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ABSTRACT 

The status of nondestruct ive evaluat ion of metal matrix composite s vas 
studied . Tes t s  that might be carried out were identified,  and their 
potent ial advantages and l imitat ions were as sessed . Manufac turing processes 
were also reviewed , and a l ist  of poss ible defec t s  vas developed . 
Recommendat ions are made for re search needed in the development of new 
nondestruct ive test ing techniques to detec t and articulate f laws in metal 
ma trix composites . In addit ion, studie s of  the interac tion of material 
defec t s  and failure modes  are recommended to develop a methodology for 
determining flaw c rit ical ity . Fina l ly ,  the �pl icat ion& of qual ity 
assurance in struc tural des ign with metal matrix composites are discussed . 
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PREFACE 

The deve lopment of metal matrix compos ite ( MMC )  materials  has acce lerated 
in recent years because of the ir unique combinat ion of propert ie s .  Although 
contemporary technology in compos ite materia l s  has focused on fiber­
re inforced polymers , meta l  mat rices offer acceptable performance at 
temperature s  above the g l ass t ransit ion temperature of contemporary 
polymer-baaed composites . 

Extens ive e f fort s are current ly under way to deve lop new MMC material 
forma and process technologie s .  Metal l ic materia l s  containing cont inuous 
monofilament and cont inuous mult ifilament yarn as we l l  as d iscont inuous 
re inforcements are be ing deve loped. Thi s  mul t ip l ic ity of material forma and 
manufac turing processe s  has retarded the development of a fundamental 
understanding of the relat ionship between microstructure and material 
performance . Contemporary nondestruc t ive teat  methods are of undetermined 
e f fect ivene ss  in detect ing a l l  material  defec t s  because of the heterogeneous 
anisotropic nature of the MMC material s .  Furthermore, the early stages of 
deve lopment of MMC proce s s  technology have produced materia l s  containing a 
large numbe r of different , but charac teris t ic , de fec t s . Unfortunate ly , the 
nature and importance of the se defec t s  ( i . e . , crit ical  versus benign) is  not 
clear . Therefore , the deve lopment of a ful ly e f fec t ive nondestruc t ive 
evaluat ion methodology c an only be real ized by the deve lopment of detect ion 
and f law critical ity a s se s sment methods in para l l e l  with the evolut ion of 
materia l s  forms and manufac turing processes .  

This report contains an as sessment of the state of the art in 
nondestruc t ive teat  methods , manufac turing technology , failure mechanisms , 
and de s ign technologie s  for me tal  mat rix composite s .  Conclusions and 
recommenqat iona for the deve lopment necessary to achieve an effec t ive 
nondestruc t ive evaluat ion technology as determined by the committee are 
out l ined . Technology reviews are supplemented by references from the 
l iterature . 
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Chapter 1 

SUMMARY OF CONCLUS IONS AND RECOMMENDATIONS 

This summary is a prioritized compilation of the commit tee ' s  maj or 
recommendat ions . Addit ional , more spec ific recommendat ions are g iven in the 
re spect ive c hapters of the report deal ing with  part icular facets  of the 
nondestruc t ive evaluat ion ( NDE )  of metal  mat rix composite (MMC) material s .  

GENERAL CONCLUS IONS AND RECOMMENDATIONS 

1. Tradit ional ly and charac teristic a l ly , a material is developed , part s 
are fabricated and tested de struc t ive ly ,  des igns are f inalized , and then 
nondestruc t ive evaluat ion is  considered . It is therefore recommended that 
the deve lopment of nonde struct ive test ing ( NDT) methods be integrated with 
the s imultaneous deve lopment of manufac turing methods and f l aw critical ity 
assessment method s for MMC material s .  

o The inf luence on performance o f  defec t scale must  be examined . 
Microscop ic defec t s  in the metal l ic phase should be examined to 
determine the ir influence on macroscop ic composite propertie s .  

o Cont inued emphasis should be p laced on the study o f  fat igue damage 
mechanisms , focusing on the role that defec t deve lopment p l ay s  in 
determining l ife . 

o Mode l ing of propert ie s  of me tal matrix composites is  wel l  deve loped 
for e lastic behavior . However ,  mode l ing of plastic ity and frac ture 
are in an early stage of deve lopment . Effort s should be focused on 
mode l ing the numerous failure mechanisms in metal  matrix compos ite s , 
inc lud ing the important effec t s  of plastic ity and res idual stresses . 

o Fiber-matrix interac t ion during primary and secondary fabricat ion can 
signif icantly af fec t const ituent and re sul t ing compos ite propert ie s .  
Methods for determining and quant ifying degradat ion o f  constituents 
need to be deve loped . 

1 
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2 

2. Understandably , f irst atte.pt a at nonde struct ive testing of metal 
matrix composites have ut il ized procedures deve loped for metal s and organic 
composite s .  However,  because of different material charac teristic s and 
different anomol iea ,  some customary procedures may be unworkable . It is  
therefore recommended that effort s be  made to deve lop MDT method s tai lored 
to the unique require.enta of MKC material s .  These me thods should be 
grounded in a sc ience base that yie ld s  quant itat ive physica l  measurement s of 
defects in anisotropic , heterogeneous ,  and geometrically comp lex composite 
material s and structure s .  Automated means o f  data col lec t ion and 
interpretat ion are viewed as a necessity. 

An invest igat ion i s  proposed to evaluate the relative potent ial of the 
numerous NDT methods for spec ific MKC material s .  Both near- and long-term 
solutions for the detect ion method s  should be considered . A broad range of 
participants who ref lec t equivalent leve l s  of expert ise should be inc luded 
in the invest igation . 

o Development of NDT me thods that are appropriate for large­
scale inspect ion of struc tural component s and are economical ly 
feasible is recommended . 

o It i s  recommended that MDE p rocedures , data , and mode l s  be 
disseminated to the "des ign cG�aUnity. "  Communicat ion between the 
re search and development and user and des igner segments of the 
indus t ry i s  required for the evolut ion of  this technology . 

o It is  recommended that an interagency pane l be establ ished within the 
federal goverament to provide guidance and funding for researc h ,  
innovat ion ,  data base deve lopment , and informat ion dissemination on 
the nondes t ruct ive evaluat ion of metal mat rix composite s .  Thi s  pane l 
of distinguished sc ient ists  should inc lude authorities in the areas 
of nondestruct ive test methods , design , failure mechanisms , and 
manufac turing sc ience . The durat ion of the e f fort should not be leas  
than 3 years . 

J. The fol lowing defec ts  and anomol ie s  have been observed in MMC 
material s  that wi l l  require detect ion by NDT technique s . 

o Discontinuous re inforced materia l s  

agglomerat ions o f  reinforcement 
matrix-lean regions 
void s 
re inforcemt!nt partic le s i ze distribut ion 
inc lus ion of fore ign matter 
re inforcement orientat ion 
a l l oy variat ion 
segregat ion of al loy constituent 
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o Cont inuous reinforcement-�onofilament 

d isbonds be tween preforms 
f ilament spl ice s 
f ilament spac ing distribut ion 
f i lament degradat ion due to mat rix/f iber react ions 
filament "birth defec t "  
foreign inc lusions 
voids 

o Cont inuous re inforcement-�u l t ifilament yarn 

incomp lete preform infi l trat ion 
irregular preform shapes 
poros ity 
matrix c racking 
f iber misal ignment 
de laminat ion of encapsulated fo i l  
d isbonds and matrix c racks 
f iber degradat ion due to  secondary forming 
f iber degradat ion due to matrix/f iber reac t ions 
fiber spac ing distribut ion 

DETAILED RECOMMENDATIONS 

1. Generic Re seac h 

o Undertake a study to establ ish the re lat ive sens it ivity of mul t ip le 
NDT method s  such as  X-ray , acoust ic emission , thermographic , 
ho lographic , u l t rasonic , and e lec t rical  in detec t ion of given f l aw 
geometries in given met a l  matrix compos ite s . 

o Deve lop NDT me thods and /or emp irical mode l s  to determine the nature 
and extent of fiber property degradat ion in situ due to thermal , 
mechanical , and metal lurg ical proce s s ing . 

o Deve lop a technique , such as  microhardne s s , to determine in situ 
yield st rength of the me tal l ic matrix phase . 

2 . Ultrasonic Method s Deve lopment 

o U l t rasonic phase f ronts become d i storted as the waves propagate 
through the inherent ly inhomogeneous structure of metal  matrix 
composites . To avoid serious errors arising from phase cance l lat ion 
effec t s  at p iezoe lectric rece ivers , phase-insensit ive ultrasonic 
detect ion techniques should be improved and evaluated in the study of 
metal matrix composites .  

o To generate and acquire the maximum possible informat ion, wider 
bandwidth and thus highe r frequency ultrasonic t ransducers 
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exhibit ing adequate sens it ivity should be deve loped for MMC 
appl icat ions . 

o �ging based on quant itat ive est�tes of u l t rasonic attenuat ion and 
backscatter measured over a broad bandwidth using a phase-insensit ive 
receiver appears to hold promise . Results  of these ul trasonic 
evaluat ions should be correlated with the resul t s  of direct 
determinat ion of mechanical propert ies in the same locat ions as an 
approach to deve lop ing mode l s  for relat ing ultrasonic measurements to 
material performance . 

o Nonl inear u l t rasonic e f fec t s  appear to provide a sensitive probe for 
investigat ing variat ions in material propert ies .  Approaches t o  the 
nondestruc t ive evaluat ion of metal matrix composites baaed on 
nonl inear effec t s , inc lud ing harmonic generat ion and higher order 
elastic c onstants , should be evaluated . 

o Methods for scanning re lat ive ly large areas and volume s  are e s sent ial 
if u l t rasonic techniques are to be prac t ical . Both mechanical and 
phased-array e lec tronic scanning technique s appropriate to the 
invest igat ion of part s exhibit ing various geometries should be 
deve loped . U l t rasonic holography and photoacoust ic spect roscopy 
should a l so be evaluated as potent ial imaging modal it ies . 
Computer-control led data acquisit ion mus t  be incorporated early in 
the des ign of scanning systems . 

