a t  or t h a n  45 d egt’ees to t l ie ’
s r ae ’k . Thermal  p a t t e r ns  looked m u ch m 1 Ike  those  shown in Fi gure ’ 9 lower r i g h t
or irs Fi gure 8 lower I t ’ll , and ind ica t ed  b o t h  location and ex ten t  of t ime c racks .

E . R I \ ’ I - l ’V I ) A L l I M I N I P ’t__J O I N T S . ,-\ i x — r  (v e t  , a l u m i n u m  b u t t  J o i n t  was f a b r i c a t e d
f r o m  0. 0 6 0 — i n c h  (1. S mm) sheet Ing and ps) p — r  ive t  s as shown i n  F i gu re  10. The
J o i nt  was sec umes i in t i m e ’ conduc t ion t e’s r I g (F i gur e ’ 1) and heated from time
t op . i’ t ’st mit sui t s t i re  shown in I” i gure  10 , w h e re  t lie r i g ht  —hand p h o tog rap h was
t a k e ’s hO st’s’omm sl s titter ti m e’ ~‘ f t — hms mn sl p h o t o g r a p h.  I n t e r e s t  ing ly  , time top ma in
p l a t e  heated rap id lv , bitt the (‘over p 1st it on t i m e  t ront  heated very slowl y, and
never  re ’;mc lied t lie . it  l m e ’r ‘ 0 mI g h t t e n sp e r sm t u r e ’  . ,-~Iso , t lie two top  r I Vet  s heated
m o i e  rap id lv  than  t ime ’ s’over  p l a t e .  Close  v i s u a l  inspec t ion r s’ve ’si I t ’ d tha t  time ’
r i v e t  c’si jo  tot  was not  t I g ht  ; t l ist  Is , t he re  w :ms an a i r  gap between t imi ’ top ma in
p l ,i t it and t he co v e r  e m l ap  p i at  c ’s , and t ime  t im ird r bvet  was loose.  ‘l’h ls  resul  ted
In lit t lit heat be ’  l u g  t ran ; t e r  r e d  t o  t h i s ’  covs ’ r p l a t e  el i nec t I v f rom t h e  top  ma in
p h ~~t it , and prevented t i m e ’ t i m  ird rivet rain c’onduc t log an~’ n [gm’s if Leant heat to
t i m e ’ f r o n t  sut ’ t ;m s ’ e . I ’I ie ’se results , a It hioug im preliminary , indicate t h a t
t h e r m o g r a p hy m i g ht l ee ’ used for inspect ion of t n t e g r l t v  of r ive t ed jo in t s  in
a i m’ cr ,mt I s t r u c t u r e s .
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IV. SGTF FLAW DETECT ION TEST RESULTS

A . h’:~’e ’m m a t  t i m e  r s ’ i a t i v e l y low f requenc ies  of test ing (0 .5  to 5 H z ) ,  cycl ic
t e n s i le  load i ng was ab le  to cause d e t e c t a b l e  heat pa t t e rns  In 10 /90]  g lass!
epoxy lam inates . Figure 11, top l e f t , shows hot—spot  isothern s generated in
the v i c i n i t y  of a 1/4—inch diameter (0.64 cm) hole drilled 75 percent throug h
from the back surface of the spec imen . V isible heat was genera t ed af ter onl y
30 cycles at 1 Hz and 0.1 of the flawed spec imen static failure load. This
was typical of results of Gi/Ep samples contain ing partial through—holes and
th roug h— h o l e s .

