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ABSTRACT: ultrasonic scanning acoustic microscopy is a nondestructive method useful for

-meterial-elastic property quanrifiiation as well as ciict< size determination for surface and

iijbiurface cracks. mi''.01-t""d;| ,h" method over destructive methods for crack size de-

terminarion is rhat,t.-i*oging iechnique can provide the crack sizing information while help-

ing in rhe.Jcrccrion 
"i' i;,;-rf;. 

degradation and early crack initiatigt::l!i:l ltt^t.9::th ttn

be monitored tlunng'int.t*pt.O fitigue tests. Variols metal matrix composite systems with

titanium based marnx'""J-ics-o fi-bers have been evaruared for this study [Ti-24A1-t lNb

(atomic percenr),  Ti-6Al-2sn-[zr-2Mo(weight percent),  and Ti- l5Mo-3Nb-3Al-0'2si  (w'eight

percenr)). ttre scannrnf aioustic microscope"tec|nique has been.applied to materials subjected

ro borh room rempc;i";; *6 ;t.uut.O t.*p.rtrrt. fatiguecyclin-g in add.ition to thermome-

- chanical fatigue tln-pfrai. anA our-of-phasej conditions.-A 50. MHz scannins acoustic micro-

scope has u.en ur.o'il i-h. ittging'and.evaluarion of the damage initiation and growth of

surface/subsurface.r..tr.ro inf,rficial degradarion. All the images hl:: 
T:l_?:itl:::1 :1

.ipr"tii"g rrre surrace *.t= .otpon.ll 9f rhe uluasonic signals from the scannrns acoustrc

microscope because 
"i 

ii. ftigml!.nti iui,y of surface *aveslo both surface / subsurfrce crac ks

and perhaps also due to rhe -hanges in interfacial elastic properties' The results shown in this

paper provitl. o u.ry"gt-J'unJ."irOing of the crack initiaiion and growth as well as interlrcial

<legradation process ?;";;i;GeJmeral matrix composites when subjected to c1'clical

stresses at elevated ,.*p.t","*t and room temperature' The resultS indicate that the combi-

nation of high temperature and sgess is uety seuet" to the interface between the matnx lnd

the fiber.
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Fiber reinforced composire materials are being considered for a number of applications

because of rheir improved mechanical properties as compared to nonreinforced materials. In

applications where cyclic loading is expected and where life management is required' con-

sideration musr be giu.n to the behavior of the material in the vicinity of stress risers such

as notches and holes. lt is in these regions that damage initiation and accumulations are

expected. In the case of metal matrix composites for aircraft structural and engine compo-

n.n,r, several damage modes near sffess risers have been identified U]. One important dam-

age mode under .y.ti. loading is the nucleation and growth of matrix cracks perpendicular

to ttre fiber direction. In some composite systems, the matrix crack growth occurs without

the corresponding faiiure of rhe fibers. This process results in the development of relatively

large matri* .ru.L, that are either fully or panially bridged by unbroken fiber1. The presence

of iriAglng fibers can significantly influence the fatigue crack growth behavior of the com-

posite. 
-to 

d.u.top a life predicrion methodology applicable to these composite systems. an

inderstanding must be developed of borh the matrix cracking behavior as -we]l as the influ-

ence of the unbroken fibers on the crack driving force and the affect of interfacial degradation

and damage on the eventual failure of the composite.
paramount to understanding the influence of unbroken fibers is understanding the mech-

anisms which transfer the load from the matrix to the fiber. The mechanics of matrix cracking

and {iber bridging in brirrle marrix composites has been addressed [2,-t]. The analysis is

based on the shear lag model to describe the transfer of load from the fiber to the matrix.

In rhe shear lag modet. the transfer of load occurs through the frictional.shear force (t)

bciween the fibcr antl the matrix. The analyses indicate that size of the region on the fiber

o'er which r acrs can have a significant effect on the influence of unbroken fibers on crack

growth rare behavior. However. although some indirect ultrasonic experimental techniques

tar.e been developed to determine rhe extent of the influence of t t44); no direct nonde-

srrucrive experiminral rechniques have been demonsuated to determine the extent of the

inl luence of r. Another important inrerfacial phenomenon is the degradation, fracture. or

failure oi rhe inrerface r.ruhing from crack initiation and growth which is the aspect of

intercst in this paper.
The .bjectiye of this paper is to demonstrate the uti l i ty and versati l i ty of scanning acoustic

microscopy (SAM) fbr material behavior research of metal matrix composites. Hence. in the

*ork reporred in rhis paper. rhe SAM rechnique is uti l ized for nondestructively determining

resions of inrertacial degradarion while simultaneously providing indications of surface crack

lcngrh in rhree metal matrix composite systems. The specimens have been subjected to

'arious rest condirions including room temperature, isothermal mechanical fatigue' and ther-

momcchanical farigue. In the interfacial regions of al l  the specimens, subsequent destructive

s.aluations are used to verify the indications reveaied by SAM.