o Broad-bandwidth ultrasonic signa l s  contain substant ial informat ion 
that c an usual ly be analyzed moa t  effec t ive ly by Fourier t rans form 
and re lated analytical  technique s .  Investigators of ultrasonic 
nondestruct ive evaluat ion should be provided with fast waveform 
recorders to capture the data re l iably and computers of substantial 
speed and c apac ity equipped with array p rocessors' to carry out 
transformat ions rap idly.  

o Relating the results  of u l t rasonic interrogat ion to materia l s  
performance is inherent ly a problem of  inference i n  which 
insuffic ient data are available to c omp letely spec ify the solut ion. 
Thus , the goal must  be to  achieve a "bes t  estimate" of the local  
c harac terist ic s  of a me tal matrix composite f rom the l imited 
informat ion generated . It is  recommended that maximum entropy or 
similar Bayesian approaches to the problem of inference be assessed 
as an approach toward introduc ing the leas t amount of bias into the 
predic t ion. Such an approach may lead to fewer parts be ing rej ec ted 
as a resul t of unsatisfac tory evaluat ion. 

o Adequate nondestruct ive evaluat ion of large complex structures may 
require a combinat ion of technique s inc lud ing , for example , the use 
of ionizing rad iat ion , dye penetrant , and u l trasound . A unif ied 
program de signed to integrate several NDE modal ities  to permit 
pract ical nonde struct ive evaluat ion of ac tual  s t ructures ( as opposed 
to laboratory spec imens ) should be init iated in paral l e l  with 
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laboratory inve s t igat ions . The resu l t s  of this program should serve 
to guide technique deve lopment e ffort s by de l ineating the scale and 
speed required for prac t ical use of eac h  modal ity . 

3 . Flaw Definit ion Mode l ing in Cont inuous Re inforced Materia l s  

o Conduc t a detailed asse s sment of exist ing mode l s  for predict ion o f  
strength o f  cont inuous f iber metal matrix composites and c orre late 
with exist ing materials  data . 

o Develop mode l s  for the p redic t ion of property degradat ion as a 
func t ion of defec t geometry for dominant failure mode s .  Modes to  be 
cons idered should inc lude axial and transverse tens ile strength , 
axial compressive strength , and shear strength . 

o Determine the re lat ionship between axial and t ransverse fat igue 
behavior given metal matrix systems and in s itu matrix yie ld 
strength , toughness , and bond strength .  Deve lop analyt ical and /or 
emp irical  mode l s  of these phenomena . 

4. Flaw Def init ion Mode l ing in Discont inuous Re inforcement 

o Undertake a study to def ine the predominant failure modes and 
processes for metal matrix composites with discont inuous 
reinforcement . 

o Deve lop mode l s  to  predict the property degradat ion as a func t ion of 
defec t type and geometry ( inc luding f iber degradat ion) for primary 
failure modes .  

o Determine the re lat ionship between fat igue behavior o f  discont inuous 
MMC systems and in situ matrix difference s .  The se variables would 
inc lude re inforcement geometry ,  such as orientat ion distribut ion, 
s ize distribut ion, and variat ion in loc a l  volume frac t ion. 

o Deve lop analyt ical and /or emp irical  mode l s  of these phenomena . 

Copyright © National Academy of Sciences. All rights reserved.

Nondestructive Evaluation of Metal Matrix Composites
http://www.nap.edu/catalog.php?record_id=19515

http://www.nap.edu/catalog.php?record_id=19515


Copyright © National Academy of Sciences. All rights reserved.

Nondestructive Evaluation of Metal Matrix Composites
http://www.nap.edu/catalog.php?record_id=19515

http://www.nap.edu/catalog.php?record_id=19515


Chapter 2 

NONDESTRUCTIVE TEST METHODS 

In the fol lowing sec t ions the technical  base s for nondestruc t ive 
evaluat ion method s are addressed . Eac h sec t ion contains the fol lowing 
e lement s : ( 1 ) a brief de script ion of the physical  princ iples underly ing 
the method , ( 2)  a discuss ion of prior art wit h re spect to met a l  matrix or 
similar composite sy stems , ( 3) asses sment of the app l icabil ity of the 
method to metal  matrix composite s , and ( 4) evaluat ion of the future 
potent ial of the me thod . The pre sentat ion i s  organized according to 
physical princ iples  underly ing the NDE technique s ,  as indicated in Tab le  1 .  

A t horough l iterature search was conduc ted in preparing this  review. 
Because of the l imited amount of informat ion on the nonde struc t ive 
evaluat ion of me tal matrix composites generated by this l iterature search,  
the content of  the state-of-the-art reviews draws al so on the experience and 
knowledge of commit tee members from universitie s ,  indust ry , and government . 
Furthermore , references  to work on composite systems cons ist ing of nonmetal 
matrix material s have been inc luded where appl ic able . The methods discus sed 
in this sec t ion cover the ful l range of NDE technology , from current 
produc t ion and f ie ld use to advanced laboratory re search method s .  

The select ion o f  opt imum NDE method s t o  as sure qual ity c annot be made on 
the bas is  of material type alone . In add it ion , the fo l lowing fac tors must  
be  cons idered : geometry ,  service environment , defec t type and locat ion , and 
potent ial failure mode . Furthermore , the t ime and cos t  required for the NDE 
inspec t ion mus t  be inc luded in the de termination of the me thod s of choice . 
It is  f requent ly necessary to evaluate the t rade-offs  between the 
informat ion obtained with a part icular inspect ion technique and the 
as soc iated t ime and cost . One technique may offer be t te r  sens it ivity and 
re solut ion , whereas another may offer greater speed but poorer re solut ion. 
Large-sc ale inspec t ions are often required to ident ify reg ions requ1r1ng 
detailed inspec t ion. Therefore , comp lementary method s are often nece ssary 
to ensure re l iability .  

PENETRATING RADIATION 

X-Radiography 

X-radiography is  pe rformed by i l luminat ing one side of the test  obj ec t 
with X-rays and recording the t ransmitted intens ity on the opposite side . 

7 
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TABLE 1 MMC NDE Method Cateaorie a 

Penetrating Radiat ion 
0 x-ray 
o neutron 
o diffract ion 

Penetrant 

Opt ical  
o holography 
o vi sual 

Thenaographic 
o infrared thermography imaging 
o photo acoust ic apec troacopy 

Acouat ic Emisa ion 

Elec trical and Magnet ic 
o eddy current 
o e lectrical potent ial 
o magne t ic 

Acoust ic�echanical 
o tap test  
o l ow-frequency resonance 

U l t rasonic 
o contac t  
0 c-scan 
o ve loc ity 
o attenuat ion 
o nonl inear effec t s  
0 imaging 

Radiography operatea on the princ iple that a defect or f l aw in the te s t  
objec t wil l  cause a change i n  the transmitted X-ray intena ity . The most  
commonly used hardware for radiography inc ludes  an X-ray machine with 
variable energy set t ings as a source of X-rays and film aa a means of 
record ing the X-ray intensity t ranamitted through the teat objec t .  

The amount of rad iat ion passing t hrough the test object is pr�arily a 
func t ion of the objec t ' s  density , thickne s s ,  and atomic number ,  as  we l l  as  
the energy of the i l luminat ing X-rays .  Typically , as X-ray energy is  
lowered , the transmitted intenaity becomea more sensit ive to flaws in the 
material . If , however ,  the X-ray energy is  too low,  the f i lm wi l l  remain 
unexposed . Thus , se lec t ion of the proper X-ray energy ia crit ical to 
providing the opt �um contras t  between defect ive regions and the surrounding 
acceptable reg ions of the material . 
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X-ray exposure technique s for metal  matrix composites do not differ from 
those for other material s .  The maj or difference between radiography of 
metal matrix compos ites and homogeneous metal s l ies  in the types of defec t s  
that are detected . Radiography provides p lanar spat ial detail far i n  excess  
of  either eddy current or ultrasonic test a .  A major l imitat ion of 
convent ional f i lm radiography is that it is  insens it ive to defec t s  
perpend icular t o  the f i lm plane . 

Rad iography can be extreme ly useful for inveat igatiaa f iber orientat ion 
in cont inuous f iber-re inforced composites ( Navy, Department of 1 981). Such 
orientat ion is  particularly critical  in unidirec t ional compos ites with poor 
off-axis propertie s .  Other f iber-re lated defec t s , suc h  as broken or mis sing 
f ibers , can a l so be detec ted in mos t  composite systems . The l imit ing fac tor 
for the detect ion of fiber-rel ated defec t s  is related to the number of 
layers of f iber rows or monof ilament in the spec imen. The superimposed 
images of mul t iple plys tend to mask the image of any s ing le p ly .  

The de tec t ion of c racks in cont inuous f iber-re inforced metal matrix 
composites by means of radiography is not as re l iable as it i s  with 
homogeneous me tal s .  The unidirec t ional nature of most cont inuous f iber 
composites cause s c rac ks to al ign themse lve s  in the f iber direc t ion. Such 
al ignment can eas i ly prevent de tec t ion by making it difficul t to dist inguish 
fiber images from c rack image s  on a radiograph . 

Radiography has a l so proved to be a useful tool in the detect ion of 
noninf i l t rat ion of graphite f iber-metal compos ite precursor material s .  
Rad iographs of graphite-aluminum precursor wire s easily reveal a 0 . 005-in. 
noninf i l t rat ion in a 0 . 025-in. -diameter wire . Attempts  to automate such an 
inspec t ion by f i lmle ss  rad iographic gauging technique s are current ly under 
way at Aerospace Corporat ion and at the Naval Surface Weapons Center ( Navy , 
Department of 1 980a). 

Rad iographic exposure technique s for d iscont inuous whisker- or 
part iculate-re inforced aluminum are ident ic al to those for aluminum al loy s . 
Si l icon carbide and aluminum have almost ident ical X-ray cross  sec t ions at 
the energies used for radiography . The two defec t s  most  commonly detec ted 
by radiography in di scont inuous S iC-Al are cracking and poros ity . The 
detec t ion of c racks is  no different than it is in homogeneous metal s ,  but 
the rad iographic detec t ion of poros ity is of ten more comp l icated . The 
poros ity resul t ing from the S iC-Al powder metal lurgy fabricat ion process  is 
extreme ly f ine . Individual pore s are usua l ly too sma l l  to be seen as 
discrete image s  on a radiograph. Instead , the cumulat ive effec t of 
superimposed pore s mus t  be pre sent to cause a not iceable change in f i lm 
density . Spec imens that have vary ing degree s of poros ity from point to 
point may show s l ight and very gradual change s in rad iographic density , but 
spec imens with uniform mic roporos ity wi l l  y ie ld a uniform radiography and 
may be easily mistaken as good . U l trasonic te s t ing has demonstrated greater 
promise for detec t ing such microporos ity ( Navy , Department of 1 982) . 