B. Attempts to generate heat in graphite epoxy at the low cyclic f requencies
was at first unsuccessful , as had been similar tests by other researchers. The
l ower l e f t  p hotograp h in FI gure 11 shows a un id i r ec t ional Gr /E p spec imen wi th
a 1/4-- inch—diamete r  (0 . 64 cm) th roug h — h o l e  a f t e r  having been subjected to 1,000
c y cl e s  ;mt each of 0 .05 , 0 . 1, 0 .2 , 0. 3 s t a t i c  u l t i m a t e  loads .  Even thoug h some
s l i ght  t empera ture  r i s e ’  is observed near  time grips due to the high shear strains
in the  g lass/epoxy end tabs , no t empera tu re  change is vis ib le  near the hole.
- \ t t e r  about  400 cycles  at 0.4 s ta t ic  u l t i m a t e , a sharp noise or “ping” emanated
t r am  t ime  spec imen . The p ic ture  in Figure ii lower r i ght was taken 50 cycles
a f t e r  t i m e  noise was heard , and sharp “sp ikes ” of temperature were observed . The
test  was stopped , and the  specimen inspected . Two throug h—cracks were found 

.~
‘

running from the sides of the hole into the gr i ps , and were located in the
middl e of the heated al-ca observed with the infrared camera . Since it was
uncertain whether the heat had been due to liberated energy from the fracture
or frictional dissipation due to the rubbing of the opposing crack surfaces ,
the specimen was allowed to cool. The sample was retested at 0.1 static
ultimate and 1 Hz , and v isible heat sp ikes developed a f t e r  about 15 cycles .
A second test samp le was tested , this time with a 1/4—inch (0.64 cm) slit or
i’ram~ silt 50 percent  throug h the back sur f ace , perpend icular to the load
dire ct ion . Ti-m e test sequenc e was identical to the one used for the through—hole ,
and tb e  specimen was monitored closely to observe crack in i t ia t ion  and
p ropass’t  io n . Again , no v is ible  hea t was generated un t i l  150 cycles at 0.3
‘ ; t a t u ( -  u l t i m a t e , when the “ping” was heard , No heat was immed iately visible .
i - i f t e c i i  cycles  a f t e r  the  “ping”, the sp ikes shown in Figure 11 were observed .
The test was stopped , the specimen was allowed to cool , and then retested at
~~~~~ static ultimate and 1 Hz. The heat sp ikes reappeared after 15 cycles. It
is concluded that no significant heat was liberated from the fracture , and that
the friction was the source of the observed heat spikes. It is noted that
W!i i t c omb (referenc e ( j ) )  has observed similar heating effects in cycled
spec imens of da maged boron/ epoxy .

C. A t t e m p t s  to generate v i s ib l e  heat in flawed aluminum spec imens at low
f req u e n c i e s  were unsuccess fu l , even beyond the  elastic l imit  of the  mate r i a l .
(his is most likely due to the small amount of genera ted hea t be ing quickl y
conducted away fr om highly stressed reg ions.

L ,  

_  
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V . EFFECT S OF SURFACE CHARAC TERI STIC S

A . REFLF :cTIvr ’rY .

1. I)uring initial tests on unpainted aluminum specimens , it was no ted
tha t  occasional  spurious hot spots could be seen on the IR camera video
screen . Inves t igat ion uncovered that radiated bod y hea t could r e f l ec t  from
t h e  h i g h l y  r e f l e c t i v e  aluminum s u r f a c e .  Figure 12 ( t op )  shows a technician ’s
index finger held 1/16 inch (0.16 cm) from the edge of an aluminum spec imen . ‘ 

-

~cite t ime r e f l e c t e d  im ot spot at the l e f t — h a n d  ed ge of the specimen . Shown
f o r  compara t i ve  purposes are the color band isotherm video p ic tu re  ( l e f t )
and t imc’ continuous shade black and wh i t e  (gray scale) video p ic tu re  ( r igh t ) .
Timit lower half of Figure 12 shows the heat reflected from an ignition key
wh ich had been warmed on one side by bod y heat . Similar results have been
obtained for light bulbs , rad iant hea ters , etc. , as far as 20 feet (6.1 m)
away from the specimen . Obviously, su r face  reflectance characteristics and