Scanning Acoustic !I icroscop-v (SAM)

Sc3nnine acousric microscopy was developed by Quate et al. [281. It  has been extensivelv

srudieci by Briggs er al. [9-13] since that t ime. The most important contrast phenomenon in

I SA!{ is rhe presence of Rayleigh waves which are leaking toward the transducer and are

'erv sensiriye io local mechanical properties of the materials being evaluated. The generation

,ni prnp.garion of rhe leaky Rayleigh waves are modulated by the material properties.

rhere'b1, 11 ing it  feasible ro image even very subtle'changes of the mechanical propenies.

A SA\,1 rransducer is schematical ly shown in Fig. l .  The transducer has a piezoelectr ic

lcri 'e element situared behind I delay l ine made of si l ica crystal oriented such that the

i - l - l  i lx rs  rs  para l le l  ro  rhe d i recr ion of  sound propagat ion.  The th ickness of  the rc t ive
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element is suitable to excite urtrasonic signals (with a nominar frequency of 50 MHz in rhis

case) when un .r..,i.oi spike voluge ii Jttiut"d to the piezoelectric element' The silica

delay has u ,ph..,.ai acoustical .on.ou." r."t tiig. 1) which is ground to an optical finish'

The numeri.ui up.riu* iNn, .u,io of the aiumete"r of rhe lens to the focal distance) is l '25

for the transducer *J io, this study. e" Nn of more than l (or F number, focal distance/

diamerer, of the f.nr-i.r, than 1) it ttttntiA for the SAM technique to effectively generate

and receive surface-waves in the specimen being imaged'

The principle of operatiol^t3,.tN';;tl;;t; is bised on the production and propagation

of surface acoustic ivaves (SAW) as a oitttt iesuit of a combination of the high curvature

of the focusing lens of the transdu..;;;;il Jtfotu' of the ransducer into the specimen

t7,14l.The contrast of the images 
"b;;; 

using SAM is based on the attenuation and
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reflecrion of SAw. In addidon, the sensitivity of the SAW signals to the surface and the

subsurface features depend on the degree of defocus and has been well documented in the

iirerature as rhe v(z) cun,es [/5]. The defocus distance arso has another important effect on

rhe SAW signal oUrained Uy itre SAM transducer: the degree of defocus dictates whether the

SAW signal is well separated from the specular reflection or interferes with it' Thus' de-

pending on the defocus, the SAM technique can be used either to map the interference

phenomenon in the first layer of subsurface fibers or to map the surface and subsurface

i.otut.t (reflectors) in the specimen'

Test Specimens

The SAM was used in conjunction with several on-going material behavior investigations

ll6-tBlro evaluate the exteni of damage accumulated during the respective test procedures'

Specimens were removed during or aft-er testing and evaluated using the SAM' Thus' com-

posite materiars composed of a range of differ-ent matrix materials could be evaluated. All

the specimens are titanium matrix composites reinforced with a silicon-carbide based fiber'

commercially designated SCS-6, that has a double pass carbon rich coating' The matrix

marerials incrude u"b.ru processed ritanium alloy, Ti-l5Mo-3Nb-3Al-0.2Si (weight percent:

Specimens l, 2, and 3), a conventional tiunium alloy Ti-6Al-2sn-4zr-2Mo (weight percent:

Specimen 4), and an 
'alpha-two 

titanium aluminide alloy' Ti-24A1-l lNb (atomic percent:

Specimen 5). The Ti-24A1-l lNb and Ti-l5Mo-3Nb-3Al-0.2Si cornposites were manufactured

i:,iiig r.nc ioil-ilber-foil process, and the Ti-6Al-2Sn ]l;7r'2Mo was manufactured using the

piasma spraY technique.

Exferimental Confi guration

The ultrasonic imaging was done by using a 50 MHz. nominal frequency SAM transducer

',r'ith a focai spot size of approximateiy 15 im (theoretical) when focused on the surface of

rhc specimen. The ultrasonic beam was defocused into the specimens to generate leaky

Rayleigh waves propagating along the surface' The defocus was enough to avoid interference

of rhe surface wave with the specular reflection from the front surface of the specimen (the

cxacr defocus distance for each specimen to generate and receive leaky Rayleigh waves'

ho$'$,er. is ticpendent on the properties of the rnatrix material)' The depth of penetration of

50 MHz surtace waves is aboui 140 pm (theoreticai)' The SAM transducer was rastcr

scanned in a piane paraller ro rhe surface of the specimen while simultaneously producing

und receiving Rayleigh waves. The digitally recorded Rayleigh wave signals were softrvarc

gated [/91, and 
-ifre 

iesutting amplitui. *ut plotted to generate the acoustic micrographs

shown in this PaPer'

*:;t.r.rrrts 

of SAM applied ro metar marix composites (MMc's) wilr be presented under

several subsections based on the type of composite system being imaged' The fatigue test

parameters for eaci, specimen *iii Ue outlined for each specimen in the conesponding

subsect ions.