The detec t ion of we ld f l aws is  ideal ly suited to radiography . This  is  
part icularly t rue with S iC-Al we ldment s ,  where macroporos ity is a 
predominant f l aw.  Other typ ical f l aws that are readily de tec ted by 
radiography inc lude lack of fusion,  inc lusions , undercut , and other defec t s  
typical to we ld ing o f  homogeneous metals  as we l l .  
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Neutron Radiography 

The princ iples of neutron radiography are s imilar to those of 
X-radiograpby . Both technique s ut i l ize a source of rad iat ion together with 
a medium such as f i la to record the intensities transmitted through the teat 
objec t . The most  effic ient sources of neutrons are nuc lear reactors (Barton 
1 9 76) . Here , fast neutrons are moderated to produce thermal neutrons prior 
to pas sing through the test object .  In order t o  convert neutrons into an 
�e on a photographic f i la,  it is necessary to place a thin foil  of 
gadol inium adj acent to the fila. A maj or limitat ion of neutron rad iography 
is the absence of effic ient portable sources ,  thus requiring that art ic les 
be t ransported to a reac tor fac il ity for testing .  Exposure t ime is based on 
a t rade-of f between re solut ion and throughput ( Cut forth 1 976) . 

The maj or advantage of neutron radiography is  that it often magnif ie s  
the radiographic contrast be tween e lement s , as compared t o  X-radiography . 
For example, the mas s  absorpt ion coeffic ient difference s between carbon and 
aluminum are far greater with neutrons than with X-rad iat ion. Thus , the 
internal s truc ture of composite materia l s  is often enhanced on a neutron 
radiograph. 

In sp ite of some of the prac t ical l imitat ions of neutron radiography , .it 
bas proved useful as a researc h tool  in understanding the nature of defec ta 
in metal matrix composite s .  This is  part icularly the case in graphite­
re inforced aluminum, where neutron radiography bas been demonst rated for the 
detec t ion of noninfiltrated precursor wires in mul t iple-ply pane l s  (Anderson 
and Blessing 1 9 7 9 ; Navy , Department of 1 980a ) . The abil ity of neutron 
radiography to enhance the radiographic contrast between e lement s such as 
boron, oxygen, carbon , s i l icon , and metal l ic matrices wil l  no doubt cont inue 
to prove useful in understand ing the nature of certain fabricat ion defect s  
in metal matrix composite s . 

Unless  s ignif icant advances occur in the produc t ion of neutrons from 
portable or seaiportable devices , it is not l ike ly that neutron rad iography 
wil l  p l ay a significant role in the produc t ion or f ield inspec t ion of metal 
matrix composites .  Instead , neutron rad iography wil l  most  l ike ly be l imited 
to it s current role as a re search tool . 

X-ray Diffrac t ion 

X-ray diffrac t ion as a means of evaluat ing re s idual stre s se s  has 
deve loped over the l ast 50 years to a point where it is often the standard 
against which other stre s s  measurement techniques are compared . The 
technique ut il izes the princ ip le that the interp lanar spac ing of material 
grains is  a func t ion of s t re s s  and this spac ing can be determined by 
studying the angles with which X-rays diffrac t from the spec imen surface . 
By measuring the angular diffract ion peaks at two different inc ident angle s. 
one is able to calculate re sidual stre s s .  The technique is  generally  
limited to surface stre s se s ; however ,  in  certain case s , subsurface stress  
informat ion can be  obtained through more sophist icated mod ificat ions of the 
technique ( Cohen 1 980) . 
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The applicat ion of residual stre s s  measurement s to  metal matrix 
compos ite s can of ten be a powerful tool  in understanding their mechanical 
behavior. Most composites are combinat ions of materia l s  with vastly 
different propertie s .  The combinat ions o f  const ituent s i s  a del iberate 
attempt to capital ize on the comb ined effec t of dissimilar materia l s  ac ting 
in unison . Differences in e lastic propert ie s  and coeffic ient s of thermal 
expansion cannot he lp but lead to unusual stre s s  distribut ions and large 
re s idual stre s se s .  

Re s idual s t re s se s  in graphite-re inforced aluminum have been measured 
ut il izing X-ray diffrac t ion method s .  The resu l t s  ind icate large res idual 
s t re s se s  in the f iber direct ion as we l l  as surprisingly large stresses  in 
the t ransverse direct ion. S tre sses in the f iber direc t ion were ent ire ly 
expected because of the t remendous difference in thermal expans ion 
coeff ic ient s of graphite and aluminum along the f iber d irec t ion. Stresses  
in  the t ransverse d irec t ion we re too  high to be attributable to thermal 
expansion coe f f ic ient differences  and were thus probably the re sul t  of 
mat rix y ie lding in the f iber direc t ion ( Tsai e t  al . 1 981 ) . 

DYE PENETRANT TESTING 

Penet rant test ing is a means of aiding visual inspec t ion for surface 
defec t s  such as cracks . The proc e s s  operates on the princ iple  that 
pene trant dye s are absorbed into surface-breaking defec t s  and can thus be 
ut il ized to make the defec t s more visible . The first step of the penetrant 
inspect ion procedure is a careful c leaning of the test  objec t to remove al l 
surface oil s  and contaminat ion. Next , the dye is  appl ied to the surface and 
al lowed to soak into whatever defec t s  may be pre sent . The dye is then 
removed from the surface , leaving only the dye that has become trapped in 
surface c racks . Final ly ,  a powder-l ike deve loper is  app l ied to the test  
obj ect . The deve loper draws residual dye out of cracks , making the ir 
pre sence highly visible . The visibil ity of dye s  is  of ten further enhanced 
via ultraviolet fluorescence . 

The app l icabil ity of dye-penet rant te s t ing to me tal matrix composites is  
e s sent ial ly the same as with more convent ional material s .  Penetrant test ing 
act s only as a visual  aid in de tec t ing surface defec t s . A maj or advantage 
of penetrant test ing is i t s  low cos t .  Spec ial ized inspec t ion hardware or 
t raining is usual ly not required . In add it ion , penetrant test ing is 
general ly not affec ted by the unique spec imen geometrie s that can often 
comp l icate or e l iminate other NDT me thods .  For the se reasons , penetrant 
test ing is wide ly used as one of several means of test ing metal matrix . 
composites .  

For cont inuous f iber-re inforced metal matrix composite s ,  penetrant 
test ing has been demonst rated by both material producers and users as a 
convenient means of detec t ing surface c racks . In the c ase of 
graphite-aluminum composite s ,  penetrant s are a l so a useful means of 
detec t ing breaks in the surface c l add ing of the composite (Anderson and 
B le s s ing 1 979) . Such breaks are signif icant in that they can easily lead to 
acce lerated corrosion. 
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Discont inuous whiske r- and part iculate-reinforc ed metal matrix 
composites have al so benef ited f rom penetrant te s t ing .  Here , the 
appl icat ion has been toward the detec t ion of cracks and surface porosity . 

It  is  l ikely that penetrant testing of me tal matrix compos ites wi l l  
inc rease as the se materia l s  come into use . The ut ilizat ion o f  metal  matrix 
compos ites wi l l  lead to s t ruc ture s with geometrie s cons iderably more 
comp l icated than the simp le generic shape s produced for re search and 
deve lopment purpose s . It wi l l  a l so become inc reasingly l ike ly that field 
inspec t ion of MMC component s without disassembly wil l  be required . The se 
l imitat ions , together with inspec t ion cost and t ime constraint s ,  may place a 
heavier dependence on penetrant test ing in the future than i s  now the case . 
Fortunate ly , the technology is  we l l  e s tabl ished (Betz 1 969) . 

OPTICAL METHODS 

Holography 

Hol ographic nonde struc t ive test ing ( HNDT) detec t s  ve ry smal l  ( in the 
order of the wave length of l ight ) change s in surface displacement as the 
re sul t  of external st imulus ( Erf 1 9 7 2) . Abnorma l it ie s  such as unbonds and 
changes in material propert ie s  wil l  cause variat ions in surface displacement 
that are detec table as changes in the interferometric f ringe patterns . 
Comparison of the fringe patterns observed unde r the same loading condit ions 
on a de fec t -free part with those f rom a part with known defec t s  is the basis 
of determining defec t sens it ivity and re solution . 

The re are several means of applying st imulus to a part during HNDT , 
inc lude acous t ic , thermal , and mechanical method s .  Vibrat ional shakers 
and/or p iezoe lec t ric t ransducers are used to se t up standing-wave vibrat ions 
in a part . Various struc tural and defec t re sonance s are c reated by varying 
the exc itat ion f requency . Proper f ixturing and se lec t ion of the amp l itude 
and frequency of exc itat ion are c rit ical  for a succes sful HNUT method . 
Different ial therma l  heat ing is another me thod of induc ing different ial 
surface displacement . Thermal ly induced strain involve s  expans ion and 
contrac t ion of the part c aused by nonuniformity of thermal conduct ivity 
propertie s .  Mechanica l  method s can b e  quite simp l e , a s  in subjec t ing the 
part to a proof load for example , hydrostat ical ly in a pre ssure ve sse l ,  or 
more comp l icated , as in mul t ipoint loading of a total struc ture . In a l l  
case s , the success of HNDT inspec t ion is  highly dependent o n  the des ign and 
app l icat ion of the external stimulus . 