ambient  condi t ions  must be taken into account if rel iable NDE is to be
performed w i t h  IR thermograp hy .

2 . The right—ha nd photograph in Figure 13 shows the thermograp hic pic—
tune obtained on an aluminum spec imen similar to that shown in Figure 12 ,
except that  the F igure  13 specimen had been spray pa inted with black and -

- 
-

white flat enamel , A techntci~ rm ’s arm was held near time spec imen in a
posi tion that had caused a significant hot spot to be reflected from an ‘

unpain ted  aluminum specimen . Note that there is vi r tua l ly rio reflection
from eit her the bl ack or whi te sides .

1 . Similar tests were conducted on Gr/Ep,  B/ E p, and Ci/Ep. No visible
reflected heat was observed for these composites , even when surfaces wer e
u npainted .

f l .  EMI SSIV I TY. Emissiv i ty  quant i f ies  the ab i l i ty  of a sur face  to radiate
‘ i c a t :  h ig h emissivitv surfaces emit more heat ;  low enmissivity surfaces eimsit
it ’s; ‘

~~s’:et. Since composite structures will most likely be painted or other—

~- i i ~~ e ’ (intslmed , it is desirable to know what effect , if any , d i f f e r en t pa int
ec - ors or types may have on results of thermal scanning . The same half-black ,
h a l l — w h i t e  pa inted specimen used for  r e f l e c t i v i t y  rests  was secured in the
‘-‘ond’, , c i o n  test stand iF igure  3) and heated at the top . Results of the
t r an s  ient  i so the rm pa t t e rn  are shown in Figure 13, left. Note that there is
so d i f f e r e n c e  in isotherm pat te rn  fo r  the two pa in ts .

C.  CONDUCTIVITY .

I. it has already been noted that for EATF conduction tests, anisotropy
ci conductivity has an effect upon t h e  degree of isotherm perturbation in the

v i c i n i t y  of a f l a w ; heat f l ow para l le l  to hig hs conduct iv i ty  f ibers resu l t s  in
the  g r e a t e s t  pe r tu rba t ions  (see Figure 5) .  Also , it is more d i f f i c u l t  to
obtain a significantl y perturbed pa tt ern in the  low c o n d u c t i v i t y  “ isotrop ic ”
materials (10/90 1 Ch /E p) than in the hig h conduc t iv i ty  isotropic mater ia ls
(,mlum tnmmm ) . In the low conductivity materials , isothernms were much mor e
closel y spaced indicating a higher thermal grad ient in the direc tion of hea t
flow , and the extent of the perturbation was not as extensive . In all tests,

14
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I t  ~- , m s  observed tha t spec imen ed ges were always cooler , indicating significant
conv ect ive heat loss at free surfaces.

2 . To examine t h i s  ef fec t more closely a hea t transfer analysis of a
w i d e , i l a t  p late was conducted . One edge was maintained at a constant
t emperature ’, and free—surface convection was allowed from both top and bottom
surface ’s. The stead y—state temperature distribution was calculated as a
t unct ion e)f p late length for thermal conductivit ies of K = 0.5 and 150 W/n °C ,
,m i s I re’sult s are shown in Fi gur e 14 . No te tha t effectivel y all of the heat
Input is lost f rom both p la tes In a finite distance , hut ti-me higher conductivit y
m a t e r i a l  h a s  ,i s m a l l e r  t empera tu re  g r a d i e n t  and heat is spread out over a - 

-

cons ide’rah lv larger dista mmce than for the lower conductiv ity materials. It
appears tha t time higher gradients for low conductivit y materials not onl y cause
sma l le’ r p e r t u r b a t i o n s  in tsotherms , but also cut down the  e f f ec t i v e  dis tance
over  w h i c h  a par t  icu l a r  conduct  i v i t v  t e s t  can be conducted .

H

1’~

1
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VI . EQU I PMENT CON SIDERAT IONS

l i e ’ p a r t  i o u  I a r mmm i ra rc~i camera e’qu ipm ent used in t i m  i s  i isv e ’st i ga t Ion was
I i i  r i v sep il i st I ca t  e’d and had cons iderab  i v  more opt Ions  t ban nec e’ssar V t am

L’S t I V C ’ use ’ jim NI h - of compos it e structures . Time c ut -r e n t  invest I ga t ioi m isa a