Specitnen t : SCS'6/Ti- I 5.\Io-3Nb'3Al'0'2Si

One benerit of the SA\1 is that i t  provides
. n r , ' r f r r ' r : r i , 1 : rm :11 ,e .  T t l  Je i ' : ons t ru te  i t s  u t i l i t ; " .
. l i l l ;  l q s r q r

a nondesrructive indication of the extent oI

a notch tho let  ta t igue expenment  " \ f ,s  
per l -



odicailv interrupted and rhe specimen was scanned using rhe SAlvl to evaluate the de"ei-

opment of damage dunng the i i fe of the specimen' Afier each SAM evaluation' the specrrnen

was returned ior further fat igue cycl ing' The fatigue cycl ing was terminated after the thrrcj

intenuprion ar 9.66 X i05.yi l .r.  For this test. the composite consisted of a cross-plv laruo

of f ibers in the [0/90]. configuration. Prior to testing. a SAM image was made of the spec-

imen to esrablish rhe inir ial integrity of rhe marerial. The pretesting image is shou'n in Fig'

2uandshowsnodamage to the in te r facesp r io r to tes t i ng '
Atier rhe inir ial scan. the specimen was iat igued isothermally at 650"C with a maximurn

remore srress of 200 MPa applied at I Hz along the fibers with reference to the image rn

Fig.2a.The fatigue ,.r,  *oi stopped after 1.54 x l f f  cycles or approximately 43 h at the

specified high temperature. One matrix crack could be seen on each side of the hole' One
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cr:.rck irt i t iLrtct j  elr l icr in thc tcst and had a surt 'ace length of 2'36 mm lrom the cdgc trt ' thc

lrr lc *.hi lc rhc cruck on rhe othcr sicle hacl reachetl a length of 0.5-t mm t 'rom thc edgc ol '

rhe hglc. Tltc specimen \\ 'as renroyed t 'rom testing and imaged using thc SAiv' l '  Thc rcrult ing

i rnagc is :horrn rn F ig.  lb .  In  rh is  f igure.  the t lamage.  (as ind icated by the h igh contrust

rcgirns) 'r i i : inatcs at t irc top and bottom of the hole and proceeds away t iom thc h' lc '  l long

thc t ibcrs. Thc demugc is ulso seen to originate at the crack plane' where the crack c\Do\c\

the intcrior trr.  the ,p-ecimcn to the environment. The uctuar crack length is longer rhan rhe

rcnsth rrrcr,.rhich the high contrasr region is obsen'ed. This difference corresp'ndi ro rp-

pr.r inrurclr rhrcc t ibcrs i t  cuch crack i ip un<i apperr.s to be related to rhe relarircrr .cccnr

er tcns i r rn  t r t  i t id  i rack in t r t  th is  reg ion anci  perhaps the consequent ia l  :honcr  dL l r ; ' l t l t tn  ' t rdr
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Ti-I5Mo-3tl 'b.-rA/.0.:si (l l ,eigh, perCent| ,tpt,<.intttt in Fil ' , 2,1 ttItcr

70 h of isothermal t l6f Cl J'uti14ue test'

rr.hich thc cnrlr0nmcnt has had access to those t iber-matrix interfaccs' Thc shorrt 'r  cruck on

onc s i t ic  ( ) t ' rhc hole is  on lv  beginning to  t iere lop an af fected zone and is  barc lv  v is ib lc  in

the ultrasonrc lmase although the crack extends ibout three f iber diameters at the suriacc'

F igurc } . i r  rhe sA\ ,1 imigc; . r l ic r  an addi r ional  9 .66 x  l0  cyc les were uppl ied for  a  to ta l

o t .  l . j i  <  10.  c . ,c les and ror i l  t ime of  70 h l r  rhe specihed h igh temperature.  In  th is  l igurc '

thc cracks on j: l .h sicle r l t '  the holc can be ieen clearl)" The larger crack hld sro\\ 'n to a

:urmcc lcngth, r t  l .SB mm l ' r t lm the cdge of  the hole.uhi le  the crack on the t l thcr  r idc had