HNDT methods as app l ied to me tal matrix composites are primarily 
sensit ive to surface or s l ight ly be low-surface defec t s  such as disbond s ,  
de l aminat ion&, and near-surface inc lus ions . As the depth o f  a de fec t be low 
the surface increase s ,  the re solut ion sensi t ivity wil l  dec rease . HNUT 
methods have been used with considerable succe ss  on composite rocke t  motor 
cases , compos ite skin struc ture s , honeycomb struc ture s , and MMC fan blade s 
( Erf 1 974) . The technique has the advantage of pe rmitting inspect ion of 
large areas rapid ly and is  general ly unaffec ted by material variat ions that 
do not local ly affec t part comp l iance . HNDT is , however ,  part-spec if ic in 
that of ten a new technique is required for eac h structure /de fec t type 
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combinat ion. Te s t s  have been performed in product ion environment s ,  but 
general ly the part mus t  be vibrat ional ly isolated from the environment . 
Al t hough the energy leve l of the lasers commonalty used for HNDT do not pose 
any serious health problems , safety regulat ions often impose working 
rest ric t ions that are cumbersome . 

Visual 

Visual inspect ion is no doubt the oldest  and most  commonly employed 
MDT technique . Many serious defect s  have been d i scovered by simple visual  
surface inspec t ion. A signif icant commerc ial technology base exist s  for 
apply ing this technique to spec ific geomet ries. 

THERMOGRAPHIC METHODS 

Infrared Thermography 

Thermographic nonde struc t ive test ing measures the absolute value and 
spat ial variat ion of the surface temperature of a part . Modern 
inst rumentat ion is capable of recording spat ia l ly and temporal ly re solved 
temperature distribut ions accurate ly over a wide temperature range . 
Temperature re solut ion in the order of O . l °C and spatial resolut ion of 
0 . 1 mm is we l l  within the state of the art ( Reifsnider et  al . 1 980 ;  Henneke 
and Jone s 1 979) . As in holography , an external s t imulus is required to 
induce a thermal gradient within the part . This gradient may be int roduced 
mechanica l ly , thermal ly , or acoustical ly . 

A mechanica l ly induced thermal gradient is  c reated during mechanical 
l oading of a composite coupon. Heat is generated via two mechanisms : 
f irst , as t he result of the re lease ( and subsequent conversion to heat ) of  
st rain energy and , second , by internal frict ion caused by the rubbing 
together of frac ture surface s .  Thermography has been used successfully to 
detec t the format ion and subsequent propagat ion of de fec t s  in boron-epoxy 
and boron-aluminum f iber-reinforced compos ite s ( Reifsnider and Wil l iams 
1 9 74) . Because me tal matrix composites have a higher thermal conduc t ivity 
than polymer matrix compos ite s ,  the thermal grad ient s generated under the 
same load ing and part geometry condit ions are s ignif icant ly lower.  

A therma l ly induced thermal gradient is  achieved by heat ing the part 
nonuniformly , usual ly by us ing a heat lamp or re sist ive heat source . This 
technique has been used to detec t maj or disbond s ,  void s , or de lamination& in 
polymer matrix composite s .  Because of the high thermal conduct ivity of 
metal matrix composite s , the sens itivity of the technique is ant ic ipated to 
be low for this app l ic at ion. Further,  s ince this type of stimulus re sul t s  
i n  a quasi-steady-state therma l  condition , the sensit ivity is  nomina l ly l e s s  
than for other methods o f  s t imulus . 

Acoust ic a l ly or vibrat iona l ly induced thermal gradient s are the basis 
of an inspec t ion method cal led vibrothermography . This technique induce s 
thermal gradients acoust ic a l ly ( or vibrat ional ly )  much the same as surface 
displacement grad ient s are induced in HNDT. The tec hnique is  sens it ive to 
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any defec t , surface o r  subsurface, that can be induced to produce fric t ional 
heat . As in the case of HNDT , sensitivity and reproduc ibil ity are highly 
dependent on the aeans of appl icat ion of vibrat ional energy and the 
frequency of exc itat ion . The se test condit ions are usual ly spec ific for a 
g iven part configurat ion and defec t , and therefore the test technique often 
must be tailored to each app l icat ion. The be st  re sul t s  are usually obtained 
during transient vibrat ional loading rather than during steady-state 
loading .  During t rans ient vibrat ional loading , the beat pattern from the 
defect wil l  "bloom" and then fade as the heat dissipates within the 
structure . The lower the tberaal conduc t ivity of t he part , the greater t he 
teaperature rise during the blooa and the s lower the fading during 
dissipat ion. Hence , although t he method has been appl ied successful ly to 
metal aatrix compoa ite s , be st  resul t s  have been obtained for polymer aatrix 
coaposites . 

In summary ,  theraal method s are sens it ive to surface and subsurface 
defec t a ; the sens it ivity dec reases with inc reasing depth be low t he surface . 
They are useful for inspec ting large surface areas rap idly but aust  be 
spec ifical ly tailored to each appl icat ion. They are be st suited for 
aateria l s  with a low theraal conduc t ivity , and thus aarginally appropriate 
for appl icat ion to metal aatrix composites . 

Pbotoacoust ic Spec troscopy 

Pbotoacous t ic spec troscopy is a technique where in a chopped , focused 
l ight beam striking an absorbing surface is converted to heat , whic h ,  via 
tberaal expansion, is subsequent ly converted into sound at the chopping 
frequency . The sound is  amp l if ied and detec ted by a aic rophone in the 
surround ing area or by a t ransducer at tached to the aaterial . The method 
has the unique abi l ity to invest igate subsurface features without regard to 
surface irregularit ie s , as  we l l  as surface features alone .  The surface 
chopped l ight generates  a "theraal wave" that propagates into t he aaterial 
at a slow rate compared to the sound ve loc ity . Consequent ly, by phase 
detect ion, one c an l itera l ly "pick off" the port ion of a signal coming from 
a g iven depth in the aaterial .  

Photoacoustic s  has evolved rapid ly s ince 1 9 73  ( Rosencwaig 1 9 7 3 ,  
Rosencwaig 1 9 7 7 , Rosencwaig and Gersho 1 9 7 6 ,  Rosencwaig 1 97 5, Royce et a l . 
1 980 , Dewey 1 9 74) and s ince 1 980 (Brand is 1 980 ,  Jackson and ADler 1 980 , Opsal 
and Rosencwaig 1 982 , Bus se and Ograbeck 1 980, Busse 1 981 , Ringeraacber and 
Heyaan 1 981 ) has been deaonst rat ing unique NDE capabilitie s .  The technique 
is fundaaenta l ly sens it ive to change s in aaterial theraal propert ie s  arising 
f rom the presence of voids , inc lus ions , de fec t s ,  and iapurity concentrat ions 
at aicron resolut ion leve l s .  Consequent ly , it shows promise and , indeed , is  
even now be ing app l ied to c harac terize de fec t s  in ceramic s and integrated 
circuit s .  Appl icat ions are also aoving in the direction of flaw inspection 
of advanced ceramic turbine blades and coaposite aaterial s .  

The cont inued developaent of photoacoust ic s  and t ransducer detec t ion 
methods wi l l  bring laboratory photoacoust ic s  into an industrial NDE 
envirooment . Metal  aatrix composites are ideal  cand idate aateria l s  for the 
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appl icat ion o f  this re lat ively new technique because o f  the high thermal 
conduc t ivity of the mat rix. To date , however ,  l it t le work bas been 
init iated in this area.  There is the potent ial for measurement of localized 
coeffic ient of thermal expans ion , void s , d i scont inuit ie s ,  and inc lusions . 
However ,  deve lopmental e ffort s are required to move the technique from the 
laboratory to  an inspect ion environment . 

ACOUSTIC EMISS ION 

When a part is subjected to external  loading high enough to cause 
incremental localized damage propagat ion , there wil l  be strain energy 
released that wi l l  generate a s t re s s  wave . This  stre s s  wave wil l  propagate 
to a surface of the part , where it is  detec ted by a p iezoe lectric sensor and 
converted into an e lect rical s ignal . The detec t ion, loc at ion, and 
subsequent process ing of this signal is  termed acoust ic emission (AE) 
technology . There are two main technical hurdles  to be overcome for a 
succesaful appl icat ion of AE methods to a structure or proce s s .  First , the 
AE event s of intere st mus t  be detected and discriminated from extraneous 
noise sources .  Second , s ignal processing technique s must  be devised that 
are capable of quant itat ive ly categorizing and rat ing the aeverity of 
detected defec t s .  AE technology , in i t s  pre sent state of deve lopment , is 
of ten capable of different iat ing between real and extraneous sources and 
determining the locat ion of an AE sourc e .  However ,  the pre sent 
state-of-the-art instrumentat ion is not c apable of quant itat ive ly 
categorizing and rat ing the severity of an AE sourc e .  This is  t rue for al l 
material app l icat ions , not only composites • 

. Composite s ,  however ,  are ideal ly suited for inspec t ion by AE method s .  
The ir heterogeneous nature gives rise t o  many AE sources  o f  considerably 
high energie s .  As a re sul t ,  the re have been numerous app l icat ions ( Bailey 
and Pleas 1 981 , Sheriff 1 981 , and Shuford et al . 1 981 ) where successful 
qual itat ive inspect ions have been deve loped . AE method s have been used by 
Dunegan/Endevco Corporat ion to inspec t fiberglass  11c berry-picker11 
structure s .  Numerous petrochemical companie s have used AE to inspect 
compoa ite pre ssure ve s se l s--to such an extent that a spec ial subcommit tee 
within ASHE bas been formed to devel op test  apec ificat ions . Considerably 
more AE work bas been app lied to polymer matrix composites than to  me tal 
matrix composite s ,  primarily because of the more wide spread use of polymer 
(part icularly f iberglass)  matrix composite s .  AE bas been used t o  monitor 
fat igue damage propagat ion in boron-aluminum f iber-re inforced composites 
(Wil l iams and Re ifsnider 1 9 74) . The re su l t s  of this work have shown a 
l inear re l at ionship between total cumulat ive AE ac t ivity and change in 
dynamic compl iance . 

Recent re search has sought to develop instrumentation and signal 
proces s ing method s capable of quant itat ive ly asse s s ing type and severity of 
an AE event . The deve lopment of nonre sonant sensors , highly broadband 
e lect ronic s ,  and new signal process ing method s promise the availabil ity of 
s ignific ant ly more quant itat ive AE te s t  me thod s and instrumentat ion in the 
near future ( Ringermacber and Wi l l iams 1 982) . As this technology becomea 
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available , AE methods wil l  be feasible for g lobal examinat ion o f  a s tructure 
during the app l icat ion of a proof-load . However ,  the technique wil l always 
be limited by the abi l ity to real ist ica l ly proof load the structure . 
Further,  the more compl icated the struc ture, the more difficul t it is to 
locate and quant itat ive ly characterize AE source s .  