pa i i m t e d  out  sev e’r.m I areas where s imp 1ff I c a t  tots can be mad e , and o ther  t eat ur  c’s
w h m  i t - t i should rema in suhst ant  lal iv the same

A . V l 1 ) i - t~~ t ) l S P l ~\Y . t ’ou s iderahi v l ’e tt e ’r det  In It  ion at  t hm e ’rma l t le l d  p ertur ba t Ions
w , i~ obta jimeth f rom the color isotherm s;c r e ’eu t luau f rom t ime I’ lack and whmit e
sotut inu ous  shade sc ree’n . Ca h er was not e sseu s t  i a I , a time e I laws appi-ared as

i at  ine ’t lv  on t he ’ b l a c k  .iud w h i t e  p h m o t o g r ap ims as t h i e ’t’ d id  on t hue’ so lot  screen .
1” i~~iire i i  pr esent s .m direct comparison ot black and wim i t e versus color
p h o t a g t ’ ,mp im s a t  an SC I’l- t t ’’~t a t  10 C sens it ivit ~ ’ . N a t e ’  tha t t ime f r i c t  i on a l
lie .m t cli a a I p .mt  ed a 1 au g cr acked  stir f a c e s  ext and I ug I i-on the’ ho it’ a m’e espec I a li v
v m s  i h i  e t im bat hm p tmotograp hms . It is augge’st ed t hmat a l t  er iL i t  tug h l a c k / gr e ’v / w h  i t t ’
at  t’ p - - in I ~ it he use ’d u s  p la c e ’  01 cal or to reduce e’qu I pmetmt cos t  .

Ft ~ii’ERA1VRF SENSl h lVhi ’Y RAN~ i- . For tIm e ’ t vpes  of l i c i u t  geumet- imi loim t e’c him I qui t ’s
~s t ’d i n  t i m  is s t u d y , t e’mpe ’i’ a t t m r t ’ se’ns I t  lv it v range ’s w i t i m  I u l  I — sca le ’ read tu gs 01 1 ,
-
‘ 

, . i imi i c ’ C ~ .i vc ’ t 1st ’ l’ , -st  I d en t  I t  f a b l e ’  i ~~ t imer m r eadou t  s . A comp a 1’ i 5015 a t
pe ’ I t U u heci m s at  i i t ’r ms .u m ’ouui m d a I / _‘ — ins ii d f amet  er ho l e in hi  :m ck—p a I nt ed a 1 urn I tmm
‘ ai  at -n a  i t  i v  I t v  r . m l s ~~t ’s a m I t o  ‘~0° C is shown In FIgure’ 1 ic . N at  e tha t curved
i Sat i it ’m ms t ’ , i i s  c i  c , m 1- 1 v ht ’ seen in t i m e’ I , ‘ , and ‘~° C r a n g es ;  1 it t I t ’  c u r vat  t i r e ’ ti m

i i ’ 10” t t i n ge , arid t l i ’i h t ’ in  t l ie 2t )  or ~‘O” C ranges . A l t  boug hs some scums I t  l v  i t t
iii II~

; t merit w il l be’ ties I rabl e’ , perhaps  the range ’s o t 100 C and above can he
0 \ S  h t i t l e ’ti I or Nih l ” pu rposes

I F~t t’ l : RA 1 ’ t R F  i .t -x t - i .  APi t l S ’i’ME N’ h’ . Amb i ent t ernp e’r . u t  nr c  w i l l  c im an ge vi tim se’asen
, u i m j  g cogr :mp h m I c lo~’.i t ion , and an inc rease’ in spec lme’im t e’iup erat  tires norma l Iv

‘ i  i ;  ch it I im g ii~el i v  jtlt ia I NUF t e’at  a . it t lieu’ e’f e t c  appc.m t a t ha t  t i me t enupe’ra t t i r e ’
I - a I .u ,j  ma . t rn e im t  , used t o  p lace time 1 R came’i’.l rami~e wit is in t he’ range el
I t c~~p a t ’ i t i t m - at  a spec (m en d u r i n g  t est ing , w i l l  need t a be’ re t  a ine ’el

I ,  I i ’  I A1’h ’ 1 h C . -\ t ’ l i ~N i t - C L 1 N  h t ~t ’ i - ’ . A ime ’a t gun can  be’ used t o  gt’ne’m’at a tme at bet Ii

~
- , im d i ic  t ion pata 1 1 oh to t lit ’ surt ace and I or tad t a t  t on / c an v c c  t lo ts  norma l t o

s u r f m c c . F i g u r e ’ 17 sh o w s  conduct  ion t e a t  a ta t ’  a 1 / 4  - i t i c l i - -~I l anme ’t t ’i m, O. t~.’ e’rn ’u
- - t u - , - mole ’ in  a 1/5— jise’h—t is Ic k (0. I.’ cm) I () 1 boron / t ’p oxv spec ime’n . The’

1 s: I snsd p h o to  t,’.is t a k e n  [or t ime’ s t a n d a r d  conduc t  ton t e s t  at  I” igure’ ( t  ap~
i i , ’ t o  r i g l i t  t i . t m m i i  pho t o  i l l u s t r a t e s  t i m e  r e s u l t s  a t  tst’a t Lug I lie’ a pt ’s tme’n

- t he ’ hot  t am w (tim a I ~u O— w a t t ime’um t gun . Even t Imoug is I sot hue ’rrn s .mw.u v  I ron t l ~e’
I I . iw  c~ t ’l h t ’ i a ted  t c~ t tie ’ hue’a t gui m are’ gent lv ~‘u rv i ng ( r ig i mt I . t itt ’ i sat  hi t ’rm
p.i I t cm i s  s I g im ii i can t  I v pe r t  u r b c’d in time v Ic (mm I tv  et t ime ’ I I aw . be ’s . u t t s e ’  at  t ime ’
I a’.m I gun ‘ 5 port ab Il It v and ease o I imaimd Ilim g • It has advaist. age’s ovet ’ a st r ip 