:.e::chcd u lcnr:: ,rt '  l . l f  mrn l ' rom the- edge of the hole. The region trt hit :h i trntr lst hus

l r r : i ' r ic r l  . : , i r , : ' . i  l t . - ' - : : :e ! . .  l t .  ' . "c l l  l ts  to  th ' i ' . i : i . rn t i  r ighf  r r t ' the h. lC '  Hrr \ \c ' " i l '  :n  : : :c  S" \ \1
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i r n i r gc  rn  [ : r g .  ] r . .  t hc  l as t  t h r cc  r i bc rs  a t  t he  t i ps  o f  bo th  t he  c racks  d id  no t  sho$ 'anV  i n t c r l l c l u l

t l l r r t t  l tgc.

T. 
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rhe indic:.rt ions made by the SAM. the outer layer ol '  matrix matcri i . l l  on

S'cerr : rcr  i  i r .as c tchcd a\ \av us ins a saturated so lut ion of  tar tar ic  ac id in  lOf i  brominc in

r rcr l . r rn( ) i . ' fhc crchcd spcc inrcn rva-s c leancd u l t rasonica l ly  in  acctonc.  photographcd.  lnd is

\ t t ( ) \ \n  : ; r  F i l j .  } / .  Thrr lushout  mt ls t  ( ) t ' the exposed lavc ' r  o f  f ibers '  thc outcr  coat ings ot ' thc

l i ircr-. i l r ' ,c rcnruncd int icr and appcar rvhite. Thc dark regions above and belort ' '  the holc

rndie: l rc  lhc eruck ing ot ' thc c( ) i . t t ins.  In  most  cases.  when the envi ronmcnta l  exp()surc t imc

is  nr l r inrum. rhc co i r ings harc bcen remoYed complete lv .  exposing the dark s i l icon carb idc

tr i-rcrr 'ncnclrh rhe coilr in_rr. Thc cross-ply t90"t t ibers in the second la1'er can also bc dctcctcd.

F-rrrnr lhe rnc6l6r:raphic imagc in Fig. 1/. rhe h;-pothesis of gradual degrldation tr l ' thc

irrtcrluc., : .  :urgcslci b.."ur. thc interfaces of rhe f ibers cut by the circumt'crcncc t-rt ' the

htr lc , . , .c :J . \poscd thc tongc\(  t ( )  the severe envi ronmenta l  condi t i t lns; lnd 'h t luu cnough

J: l ' r : : r . :  . r )  , r ) rc  thc in tcr l ' tc iu l  er la t ing t - lunng c leaning.  Hcl ! \ever .  the longer  lnd t l lder ' f  the

i r i i l  . : " - i . .  .h0rr  r t rntc  t iur r t l rsc t0 thc in ter face r ' ,here3s the shoner ' r l lck rht l r rs  : l l t l ' ' t l ' t  n t l

. l : l : : : . . : . - , ' : . : . J : ] . l c 1 i ' l i i r l g r . 1 J . i 1 ' . t i t l t t ' u c h u l t r u s t l n i c i m : . r g c s i n d i c u t c . r l h c r r r i . c . P l : - r i l t . : 1 . ' : - i ! ] -
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derway to conduct eievated temperature experiments in inen atmosphere to further evaluate

the effect of oxygen on the interfacial degradation process.

Specimen 2: SCS-6/Ti- I 5Mo'3Nb-3AI-0.25i

Specimen 2 is a four-piy, unidirectionally reinforced composite of SCS-6 f ibers in Ti-

l5Mo-3Nb-3Al-0.2Si matrix. This beta processed matrix material was chosen for composite

applications because of i ts improved environmental resistance at high temperatures. As such.

Specimen 2 was farigued at an elevated temperature (650'C) to investigate the notch and

fatigue crack growth behavior of this composite system. The specimen was rectangular in

shape wirh a width of l9 mm, length of 150 mm, and hada4.76 mm diameter hole machined

in the center. The fatigue loading was applied to the specimen in the direction of the fibers

at a frequency of I Hz and at a maximum remote applied stress of 350 \lPa. Fatigue crack:

init iated quickly in the circular hole and grew unti l  the specimen fractured after 1.82 x l0i

cycles. This corresponded to approximately 50 h of high temperature exposure during the

li fe of this specimen. After testing, the specimen was evaluated using the SAM.