ELECTRIC AND MAGNETIC METHODS 

Eddy-Current Test ing 

Eddy-current test ing of metal s is  achieved by induc ing loc a l ized 
circular e lec trical current s in the test objec t .  The f l ow o f  the se currents 
can indicate the presence of d iscont inui t ie s . Currents are typical ly 
induced by plac ing a sma l l  coil  driven with an AC s ignal adj acent to the 
te st obj ec t . The al ternat ing magne t ic f ield of the coil  generates 
alternat ing eddy current s in the objec t .  The se eddy current s in turn 
generate t heir own magnetic f ie ld , which affec t s  t he phase and ampl itude of 
the AC s ignal in the test  coi l .  Thus , by careful ly monitoring t he phase and 
ampl itude of the current s in the test coil  or probe , one can either detec t 
discont inuities or monitor t he e lectrical conduc t ivity of an objec t .  A 
bas ic l imitat ion of eddy-current test ing is  that eddy currents fal l off in 
magnitude at an exponent ial rate f rom t he surface at which they are 
generated . Thus , eddy-current te s t ing is typical ly only useful for te sting 
material at or near the inspect ion surface . Spec i f ic inspec t ion depths 
depend on spec imen conduct ivity , permeabil ity , and test frequency , but in 
almost all cases the depths are l e s s  than 0 . 1 0  in. 

Eddy-current testing has been demonstrated on both cont inuously and 
d iscont inuous ly re inforced metal  matrix composite s .  Although eddy-current 
testing is app l icable to both type s of compos ites, the part icular technique 
and rat ionales are quite different for each material . 

The pre sence of axial c racks in unid irect ional compos ites may be 
acceptable for certain appl icat ions . Such c racks encounter l it t le 
re sistance as they grow to u l t imate failure . The detection of such defect s  
by radiography and ultrasonic s i s  often frustrated by the ind icat ions of 
f ibers or f iber bundles lying in the same direc t ion. Eddy-current test ing 
has not only been demons trated as an effect ive means of detect ing such 
c racks (Navy, Department of 1 980b ) , but it  has al so been shown to provide a 
means of evaluat ing crack severity (Anderson 1 981 ) .  The detect ion of c racks 
by eddy-current testing may not be cost-ef fect ive in l ieu of penetrant 
test ing for many appl icat ions . However ,  in s ituat ions for which t he surface 
bas been protec ted with a thin coat ing or a re l at ive ly duct ile metal l ic 
foil , c racks may not be open to the surface.  In the se instances , 
eddy-current tes ting may be used for both f l aw detec t ion and evaluat ion. 

The produc t ion technique s for manufac turing graphite-reinforced 
aluminum y ield a potent ial flaw that is ideal ly suited to eddy current 
detect ion and quant ificat ion. This f l aw i s  caused by an incomp lete bonding 
of adj acent precursor wires  as the pane l  is formed . The result  is s imilar 
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to an unbond or de l amination ; however ,  instead of lying parallel  to the 
surface , the defect l ie s  in a p l ane perpendicular to the surface . Such a 
defect may have a s ignif icant e f fect on the transverse strength of the 
material , part icularly if only one or two plys are used . In terms of 
eddy-current tes t ing , such defec t s  are s imilar to  cracks in both their 
detectabil ity and evaluat ion. Such defec t s  are c ons iderably leas l ike ly to 
be detected by ultrasonic s or radiography ( Navy , Department of 1 981 ) . 

Eddy-current testing of  d iscont inuous ly re inforced metal matrix 
composites such as S iC-Al has two separate purposes .  One is  to evaluate the 
severity of c racks that have been detected by other methods , such as 
penetrant testing .  The othe r  func t ion i s  to verify a proper e lectrical 
conduc t ivity over the specimen surface . The e lectrical conduct ivity of 
SiC-Al part iculate or whisker composites is  primarily affected by three 
variable s : the volume percentage of re inforcement , the conductivity of the 
matrix ,  and the amount of mic roporos ity . An anomalous conduc t ivity 
measurement is  t hus alway s c ause for further invest igat ion. The ease with 
which such measurements can be made with inexpensive instrumentat ion further 
fac il itates the ir ut il ity as a quick check for the production of nonuniform 
or faulty material . 

A s ignif icant benefit  in the app l icat ion of eddy-current te s t ing to 
metal matrix composite s t ructure s is  that many such struc tures have thin 
c ross sec t ions . As a resul t ,  eddy-current te s t ing is often capable of 
tes t ing the ent ire material volume . 

Elec trical Potent ial Te s t ing 

E lectrical potent ial test ing operates on the princ ip l e  that e lectric 
currents are hampered by the pre sence of defec t s  in the conducting medium. 
In this sense , e lectrical potent ial test ing is  s imilar to eddy-current 
testing .  The maj or d ifference in the two techniques is  t hat the electrical 
potent ial method produce s  currents through direc t e lectrical contac t , 
whereas eddy current s are produced induc t ive ly .  Elect rical potent ial 
test ing can thus be accomp l ished with e ithe r  direct or alternat ing currents . 

The ut il izat ion of  the e lec trical  potent ial method for metal matrix 
composites has to date been l imited to graphite-aluminum precursor wires . 
The object ive in this case was to util ize a change in t he e lectrical 
resistance as a means of detec t ing noninfi l t rat ion in the wire . Evaluat ion 
of such a wire test ing device construc ted by Material s Concept s ,  Inc . 
(Woes sner et al . 1 982) was conduc ted in conjunc t ion with the testing of an 
acoust ic device fabricated by Pennsy lvania State Univers ity ' s  App l ied 
Re search Laboratory ( Reed 1 982) . The re sul t s  of the comparison indicated 
that the acoust ic method was more sensit ive to noninfi l t rat ion of the 
precursor wire . 

Masnetic Methods 

To date, the material constituent s of the maj or metal matrix composite 
systems have a l l  been nonmagnet ic .  Thus , magnet ic method s of nonde struct ive 
test ing have not been

. 
app l icable . 
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AOOUSTIC�CHAN ICAL METHODS 

The general approach whereby a material or object is made to vibrate 
and its resonance is stud ied is  various ly referred to as resonance test ing, 
acoustic s ignature analysis , or vibrat ional spectroscopy , etc. It is 
typica l ly appl ied at subsonic ( Hz ) and sonic ( kHz ) frequencies ,  but may 
extend to ultrasonic (KHz ) frequencies for specimens of smal l d imens ions . 

In it s mos t  primit ive app l icat ion, an operator taps or otherwise sets  
into resonance a specimen and listens whether it "rings true . "  A more 
scient ific and repeatable approach would have a control led impact source , 
with vibration sensors for p ickup and recording . Subsequent signature 
analysis of frequency and energy content could then be made to evaluate 
specimen qua l ity . This approach has been studied in appl icat ions to both 
sol ids  ( Boricheva et at . 1 9 7 9 ; Reneker 1 978)  and composites ( Ramkur et a t . 
1 9 79) . 

The underly ing principle is  that an object ' s  or material ' s  vibrat ional 
behavior is direct ly inf luenced by its s t iffness  or modulus.  The modulus is 
in turn affected by the volume percent of f iber re inforcement , fiber 
orientat ion, and defec t s  such as poros ity, cracks , and delaminat ion& . The 
presence of defect d iscont inuit ie s  such as these would give rise to a change 
in the vibrat ion s ignature by dampening via frict ional energy losses at the 
mating surfaces ( Ensminger 1 9 7 3 ; Schl ieke lmann 1 972) . Other type s of 
defects , such as noninf iltrat ion of f iber bund les , and dens ity variat ions 
associated with f iber-rich or -poor regions , would al so change the 
specimen ' s  vibrat ional modes .  

The low frequency re sonance technique is to be recommended for wider 
appl icat ion than is pre sent ly the case , especia l ly as a comp lementary . 
inspect ion tool . It is not l imited to any one type of composite structure . 
One of its maj or strengths is that it is genera l ly app l icable to end-item 
inspect ion. A maj or l imitat ion is that it may be difficul t  to isolate the 
cause and/or locat ion of the defec t .  Equipment requirement s are not 
extens ive and are even neg l igible for some manual testa . On the othe r  hand , 
many such tests are operator-dependent . To automate the inspection , the 
acoustic s ignature of each specimen s ize and shape would have to be 
determined for a base-l ine comparison. Fina l ly , variat ions in spec�en 
d imensions that are within specificat ions may cause s ignificant changes in 
the signature . 

In conclusion, resonance tes t ing , even in it s most rud imentary form of 
manual operat ion and subj ec t ive j udgment , may provide useful informat ion 
nondestruct ive ly .  As signature analysis techniques are advanced and , in 
part icular ,  automated , the ir correlat ion with materia l and structural 
performance wil l  make this approach more val uable . 

ULTRASONIC METHODS 

Contac t Inspect ion 

Contact ult rasonic inspec t ion is one of the most basic forms of 
ul trasonic test ing and one of the most wide ly used industrial technique s for 
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metal s .  The inspect ion i s  performed with an e lec tronic instrument, usua l ly 
refe rred to as a f l aw detector , and a transducer designed for contact work. 
The electronic instrument contains a pulser to excite the transducer and a 
rece iver, gate, and other control s  to se lect  sweep rate, gain, del ay, and so 
forth.  The received echoes are displayed on an oscil loscope, usual ly in a 
rect if ied, fil tered, or video aode . This is  the noraal A-scan presentation. 
Flaws are detected by establishing a detec t ion thre shold using reference 
ref lec tors such as  f lat-bottom holes . 

Contac t inspect ion is wide ly used in aetal-based industrial 
appl icat ions such as for nuclear p iping and pre ssure ve sse l s, oil and gas 
piping, and aircraft .  Estab l ished aethods for performing contact tests  are 
revised and printed annual ly by the American Society for Test ing and 
Materia l s  ( 1 981 ) .  Practices for contac t test ing are de scribed in Part II of 
the ASTM Standards . 

Froa bas ic princip les , contac t inspect ion should be as useful for KMC 
inspect ion as it is for aetal s .  The constraint s encountered in its  
appl ication wil l  be  surface roughnes s  and attenuation or scat tering in the 
aaterial . 