~~~~

h i .ii~k at lse ’.m t cm- vi m It - ti inns t he se’s ui Oil to st rue’ I ut-al s t I l t  . l t ’ c ’ s  . Al t imoug hm l i m i t  lit ~l
wo r k  ise ’ e~ h s t o  be pe r t o i m e d  on st r i p lm& ’at cm ’ s • imen t l a m p s , hm e ’a t gun s, et e’ . , t ime’
por t  able hammel — h e l d  heat sours c’s seem t o  be’ pre  I e’rnh he its t ime’ N a v a l  2ev t a t  ion

~‘1.m I imt ~‘miaim c t ’ t ’flV I ronme’nt

h tu 

- - - - - --- - - - - a ~~~~~~ -
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VII. CONCLUSIONS

A . l im e ’ p r e’l i n t i m m . l r \ -  i s l v  c at  i gat  ion de ’sc ’r i t c e ’d In t i m i s  r e p o r t  t s . m s  shown t h.m t
m l  rar cct t hue ’rmogr ap hsy Is a strong c a n d i d a t e  I or deve Iopme’nt as an N1)l: t o o l  t or

— 
sava  i .mv tat ion ma tnt enanca app lications. EATF tee him ique s hav e ’ been sass e a s t  i i i
wit Im Cr1 Ep , C l / Ep , 11/P p .  and alum inum mat or Ia Is . Conduct ion  t e’st a tatv t ’ becn
.ih Ic’ t o  I ac.i  t c dt’ I am m a t  tons , parti al t h s r oug h u — lto 1 c - a 

• stir I a ce  s r. ic ks . and iaa~~t ’
v a t  t’d Jo tnt a; while m d  tat ian/cdnve-’c t ion t e a  Is  using a heat gun have ’ located

p.mrt i.i I t lmrou g h — i s a  l ea  and de’iam m it t i o n s .  SCTFs hsave been o b t a i n e d  in C I /Ep
m t svc h is  t re’quenc ies as low .ms liz anti 0.05 of s t a t i c  t i l t  [m a t  a 1 ond . Na

e ’rv .i h i  s hea t  was ge’na r im  t Ce1 in Cr1 Ep or a 1 urn m u m  wit it st m’ e’ss cone i’n t r a t  j o l l a
such .IS hmo l e’ s or notclme ’s, but axially cracked Cr/Ep geimt ’ratcd frictional heat
be’twe ’cu m si Iti  t u g  cr .ii-k  s u r f a c e s , resul t ing In p at t  e m s  v i a l  hi a w i t h  t i m e  IR