Figure 3 is a SAM image of Specimen 2. The fractured edge of the specimen includine

rhe remaining porrion of the circular hole is on the right-hand side of the f igure. Four cracks

init iated around the hole. with one crack on each side of the hole dominating and eventuallv

leading to fai lure. One of the nonfai lure cracks. labeled E, is visible in Fig. 3. Note that the

fiber locations are easily dist inguished throughout the SAM image-

A rcgion of high contrasr. evident in Fig. 3. appears to extend aiong the f ibers. Thc shapc

of thc high contrast regions suggest that both the local stresses and the duration of e xposurc

to the high temperarure environment inf luence the extent of damage. The zoncs labclcd .\

and B on the f igure are regions of stress concentration near the notch. Cracks init iatcd in

this region. exposine rhc interior of these regions to the environment erlv in thc tat iguc l i ic.

Conscqucnrly. the largcst affccted length o[ hbers appear to originatc ncar A and B. In

conrrasr. rhe ut ' lccred l ibcr length between G and H is considcrably lcss. evcn though thc

tibcr cntis ar thc hole were exposed to the environment from the beginninu t l f  thc test. Thc

seomctrv ol '  thc norch leads to hber strcsses in this region which arc considcrablv srnallcr

in magnituric than ihe strcsscs near A und B. It  appears that the di l ' f 'crcnt \trcss sl, lr tc in thi.

rcgion ha.s at ' fcctcci rhc ratc of cnvironmental intcraction. Thc zoncs bcginning at labci: C

tnd D and cxrcnding to  cach cdgc of  the specimen arc the regions of ' fast - l ' r lc turc .  In  th is

region. rhc SAM did not dctcct strong diffcrenccs t iom the virgin matcrial.  Finallv. in thc

crack srrlr," ' th rcgion shorvn by CA. BE. and BD. a gradient of al ' fcctcd l ibcr lensths is

et ' i t jent. presumablv rclatcd to the duration of exposure aticr matrix cracking. Thcsc tthscr-

varions indicatc rhat thc ct '{cct detcctcd bv the SAM is rclated to both \ lrcss and cxpo\urc

dur l t ion.

Slte t ' i rrt t ' t t  -1: SCS-6/Ti- I  5*lt t-Ji\ ib' lAl-0.25i

A rhcrmomcchanical t 'at igue (T!IF) crack growth test rvas conductcd on a lbur-plr uni-

dirccrional composire rvith a t i tanium matnx reinlbrced with si l icon-c:-rbide. SCS-6. t ibcrs

[/,91. Thc crack rvas grown perpendicular to the t iber and loading direction. Thc sinulc-cdgc

notch rSErTr t  spcc imen wi th  c lamped ends [30]  was 15.31 mm rv ide and 0.96 mm th ick

*' i th rhc init iul ED\l norch lc'ngth equal to 7.593 mm. The specimen \\ 'rs subjcctcd to .r

constant P,,,. , .  throughout thc test of 3.1 k) ' i  r t  an R (stress ratio R = .t. . . .n/.t . . , . .) ot ().1 t)ut-

of -phasc r r i rh  u rhcrmal  c ; -c lc  bets 'een 150 lnd 538"C.  Our-of -phasc mcrn\  that  thc: l l r . i \ : -

rnurn l r r ; : t l : rnd rn in imum te ntFcr i l turc  ( )ccur  ut  the samc t i rnc dur i  ng cuch;"e : : .  T i re  \ne ; :111. ] : l
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r65(t 'C I Jitrr,ut ' tc.rt (/ ' '92 x /O' c'vc'/e'r) '

, ,vas subjccred r0 l . l6l l  thermomechanical cycles overS.6days {0'0056 Hzt'  Furthcr dctui l :

tr l ' the rcst conliguration can be founci in the l i terature [/81'

Tlrc l irsr int i ication of rhe presence of an extensive zone of damage associatcd with thc

dglninunt marrix cracks rvas cvidcnced by a c9nve-nti6nal "glass reflcctor plutc" C-scun tr l

rhe spccimen [/,91. Giirss rel lector plare technique [2i I  is a global method lnd providcs thc

accumulatcd macro-dlmage in the enrire thickness of the specimen' A-*'el l-detincd dlmatlc

zonc was scen in rhe C-scan and prompted a furthermicro-evaluation of the area using SA\1'

Fisurc Jrr shorvs rne SeVt image of rhi specimen- The.image cleari l 'shows the trvo dominant

cracks. A lnd B talso visible on the ruir..  to the naked eyes)' growjng from the t ip ot ' thc

norch. Hur,,.c'er. rhe ultrasonic sAM ;;;g. shows a host of other features rvhich proridc

inraluablc int i lrmation about the clevated remperature behavior as *el l  as thc dcgrudutton