As with immersion tes ting ,  the struc ture aust  be thick enough ( for the 
f requency of inspec t ion) that the front and back surface s can be resolved . 
On t hin, textile-type composites, contact inspect ion would not be feasible 
because of the rough surface and the front-back resolut ion problea.  

The advantage of contact inspec t ion is that the equipaent is 
inexpensive and portable.  The disadvantage is that it requires highly 
trained personne l to perform it ; there are aany variables in the 
technique--the t ransducer,  the equipaent itse l f , and the operator ' s  j udgment . 

Contact inspec t ion is  a we l l-deve loped technique . Lmproveaents in the 
technology are focused on iaproved t ransducers and elec tronic s, in 
particular , us ing intel l igent e lect ronics to ainiaize the need for operator 
interpretat ion and the probabil ity of operator errors . 

c-scan 

An ultrasonic C-scan is a 2-d iaensional representat ion or aap of a 
aaterial ' s  propert ie s  derived froa ultrasonic inspect ion. Most  C-scans are 
s iailar to an X-ray in that they proj ec t a aaterial ' s  properties onto a 
plane .  In prac tice , convent ional C-scans are obtained by scanning a single 
t ransducer (echo) or a pair of transducers ( through transaission) in an x, y 
Cartes ian coordinate raster scan over the samp l e .  Both sample and 
transducers are under water ( or some other acoustic coupl ant ) .  Either pul se 
or tone burst ultrasonic exc itat ion is app l ied to the transducers.  The 
measured s igna l s  represent the acoust ic propert ies  of the sample at the x, y 
coordinate location. For pul se echo , internal f l aw depth aay also be 
determined from the t iae of f l ight of the s igna l . For through transaission, 
the measured s ignal repre sent s an integral through the aaterial of the 
interna l  propertie s . 
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The acoust ic .. terial propert ies that can be determined with 
convent ional C-scans are for the aost  part re lated to s ignal ampl itude, 
i . e . ,  at tenuat ion or ref lect ion. The reflected energy repre sent s acoust ic 
iapedance changes in the .. terial--general ly cracks, but often subtle 
variat ions in acoust ic ve locity or .. terial dens ity . For .. terial reg ions 
of high absorpt ion, the coaplex iapedance a l so leads to s l ight reflect ions . 
Material attenuat ion p l ays a .. j or role in aost  C-scana . Acoust ic energy is 
absorbed in the aaterial ( convers ion to heat ) or is  scattered ( altered 
propagat ion vec tor) .  In e ither case, the amp l itude of the aeasured acous t ic 
signal decreases .  

Many successful app l icat ions of C-scans t o  coaposites ana lysis  exist . 
In part icular , C-scan techniques clearly show areas of d isbond or 
anomalously high attenuat ion . Siaple one-transducer pulse echo or pul se 
double transaissions are current ly in use for coaposite examinat ion in aany 
laboratories .  The double transais s ion technique uses a ref lec tor p late 
( such as f lat f loat glas s )  under the samp le to return the acoust ic energy to 
the single transducer.  

These st raight forward c ommerc ial ly available technologies can ident ify 
aaterial regions of concern such as disband s, delamination& , laminar 
cracking, and f iber density variat ions . The re solut ion of C-scans for the se 
f l aws depend s  on the acoustic wavelength versus f l aw s ize and on the 
background acoust ic "noise" pre sent in the aeasured signal coapared to the 
real change in acoust ic s igna l . 

The first factor represents e f fec t s  of scattering .  The scat tering 
c ross sect ion or ref lectabi l ity of a given f l aw of size d fal l s  off sharp ly 
as the acoust ic wavelength A exceeds d. The second factor depends on the 
amount of s ignal reaoved froa the acoust ic beam versus the variat ion in 
signal produced by amp l i f ier noise and t ransducer noise . The ef fect s of  
noise .. ke interpretat ion of c-scans aore coap lex than x-ray image s .  

In X-ray techniques the physics o f  the iaaging aethod is  re lated to 
the dens ity of the aaterial . In ultrasonic C-scan i .. ging, a l l  the 
propagat ion propert ies .. y inf luence the iaage . In add it ion, the iaage is 
derived froa an electrical  s ignal, a transaitt ing transducer, a propagat ion 
path,  the sample , a propagat ion path,  and a rece iving transducer.  Thus the 
image is in some way interre lated with the ent ire systea charac teristic s .  
The aost coaplex l ink in that sys tea i s  the transducer( a ) . 

In add it ion to having l imited bandwidths , transducers phy s ical ly 
measure the integral of pre ssure over the ir surfac e .  That does  not 
represent the acoust ic energy dens ity in the wave . In fact , for aany cases 
( the s iaplest be ing nonnoraal inc idence of p lane wave s ) , a transducer .. y 
output a zero e lec t rical  s ignal while  s ignific ant ultrasonic energy is  
passing through i t s  fac e . For aeasureaent s of .. terial absorption, that 
represents signif ic ant noise or errors.  Measureaent art ifacts of this type 
are worse for irregular,  inhoaogeneous aateria l s  suc h  as coaposite s . 

Phase-insens it ive aeasureaent technique s are required for quant itat ive 
assessaent of .. terial attenuat ion. One such aethod involves 
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phonon-e lec t ron drag in a p iezoelectric photoconduc tor ( CdS ) .  Recent work 
with t he device cal led an acousto-e lec tric transducer (AET) has shown 
promise for compos ite materia l s  ( Southgate 1 966 ; Busse et al . 1 9 7 7 ; Heyman 
1 9 78 ;  Busse and Mil ler 1 98l ( a )  and ( b ) ; Shoup et  al . 1 982) . 

New quant itat ive aethodologie s for C-scan hold great promise for 
iaproving the interpretat ion of the aaterial state . Integrat ion of 
scattering scans , nonl inear scans , and ve loc ity profile  scans , to naae a 
few , into materials  test ing wi l l  provide aaterial s sc ient ists  with 
s ignif icant informat ion not present ly available . 

The thrust of C-scan re search to improve the interpretat ion of composite 
material condit ion should be toward deve lopaent of separable quantitat ive 
material map s . Having such independent aaps available wil l  allow re l iable 
reading of ul trasonic NDE dat a with a degree of confidence based on physical 
princ ip le s .  Examples o f  such maps would inc lude the "normal" material  
attenuat ion, ve loc it ies , attenuat ion derivat ives , scattering , and nonl inear 
re sponse . Laboratory research to understand and develop a technological 
sc ience base in the se areas wil l  provide real benefit s for aetal matrix 
composites NDE re l iabil ity .  

U l trasonic Ve loc ity 

An elast ic wave propagates through a composite at a rate deterained 
princ ipal ly by its dens ity , percent f iber re inforcement , and f iber 
orientat ion. The aic rostrain leve l s  typical ly app l ied to materials  in 
ultrasonic test ing make the ve loc ity aeasureaent a useful nondestruc t ive 
p robe for both the evaluat ion of aaterial propert ie s  and the detec t ion of 
certain types of defec t s .  

Ve loc ity aeasureaent s are usual ly made by : ( a )  obtaining the transit 
time of an e last ic wave pulse through the spec imen or ( b )  obtaining the 
resonant frequency of vibrat ion of the spec iaen ( True l l  et al . 1 969 ; 
Ensainger 1 97 3 ; and Wil l iams and Lamb 1 958) . Other techniques eap loy 
coabinat ions of the two bas ic aethods , such as pul se overlap or phase-locked 
loop ( Holder 1 97 0 ;  Heyman and Chern 1 982) . Wave frequenc ies commonly used 
extend from be low one MHz to tens of MHz for the f irst technique and may 
extend down to the sonic range ( kHz ) for large spec imens us ing the second 
technique . The resonant ae thod f inds it s princ ipal app l icat ions in thin 
spec imens and rod s .  With both technique s ,  the spec imen dimension in the 
direc t ion of wave propagat ion aust  be known to c a lculate the veloc ity .  

The basic re lationship between ultrasonic ve loc ity and material 
propert ies is that the st iffnes s  or aodulus is a func t ion of the density and 
the propagat ion rates of the various wave aodes .  These aode s inc lude 
longitud inal (coapresaional ) ,  shear ( d istortional ) , surface , p late , and rod 
waves .  The nuaber of wave aodes that cont ribute to a given aodulus depends 
on the material symmetry , ranging f rom one to f ive aodes in the case of a 
unidirec t ional composite . The generat ion of a part icular aode is  control led 
by the aethod of wave exc itation , the coaposite f iber orientation, and the 
sample d imensions relat ive to the wave frequency . Since defec ts  suc h  as 
porosity and f iber-poor regions affec t the aaterial dens ity and st iffness , 
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they also affec t the ve loc ity . This relat ionship between ul trasonic 
ve loc ity and material p ropertie s may be appl ied to the following 
nondestruc t ive needs in composites : 

1 .  Determinat ion of the engineering modul i ,  given the density (Blessing 
and Elban 1 981 ; Read and Ledbetter 1 9 7 7 ) . The fiber modulus itse l f  
may a l s o  be measured by ultrasonic method s .  

2 .  Detec t ion of poros ity (Bless ing and Bertram 1 9 7 9 )  and f iber-rich 
or -poor regions caused e ither by noninf iltrat ion of fiber bundles  
or  by irregular f iber spac ing ( Fros t  and Prout 1 982 ; Anderson and 
Bless ing 1 979) . 

3 .  Evaluation of f iber orientat ion and res idual stress ( see sec t ion on 
nonl inear ul trasonic s ) . 

Furthe rmore , any other parameter that affec ts  the material e last ic ity 
would be a cand idate for evaluat ion by ve loc ity measurement s--for examp le ,  
the effec t s  of thermal excursions on f iber-matrix bond ing (Blessing e t  al . 
1 980) . 

Some of the strengths or advantages that ve loc ity measurement s have for 
material examinat ion are the se : Ve loc ity measurement technique s are we l l  
establ ished ,  with up-to-date automated equipment avai lable that i s  capable 
of very prec ise measurement s .  The trans it t ime or re sonant frequency of 
objec t s  under inspec t ion may be monitored s imul taneously with echo ampl itude 
measurement s ,  providing a complementary tool for material inspec t ion. In 
some case s ,  ve loc ity ( relative or absolute ) measurement s may be more easily 
re lated to material propert ies than scattering measurement s .  