, i : ~le’ l . I  . ~ta re  work  is  ti e ’S e ’ssarv to d ot  Inc th se ’ I in i t  s of a i a , I ocat  i an , and
I vp e  a d ’  c ’s t isa t can  be’ d e t e c t e d  by t ht’rmograp lsv

Su r I  i c e  r e ’t It ’s I iv I Iv  and conduc t  i v  i t v  can a f f e c t r i - s t i l t s ;  pa j us t  ed s u rfa ce s
r e d u c e’ s p u r i o u s  r e f l e c t  i o n s .  Time c o l a t -  a t  pa int  hmad no v i s i b l e  c f l  ccl upon
i sa t  berm p at  t e m s  f a r  t ime 1 in it ad test s run . Ft m r t  im er t e st  a need t a be
pert ormed t a r  a wider range’ of paint vpes and colars , and to  de t e r m i n e  i f

i led or abraded  s t i r  f t c  c ’s a l t e r  results

I’ . it I s ~
• I ea r t ha t  I r equenc  ics hi gher  t i t a n  I to ~ hL al’s nec essa u’ v t a dove i o p

5t ’ Ft- heat p .mt t erui s in t m’ / Pp and a luminum . P erh aps  I r equenc  Los be ’t wee’n t ti e sc
o l c I  , i  in a b  1 a f r om  st ’r v a — l s v t h r a u l  I c  test mac im ine’s (50 th~ 

‘I anti tilt rasoms is f re q u e n c  it ’s
wc ’ i i d  be opt imum . Tim is is especial.  lv important since time load levels requ irod

p r o d u c e  d e’t C’s t a b l e’ lien t a t  I aver f requenc I es mat caut at ’ damage  propaga t io n
0 1  r ~‘h ~ - t ion  in a t  r i t s  t u r a l  i l l  et inc under fat igue load ing (refere ’nc es ( i i  I a i md ( j I l

~~i’~m p ti v hut s I hi ’ patent 1.-u I I a exam i no l a rge’ surf ace .i teas rap id i  v
w i t  bou t t ime need I as  sap t m t i sa ted dat a redac t  ion and [nterps- t’t.i t ion . Resu 1 Is
at ti m is  i nvt ’st i g.m t ion m d  icis te’ that delaminat l an a , b l i n d  su r f  ace impact  d a m a g e ’,
.51St1 sa r I  i c e ’ c i’.ms ks &- .mmm be’ de’t c’cted by j us f  m - a r e ~i t i sermal  f i e l d  t ~‘shm iqut’s

ui - t h i t ’ t’ \ s i ’i k i s  warranted t o  de ’te ’rrn inc ’  r a n ges  of I l . mw t v p t ’s , I i .m ts  s i .~cs ,
t~ law ~‘c i  t ion • and at ructura I mater In Is tha t can be ident if ied by bat  hi PA ii- ’

;m nuh SCFF t e’cimn I ~iu ’ -~ . \ I s c  , b o t l m  EATF ’ and SC’t’l-’ met hod a and heat  app I icat i ems
C i’s t in t q mt e ’s tie ’e’cl to be’ de’ve loped  and r ot  m o d  to dcl  ine’, m t e’ tim e best avst ens

a n t ’  i i m a t  t a n s  fa r  e’qu ipnsent th e ’velopm e’nt , and to Jet  orisi [ne’ el fec t a a t  at r it e  t t t i ’ .m 1
- ; mtrl .ms c s on d i t  io n s (p ,mill t , dirt , oil , etc.) w h i c h  o c c u r  i n  t i e ’ im avai .uvi .it ion
cmiv i ronme’n t . t~ spec Ia 1 importance I s t hue d e’t em inn t ion at whet Ise’r SCTF
- i t  tsad S i S  is c vc I t s  1 aad a w i l l  d e g i a c i  e’ sI r  t’i sg t i m  of at m t i c  t u rn  I st ’s t cm~ Jut ing
t t ’st tri g .