:.rnd t ' l i lurc mcchanisms,Juc to thc combination oI elevated tcmperi l turc' appiicd rttC:rc: '

nrc \cner  ' r l  , r \ )ccn.  lnd thc durat ion r l t 'exposure '
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The effects of the stress. temperature, and duration of exposure to elevated temperature
can be seen clearly in Fig. - la. The image is labeled to show seven zones, I through 7. Also,
cracks are labeled A through D. In zone l,  where the effect of stress is gradually increasing
roward the notch t ip, the interface shows con'esponding increasing lengths of degradation.
The interfacial degradation and damage at the tip of the notch (zone 2) show a sudden
increased length indicating that the stress in the first continuous fiber and the total time of
exposure to elevated temperature have a devastating combined effect on the integrity of the
interface. At zone 3 where the matrix crack tip is growing, the pointed shape of the interfacial
oxidation followed by "parabolic" growth of the damage profiie indicates that at the crack
tip, the interfacial damage is not instantaneous. Zones 4 and 5 are cracks growing from the
site of spot welds used to secure control thermocouples. The zones show similar crack and
interfacial damage mechanism as zones 1,2, and 3. In addition, the areas labeled 6 and 7
on Fig. 4a show the process where interfacial damaqe from zone 4 as well as zone 5 are

2 . 5  m m

. ' t {  {  : r l : t  l l\ . . \  1 /  i l r r r r t
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upproaching rhc intertacial t tamage from cracks A. B' C, and D (C and D are cracks gro\\ ' ing

r.rrm uninrcnrional weld spots on the surface). This behavior indicates that similar gro\\'th

untl mcrging behavior sound cracks A. B. C. and D has resulted in the large mushroorn

shupcd intcrl'acial degradation and <lamage zone around the slot and the cracks'

F.lt.rving ,h. r";;';;;;;l"t; uscd for-Specimen l' the matrix was etched away to exposc

rhc t irst la'er of hbers that were scanned fFig.4b). The photomicrograph in Fig' "|b sho*s

u high t lcsree or .orr.trr ion rvith rhe sAM image. An examination of the etched specinrcn

undcr the optical microscope revealed that the fint layer of fibers showed a pattern of dark-

cncti hbcr coatings that exactly *otched the ultrasonic signature from the SAM' Closer

inspecrion oi rhe t iber coarings Lnder a scanning microscope showed severe coaring spall ing

in rhe darkened ,.g1on. The loatings in the unaffected zone showed little damage' and *'hat

damage rvas visibl-e was though, a U. caused by the etching solution' The same etfect oi

srfcsS in thc continuous f ibers on the extent of damage was similarto that found in Specimcns

t und l. The errenr oi fiber coaring damage was greatly increased where the hbers $cre

c t l n t i nu t ; us t l t r adc rn . i ng t l ndexposed to r t r eenv i r onmen tdue toma t r i r c rack ing .The
.rrr,\ \-trcc r incr cn,J* rt(.rng thc notch e.rhibired much less enl ' ironmental l l  assi:tcd t lantuse

. i ( ) t . l , l  : i tc  ' ,n . .  ' , t , , , " .  , . ,a ' r , ' raa fh ln  the loat i  cU4' ing t i t rers  te t i  in  the 
" rakc 

p l ' lhc: ldr l t t le  t t ts
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crack t ip. I t  is important to note here that, at termination of the experiment, the crack t ip
was growing ar a rate of approximately 0.1 mm during every 6 days. Thus, most of the
interfacial degradation imaged by SAM is also seen bv metal lography, perhaps because of
the extended durarion of environmental exposure due to the slow crack growth rate of about
0.00069 mm/h.

Specirnen 4 : SCS'6 /Ti'6AI-2Sn'1Zr'2Mo

A TMF crack growth test was conducted [22] on a four-ply unidirectional composite of
Ti-6AI-2Sn -4Zr-lMo matrix reinforced with siiicon-carbide, SCS-6, fibers. The crack was
grown perpendicular to the fiber and loading direction. The specimen, a single-edge notch
(SEru)) with clamped ends [20], was 25.07 mm wide and 0.83 mm thick with the init ial
EDM notch length equal to 7.481 mm. The specimen was subjected to a constan! P.a^
rhroushout the test of 4.0 kN at an R of 0.1 in-phase with a thermal cycle between 150 and
538"C. In-phase means that the maximum load and maximum temperature occur at the same
time during each cycle. The test frequency was 0.00833 Hz.