Some of the weaknesses or l imitations o f  this techaique are the 
fol lowing : A prec ise measurement of veloc ity require s that the wavepath 
length--i� e . , samp le d imens ion--be known prec isely . ( Prec ise measurements 
are general ly needed to minimize the propagat ion of errors in the 
calculat ion of the engineering modu l i . ) Composites pos sess complex modes of 
wave propagat ion that are difficult to analyze when the wave direct ion is 
not along a princ ipal axis of symmetry .  Fina l ly ,  it should be noted that 
geometric dispers ion, i . e . , the ve loc ity dependence on the ultrasonic 
wave length and f iber s i ze and spac ing , may play a s ignif icant role in 
determining the material modul i  (Blessing et al . 1 980) . 

Ultrasonic At tenuat ion 

Two of the basic causes of ultrasonic attenuat ion in material are 
hysteresis and scattering. In the frequency range of interest  for the 
ul t rasonic charac terizat ion of metal matrix composite s ,  the relat ive 
magnitudes of losses due to hysteresis  and those due to scattering caused by 
the fiber and defec t s  are not yet e s tabl ished . There has been considerable 
theoret ical work performed in the area of scat tering over the past 50 years , 
with the earliest work dat ing back to Ray le igh ( 1 929) . Al though mos t  of the 
publ ished work (Mason and McSkimin 1 947 ;  Mason and McSkimin 1 948 ; Roth 1 950 ; 
Hunt ington 1 9 50 ;  Papadakis 1 960 ;  Se rabian and Wil l iams 1 97 8 ;  Roderick and 
True l l  1 952)  on scattering in struc tural materials  has deal t  with the 
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effec t s  of grain eize and microstruc ture on the attenuation ,  the theory may 
be d i rec t ly app l icable to the case of f iber- and part iculate-re inforced 
compos i te s .  

The s implest attenuat ion measurements are made using a s ingle transducer 
bonded to the spec imen using ref lect ion-mode ultrasonic s .  The disp lay from 
a calibrated exponent ial generator is  then f it ted to the observed echo . decay 
and the attenuat ion is read d irect ly .  I f  there are only one o r  two echoe s 
avai lab l e , a through t ransmission approach mus t  be taken.  One can compare 
the lossy material to an ideal 11 loa s le s a 11 spec i.aen, suc h as fused quart z , 
inserted between the two t ransducers and in aeries with a variable 
attenuator . The attenuator is  adj usted to reduce the 1 1loa s less 11 s igna l to 
the l evel observed at the output of the lossy spec imen, and the attenuat ion 
read i s  the d irec t s ignal los t on the first pas s through the lossy 
material . A more direc t , and perhaps pre ferable , me thod is to compare two 
thicknesse s  of the same lossy material .  With this method , the change in 
signal completed i s  attributed to the change in specimen thickness , and 
hence the attenuation can be calculated . Buffers are general ly used in 
direc t contac t methods to enable one to separate the transducer electrical 
response from the spec imen response when taking attenuat ion measurement s as 
a func t ion of  f requency . Sources of spurious attenuat ion inc lude spec imen 
nonpara l le l iam, phase cance l lat ion errors , and diffrac t ion losse s arising 
from beam spread . 

The experimental use of  ultrasonic at tenuat ion to charac terize 
compo s ites is  quite widespread , with C-scan ultrasonic methods being one of 
the most common inspec t ion me thods . However ,  a convent ional ultrasonic 
C-acan ,  where the amp l itude loss greater than a preset value is printed 
white and a l l  amp l itudes less  than that va lue are printed black,  is not 
quant itat ive . On the other hand , quant itat ive at tenuat ion measurement s can 
provide informat ion about the physical mechanism g iving rise to the 
attenuat ion los s .  

There have been few quant itat ive at tenuat ion measurements reported in 
the l iterature on composites . Stone and Clark ( 1 975)  examined attenuat ion 
as a measure of void content in graphite-epoxy ,  while Vary and Lark ( 1 978) 
and Hayford et  al . ( 1 9 7 7 )  have correlated at tenuat ion with the mechanic al 
propert ies of graphite-epoxy compos ites . Shoup et al . ( 1 982) produce·d 
two-dimens ional images based on the f requency-dependence of the ultrasonic 
attenuat ion to c harac terize the re sult s  of impact and fat igue damage in 
graphite-epoxy compos ite laminate s .  The future potent ial of ult rasonic teat 
methods based on at tenuat ion is  promis ing .  However ,  s ignif icant bas ic 
research ( both experimental and theoretical ) is required to establish the 
re lat ionships be tween ultrasonic attenuat ion data and compos ite material 
defec t s  and propert ies . 

Nonl inear Effec t s  

This summary is  inc luded t o  describe a new f ie ld of acoustic s  that may 
have app l icat ion to metal matrix composite NDE . In general , the use of 
ultrasonic s to c harac terize material consists  primarily of 3 measurement 
areas : attenuat ion ( absorp t ion and scattering ) , sound ve loc ity ( both group 
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and phase ) , and material " impedance" aeasurement s ( both a material property 
and a " f law property " ) . 

These 3 categorie s are not independent , s ince ve loc ity , absorpt ion , and 
impedance are l inked through transformat ion equations . Howeve r ,  aost NDE 
spec ialists  cons ider these as separate aeasureaent categorie s .  A aore 
subt le division exists  in the f ie ld of physical acoust ic s  for large 
displacement amp litudes ( or highly nonl inear materials ) . That area , cal led 
nonl inear acoustic s  ( NLA) , may play an important role for soae examinat ions . 

As a brief review of NLA, we consider a s iaple aode l of a sol id 
cons ist ing of springs . The re sponse of the aode l to aaal l  forces is a 
l inear displaceaent--that is , stress is equal to a constant times strain. 
For large-amp l itude displaceaents ,  we aus t  inc lude higher order 
re lat ionships (aodul i  or e last ic constant s )  to obtain a non-Hookeian 
( nonl inear) response froa the material . Thus , the material  "stiffness" 
depends on the strain--it may increase or dec rease depending on the sign of 
the higher order aodulus , M3 . 

M3 , and aore accurate ly a l l  the third-order e last ic constants , tel l s  
u s  about aaterial p ropert ies perhaps a s  iaportant for NDE a s  the normal 
second-order e last ic propert ies ( i . e . , Young ' s  aodulus ) .  For exaap le , 
recent work by Heyman and Chern ( 1 981 ) ha s shown that heat treatment of 
aluminum affec t s  higher order e last ic propertie s aore than it affec t s  second 
order elastic propert ies . Thu s ,  for soae aaterials , aeasureaents of sonic 
veloc ity may reveal l i t t le , whereas aeasureaent s of ve loc ity derivat ive s  
( such as with re spec t to teaperature o r  s t ress)  are aore reveal ing . 

Cont inuing with our s imple aode l ,  to show how the higher order teras 
af fec t sonic aeasureaent s , we evaluate the acoust ic ve loc ity . The square of 
the ve loc ity is re lated to the rat io of the material aodulus and density . 
For the case of a l inear d isp laceaent , the ve loc ity derivat ive with respect 
to strain is zero . Thus the sound ve loc ity doe s not depend on strain for 
this s iap le case . For the non-Hookeian case , where the aodulus is 
strain-dependent , the sound ve loc ity is l inearly re lated to the strain .  Al l 
convent ional materials  exhibit a nonzero M3 and fal l into this category . 
A coaparison between l inear and nonl inear analys is shows that , for a 
material with nonzero higher order e last ic constant s , the sound ve loc ity 
wil l  depend on the material strain--a potent ial ly useful re sul t  for NDE . 
App l icat ions of this are al ready be ing aade in the area of bol t  tension 
( Heyman and Chern 1 982) . 

Other aeasureaent s  are available that are rel ated to the material 
nonl inearity . For examp le ,  if a period ic driving force is  appl ied , a s ingle 
period ic displaceaent wil l re sul t .  If , on the other hand , a nonperiodic 
force is appl ied , a aore coaplex response wi l l  occur. Thus , higher 
haraonic s of the fundamental period ic force wil l  occur . This fora of 
aeasureaent i s  appropriate ly cal led harmonic generation and i s  usual ly 
measured as the rat io of the ampl itude harmonic to the �undamental amplitude . 

There are aany phy s ical  propert ie s assoc iated with NLA. The fol lowing 
examp les of such propert ie s  are given with a reference c hosen to sugges t  the 
type of analysis possible for each category . There is , of course , auch 
outstand ing work in each area that is  not aent ioned here . 
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o Harmonic generat ion ( Green 1 9 7 3 ; Thurston and Shap iro 1 967 ; Thomp son 
and Tiersten 1 9 7 7 )  

o Stress  ( or s t rain) ve loc ity derivat ives ( Heyman and Chern 1 982 ; 
Heyman 1 9 7 7 ; Hughe s and Ke l ly 1 953)  

o Thermal ve loc ity derivat ives ( Salama and Ling 1 980 ;  Chern et  al . 1 981 ) 

o Elastic constant s ( Green 1 97 3 ; Thurston and Brugger 1 964 ; Gauster  and 
Breazeale 1 968) 

o Amp l itude-dependent absorpt ion ( Richardson et al . 1 968) 

o Elastic-wave stat ic displacement ( Cantre l l  and Winfree 1 980) 

o Shock-wave response in sol ids  (Brugger 1 964) 

o Absorp t ion ( phonon-phonon interac t ions ) ( Akhieser 1 939 ; Woodruff and 
Ehrenreich 1 961 ) 

o Thermal conduc t ivity ( Ashcroft and Mermin 1 9 7 6) 

The foregoing propert ies are a resul t of  physical characteristic s  of the 
material . A form of nonl inearity may exist  in a material caused by material 
geometry .  The most usual case o f  this is  the c rack.  Under compression , the 
crack behaves as the boat material . However , under tension, the 
stre s a / at rain curve near the crack exhibits  a different slope than the 
boat . Such a sharp d iscont inuity in the atre a a-atrain curve produces s trong 
harmonic generation.  