1.
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V I I I . RECOMMENDAT I ON S

A. Pursue addi t ional  t t m e~~~ograp hic tes ts  to :

I . De termine manges of flaw types , f l a w  s izes , f l aw location , and
st ructural materials that can he identified by ho tim EATF and SGTF techn iques.

2 . Det ermine time surface reflectivity and emissivity of a wider range
0! paInt type’ s and colors .

Il . Determine it soiled or abraded surface ’s alter r e s u l ts .

-~~~. Determine the optimum frequency to develop SC TF pa t te rns  in C r / E p
and a I tum in um

~~~. Determine’ whet her SCTF methods  us ing  cy c l i c  load s w i l l  degrade
strength of strut tural systems during testing .

is
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FIGURE 1 - COMPARISON OF TEMPERATURE FIELDS IN MATERIA L WITH AND WITHOUT
INTERNAL FLAWS , EXTERNALLY APPLIED THERMA L FIELD

I SOT HER MS

F i G U R E  2 - SCHEMATIC OF OBSERVED TEMPERATURE FIELD IN A FLAWED (O :- - +  45)
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HEAT HEAT HEAT

(0) GRAPHITE/EPOXY :~
I.

HEAT HEAT HEAT

_

(0/90) GLA SS/EPOXY (0) BORON/EPOXY

NOTE:  Arrows under p l a t e s  i n d i c a t e  f i b e r  directions . h ea t conducted f rom top
of  specimens .

FIGURE 5 - PERTURBED ISOTHERM PATTERNS AROUND 1/4-INCH-DIAMETER
(0.63 CM) THROUGH-HOLE IN COMPOSITE PLATES , EATF
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HEAT CONDUCTED FROM RIGHT EDGE HEAT CONDUCTED FROM TO P [DG[

(0) GRAPHITE EPOXY

RADIATION/ CON VECTION

BOTTOM EDGE BOTTOM EDGE
SURFACE HEATED WITH HEAT GUN SURFACI HEATLD WIT H HEAT GUN

I
(0) GRAPHITE EPOXY - EDGE SPLIT (0/90) GLASS I POXY - P1 1 AM INA 1J O N

FIGURE 8 - P1 RT U R BED ISOTHERM PATTERNS AND “HOT SPOTS i N  DE LAMiNAT E 11
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(0) GRAPHITE EPOXY IHEAT CONDUCTED FROM TOP EDGE

RADIATION/CON VECTION

— 
- IEF

$ I
HEATED WITH HEAT GUN COOLED WITH DAMP CLOTH

(0) GRAPHITE EPOXY

FIGURE 9 - PERTURBED ISOTHERM PATTERNS ( TOP ) AND ‘ HOT SPOTS ’1 ( BOTTOM)
AT PARTIAL THROUGH-HOLE ON BACK SURFACE , EATF
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EMISSIVITY REFLECTIVITY

BLACK/WHITE PAINT ON ALUMINUM BLACK/WHITE PAINT ON ALUMINUM
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FIGURE 13 - EFFECT OF BLACK AND WHITE PAINT ON EMISSIVI TY
AND REFLECTIVITY OF ALUMINUM SURFACES
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0 
- 

LENGTH (X) 
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K 150 W /rn °C

II PARALLEL TO FIBER DIRECTION
.i. PERPENDICULAR TO FIBER DIRECTION

CONVECTIVE LOSSESr 4
H

FIGURE 14 - TEMPERATURE VERSUS LENGTH ALONG WIDE PLATE HEATED AT X = 0
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SENSITIVITY

_ _ _ _  

I - ‘ __-
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1O” C RANGE 20” C RANGE 5O’~C RANGE

FIGURE 16 - COMPARISON OF VARY ING IR CAMERA SENSITIVITY RANGES USEL) DURiNG [ATF
CONDUCTIVITY TESTS OF BLACK PAINTED ALUMINUM WI TH

1/2-INCH-DIAMETER THROUGH-HOL E
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