Figure 5 shorvs the SAM image of the specimen after 35 733 cycles were applied. The
image clearly shor"'s the two cracks, which are also visible to the naked eye, growins from
the rip of rhe notch. Each crack has an average projected crack length of 8.9 mm. The
disrinct ultrasonic feature (dark areas) evident around the EDM notch and to a greater ej<rent
around the cracks indicates possible environment degradation of the carbon rich fiber-matrix

2.5 mm
FIC : - f l r r , .S.{ . t /  :nu?. '  t t t  t  . \C. \ .6 /T i -5. - l t -2Sn-tZr- } . l lo  spet ' t tnen u.ner  -?- i  

- - j - i  
t ' r ' r ' ic r  111 nr t te . i . i

n :
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interfacial region. To confirm this' the matrix was etched away using a saturated soiution of

tartaric acid in 107c bromine in methanol. A visual inspection of the first layer of fibers after

marrix removal showed a pattern of darkened fiber coatings that exactly matched the uitra-

sonic signature from the SAM'

Specitnen 5: SCS-6/Ti'24A1'l lNb

ln a recent investigation [/6], the initiation and fatigue crack growth rate.s.of cracks em-

anaring from circulri hoi., were investigated in an eight-ply, unidirectiona-l layup of SCS-

6lTi-24A1-l lNb. Constant amplitude faiigue crack growth tests were conducted at a wide

range of stress levels ar a constant R eqiai to 0.1. ln the investigation' it was found that

cracks initiate ar four locations around thf note very early in the fatigue life. crack bridging

by unbroken fibers was found to dominate the fatigue crack growth life as evidenced by the

characteristic decrease in crack growth rates as the crack length increased during fatigue

cycling. The SAM technique was applied to a specimen from this investigation to observe

rhe marrix damage and evaluate the characterisiics of a fully bridged matrix crack' The

specimen was recr;ngular in shlpe with a width of 12.5 mm' length of 150 mm' and had a

3.2 mm diamerer hol"e machined in the center. They were subjected to lall x lOs c}'cles at

a maximum ,.rno,. applied stress of 580 MPa at i fttqutnty of I Hz' The fatigue loading

direction was in the diiecrion of the fibers with reference to Fig' 6'

Figure 6 shows the SAM image of a typical specimen after fat igue cycl ing at room tem-

perarure. Ir is clcar from rhe figuie tnat tne primar.v cracks grew radially from the notch but

rurncd to fol lorv a direction perpendicular to the loading axis within a distance of one radius

gf thc hole. Some secondary cracking can be seen near the primary cracks although thcsc

crucks lbrmccl later in the fatigue life and did not appear to participate. in the tinal lracturc'

Thc 6cati.ns ,f  thc t ibers in thc t irst layer can be seen easily as well as the lt lcation ot '  ; ' r

cross\r 'cayc bindcr material used to hold the f ibers in place during consolidlt ion'

Discussit ln

Thc rc :u l ts  t ' rom s. \ \1  imaging us wel l  us meta l lography of  spcc imcns. l  through 5 p(r r  rdc

\ornc \crv in tcrcst ing and in t r igu ing ins ight ' l l :^ t t . .9 thav ior  and I 'a i lurc  mcchani : r l ls  o l '

r i t lniurn busctl rnctal mrtr i* cumpuii, . ,  i i ,h SCS-6 hbers' Thc rcsults indicatc' cspccr: 'r l l1

:.rt  clcvltct j  tcmpcratures. rhut a c'hain of events occurs leading to cvcntual iai lurc trt '  thc

corttposilcs. Thc |arious cYents lnd the mechanisms observed wil l  be discussed t 'unhcr r i ' i th

rctcrcncc to cuch :pecimen tcstct l  und evaluated here'

Thc inraluublc int irrmutit ln rhat can be obtained irom SAM in specimcns tcstcd at cicvatcd

rcntpcr:. l turcs is t lcmtln:tratcd clcurly in Figs' 2 to 5' The interfacial dcgrudation und damagc

crit jcnt in Fig. 2c.. Fig.3. Fig -rrr. and rigl s were also corroborated by mctal l .graphr. rt  is

cr. idcnt t 'r0rn the coribin,rr i , in t l i  SAM inlogt and metal lography that the extent ol '  t iber

c.ar ing dumage * .as grearr l . increased where the hbers were cont inuous ( load canl ingtand

cxposcd ro thc cnvironmcnt t lue to matrix cracking. The f iber ends exposed along the notch

d iduccumu l i ' l t c somec iamageu long the f rbe r .ma t r i x i n te r f acebu t t oamuch l cssc rcx t cn t
bccuu:c rhev rvere in a streis free,-londit ion. This phenomenon in combination *ith largcr

,.lurnase ne'ar high \tress a.rei-ls such as the notch tips and hole circumt'crence indicltes that

111 i ihen lhc strcsses are negligible at the edge of ihe specimen' the intcrfaciui t je":rud: ' l t ton

.rnd jtmusc is rninimum c\.en th0ugh the hber/marir. interface was exposcd lct the iempcr-

. r rur .  J1.e i ins dur in : :  rhc rnt i rc  dur* t i , ln  ' f  test ing. : rnd t l t the in tcr t ' l ' rc ia ldcgrudl r t i ,n : '  rc i ' r tc t t

: : : - - . - : . .  . ' l i t c  l i l - ' : :  , : : - : : l i r t l ' i \  \ t r d \ \ C \  r r h i C h  i n e l t ' : t : C  n C A r  l h C  n ( ) t C h  l i n '
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2.5 rnm

FIG.6 -n r t , . - t . . l . l / i l nacg t fuSCS.6 /T i . 2 lA l . l lNb ra ron i ( , pe rC . (n | t spe t . imen t t f t c r r t x t t t t t t ^pe ,u i , , , , '

I t  i : ; . :cparcnt frorn rhc rcsults thaf the crack t ip mcrely provides acccss ft>r environmental

t lumusc io utt lck rhc intcrtace und that rhe:it j  oi rhe crack t ip no noticcablc cnvironmcnt; 'r l

t iumage ()ccurs. Oncc thc intcrt 'acc is cxposed fo the. cnvironmcnl Of glgvated tcmpcrlturc

and :rr i .r.c.. ihc inrcrt 'ucial dcgrati l t ion proceeds as indicated by thc boundarics of thc in-

terl 'aciai r jamtse bchind rhe cra=ck rip. Thus. rhe relarive size of thc al ' fected rcgions indicatcs

rhar rhe c\rcnr , i  t iamagc is rclatct1 io the magnirude of the local stress level and the durutton

t)l 'crpo.sss ro clevareiremperature. The stre.ss levei clepenclence is indicated by the rclat irc

siz.c 0t- lhe .rf iccted '-ones itr the cdge of the norch (a high stress rcgion) rvhen compared ttr

the s ize i r  the top of  the hole (a re la t ive l l '  low's t ress regiont '  The t ime r lependcnce i r

cridcnccu i.r u rcgion neilr thc crlck t ip r* 'ht" no hber damage is indicated bl thc SA\l '

In  rhr . :c ! : i \n .  *here rhc cr lck gros ' rh  has rxcurret l  most  recent l \ "  insut ' t ic ient  t ime ha>

p i . l : r c .d ,  t , 1 i ' . t r ' i nv l ron l l ' l cn f  t r l  he  t jC tnmen t l l '  F i be rs  r vh i ch  havc  been  c 'Xp t ) : cd  t t l  i he  t n r i -

r ( ) i l : r . : .  . . : - ' :  l ' ,  i l l c  r \  i i l c . i d r l l n ' - c  t r l ' l h d : : t e k  ' t r e  l l t ' c c l t ' J  l c : s  t h l n  l i h c r r  ' ' r h l ' : ' i c : '
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The utility of SAM for rhe assessmenr of room rempeftrture fatigue behavior of SCS-6/

Ti_24A1-r1515 comp*i,..* be seen il*g. o rhesAM technique can eas'y derecr

primary cracking i*;;;;;;posire *t i"^i 
""""".uy 

can also be easily observed visually on

rhe surface. However, the SAM ,rro 0"i..*l;;;t.tce of secondary cracking which is not

J*uy, as evident as the primary cracks'

conclusions 
ide an invaluable insight into the

,*?,ru;::fi:*T ffi : ;;i:i.l.i'ruiff lJi"'ilfi J'p o, it.' wi m s L s - o nb e r s
The elastic waves produced by-th:.sAM transducer are very sensitive to the locar changes

in eiastic prop.ni.Joili. int.rru.ia ;il';;result' the technique is capable of detecting

the onset of and monitoring *. gri** 
'"i -i"ir*.ri* 

au*uge, especially at elevated

"H'Jltilluior of titanium based rrnrvr!.s :1ft l-c*6':T^':f:::t3JlXil 
temperature and

elevated temperarure-t ", 
u".n 

"nutyrJii 
this study by conducting SAM analysis at room

remperarure. The ;i;; obtained i'; ;;th SAM and tttuttogtuphl lave 
provided inval-

uable information regarding the. initiation and progre" of intt?fuiiui d"'nuge' It has been

found rhat rhe inidation of matrix dil;;-"'a1 the necessary passage for the environ-

menr ro reach the interfacial ,.gion. 
-rioJ.l"o 

i, tt^r u*n shown that the environmental

access arone is not sufficient for * ;;;;il;ed inrerfaciar degradation because it appeus

from the ,p..irn.i, i" irri, study that temperaturt, 'ot"' *d iuration of exposure are the

lhree necessary factors ior the degradation phenomenon to progress to maturity when most

of the exposed itittfotitf region will be damaged'
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