Other geome t rical e f fec t s  inc lude enhanced re solut ion in ultrasonic 
mic roscopy accompany ing the generat ion of higher harmonic a and the resul t ing 
aborter wave lengths : 

o Harmonic generat ion at a crack (Morris e t  al . 1 9 79)  

o Resolut ion enhancement through harmonic generat ion ( Komp fner and 
Lemons 1 97 6) 

There are many aspec ts  of metal mat rix composites yet to be determined . 
The use of NLA may play a s ignificant ro le in charac terizing the mechanical 
behavior of these material s .  In addition , the variat ion of material 
propert ies  ( i . e . , flaws ) may be more eas ily detec ted via "higher order 
imaging" of materials  propert ies .  For examp le ,  in boron-aluminum composite 
matrix material , f iber separat ion from the mat rix may resul t in a 
signif icant harmonic generation source . Even though the separat ion may be 
signif icant ly leaa  than a wave length,  it ia  detec table through i t s  harmonic 
"signature . "  

More vigorous measurements would inc lude determinat ion of the higher 
order elastic constant s assoc iated with the princ ipal symme try axia  of the 
ply s tacking sequence . The f l at p l ate geomet ry may require that 
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combinat ions of 3rd order elastic constants be evaluated . Such measurements 
may reveal how we l l  the f ibers are l inked to the matrix . 

In addit ion to the tradit ional NDE techniques inc luding ultrasonic s ,  
NLA me thodology holds many potent ial benefit s  for advanced materials  
charac terization. Add it ional effort in  this  research area is we lcome and 
t ime ly . 

Imaging 

Pul se Echo U l t rasonic Imaging 

The concept emp loyed in pul se echo imaging is  an extens ion of the 
technique of ultrasonic C-acanning . As with c-acan LD&ging , an x ,  y scanner 
moves the ul t rasonic t ransducer over the surface of the part be ing inspec ted 
in a ras ter scan pattern. At inc rement a along the scanned direc t ion, the 
t ransducer is  pul sed f rom the u l t rasonic ins t rument , which causes a sound 
burst  to be transmit ted into the materia l .  The echo from the f ront surface 
and the back surface is then recorded . If f l aws are contained in the 
interior of the p iece , the echoes from such flaws also show up in the t ime 
waveform of the rece ived echo .  For each x ,  y pos ition, the acoustic s ignal 
proces sor generates two ultrasonic parameters . The f irst parameter is  the 
time of f l ight , or the t ime interval be tween the f ront surface echo and the 
echo f rom interior f l aws in the p iece .  The second parameter is the 
ampl itude of the echo in the back surface gate , which is also transmit ted to 
the digital memory . Hence , as the scan is  be ing made , the informat ion is 
d isp layed in a gray-sc ale fashion on te levision monitors . One monitor shows 
the intensi ty of the rece ived s ignal and another shows the time of f l ight . 
To generate an isome tric or pseudo-three-dimensional image of the st ructure , 
the informat ion is  read out of the digital memory at video rates  into an 
isomet ric image processor . The image proces sor takes the x ,  y ,  t ime of 
f l ight , and ampl itude informat ion and performs t i l t  and rotate operat ions in 
analog e lec t ronic s to provide x ,  y and z informat ion. This is then 
d isplayed on an x ,  y monitor. That form of disp lay wi l l  show a front 
surface and a back surface and intermed iate f l aws or defec t s  in an isometric 
perspec t ive view. By adj ust ing the dia l s  on the isometric image processor , 
the image can be t i l ted , rotated , or expanded to obtain more informat ive 
views of areas of intere s t . 

U l t rasonic imaging has been shown to be an effect ive method for 
charac teriz ing de fec t s  in both metals  and organic matrix composites ( Becker 
et al . 1 9 7 9 ;  Frederick et al . 1 9 7 9 ; Nuc lear Regulatory Commission n . d . ; 
Barbian et al . 1 980 ; Moore and Dodd 1 982) . There are no physical  
cons ide rat ions that would intrins ica l ly l imit s imilar usefulness  for me tal 
matrix compos ite s .  Several s tud ies demonstrated the usefulne s s  of the 
concept in charac terizing impac t and fat igue effect s  in graphite-epoxy 
material s  ( Pettit  1 9 7 9 ; Shoup et al . 1 982 ; Thomas et  al . 1 982 ) . Other 
invest igators ( She ldon 1 9 78)  have used isometric imaging successfully to 
examine compos ite airc raft struc tures . 

U l trasonic imaging should be app l icable , in general , to inspec t ion of 
MMC s t ructure s .  Certain fac tors that affec t its usefulne s s  are the 
intrins ic at tenuat ion of the material , the thickness  of the struc ture , and 
the natural scattering or acoust ic noise caused by the internal s t ruc ture of 
the material . 
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The advantages o f  pul se echo ul t rasonic imaging i n  nondes t ruc t ive 
t e s t ing are the speed of the image pre sentat ion, and the abi l ity to obtain 
pseudo three-dimens ional imaging without extens ive or t ime-consuming 
p roces s ing . The composite B-scan and C-scan ( i . e . , isometric image ) 
p resentat ion p rovides both depth and size informat ion. There are , however ,  
l imitat ions o r  re s trict ions on the app l icat ion o f  this technique : On a very 
t hin material , one mus t  be able to resolve the front and back surfaces  in 
order to obtain informat ion on interior flaws . Thi s  c reates the need for 
us ing high-frequency ult rasound to obtain a very short wave length.  
Depend ing on the attenuat ion of the material , the use of higher frequenc ies 
may not allow suf f ic ient energy to be transmitted through the material to 
obtain a usable s igna l . So one mus t  balance the s imultaneous const raints of 
t hickness  of the p iece with the frequency that can penetrate i t .  Hence , one 
must  evaluate in a given app l icat ion the priority of informat ion and a l so 
the ultrasonic attenuat ion of the material be ing tested . Another 
disadvantage is that it  i s  an amp l itude-dependent technique that rel ie s  on 
direct  reflec t ions from the internal flaws to c reate the ultrasonic image . 

Text ile f iber sy stems pose a spec ial problem for ultrasonic imaging . 
If the fabric is  too thin to allow the front and back surface to be 
resolved , then it  wi l l  not be poss ible to obtain an isometric image . If the 
s t ruc ture is  inspec table , then the variat ion in front surface locat ion can 
be compensated for by us ing a surface-fol lowing gate . 

There should be no inherent or pecul iar problems involved in app lying 
this technique to monofilament or part iculate type s of compos ite s .  

Research and deve lopment i n  pul se-echo imaging are aimed chie f ly at 
two areas : inc reased speed through use of l inear array transducers (Becker 
et al . 1979)  and inc reased detec t ion and resolut ion through s ignal 
proce s s ing techniques such as the synthe t ic ape rture focus ing technique 
( SAFT) ( Frederick et al . 1 979 ; Nuc lear Regulatory Commission n. d . ) and 
amp l itude and t ime-of-f l ight locus curves (ALOK--German ac ronym) ( Barbian et 
al . 1 980 , Moore and Uodd in pre s s ) . Both the SAFT and ALOK technique s 
integrate and u t i l ize informat ion gained over a larger aperture to form the 
image , whereas C-scanning and s imp le pul se-ec ho  image s ut i l i ze only the 
information gained at each po int without regard to ne ighboring 
measurement s .  Hence , the SAFT and ALOK technique s are more prec ise and less 
subj ec t to  inf luence by coarse-grained or highly scattering materia l s . 

Scanned Acoust ic Holography 

Scanned acoust ic holography uses u l t rasound to c reate an interferogram 
or hologram of the spec imen being tested .  As with ultrasonic pul se echo 
imaging , the t ransducer is scanned over the part be ing tested . In pul se 
echo imaging , the transducer is  focused in t he area of the flaw to achieve 
opt imum resolut ion. With ultrasonic holography , however ,  very d iffuse 
insonif icat ion of the interior of the p iece i s  desired , and hence the foc a l  
point of the t ransducer i s  typical ly p l aced o n  the surface of the part . As 
the burst  of ultrasound enters the material and is ref lected by an internal 
defec t , an echo i s  received back at the t ransmit t ing transducer . The 
returned echo s ignal is  interferred with e lec tronical ly by a re ference beam 
that is in phase with the t ransmitt ing 
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t ransducer. The phase difference data or hologram ie stored in d igital 
memory . The hologram ie  then computer-reconst ructed using backward-wave 
techniques or Fresne l  reconstruc t ion technique s .  This  give s  t he operator 
great f lexibility in examining the ul trasonic informat ion.  Under computer 
control , the operator can examine the images a layer at a t ime from the top 
surface , s tepping in inc rementa from the f ront to the back surfac e .  At eac h  
depth,  the operator can see what defect s  come into focus . 

In coherent holography , a buret of s ingle-frequency ultrasound ie used 
to inves tigate the s tructure . An al ternat ive to this ie t ime-of-f l ight 
holography , in which a short broadband s ignal ie used . The phase of the 
returned echo ie derived from the t ime of f l ight by us ing a synthetic 
f requency . Time-of-f l ight holography of fers bet ter  depth resolut ion than 
coherent holographic techniques . 

Acoust ic holography ie be ing used in indus trial work, espec ial ly in 
nuc lear appl ications (Becker et al . 1 979) , where eyeteme for inspec t ion of 
p ressure ve eee l e  and p ip ing have been deve loped . Holography baa al so been 
appl ied to organic composites ( Sheldon 1 9 78) . The uee of holography i e  
becoming more widespread s ince the advent of high-speed computers ba a  made 
digital reconst ruc t ion possible . 

Acoustic holography should be general ly appl icable to metal matrix 
composites . The geomet ry ( s ize , roughne s s )  wil l  be a more important 
res tric t ion than the matrix or f iber type . However ,  any t hin material , such 
ae woven f iber text ile types of MMC wil l  not be inepec table by holography , 
whereas , the vacuum-inf iltrated textile materia l s  t hat are thicker ( 1 . 0  in. 
or more ) would be inspec table by holography . 

The general advantage of ultrasonic holography ie the increased 
re solut ion that is achievable through this technique . By using array 
p roceeeore and d igital computers , a reconstruc t ion of an acoustic hologram 
can be obtained in a few minute s .  This al lows near-real-t ime ge�erat ion of 
the ultrasonic images that p rovide opt imum resolut ion of  the details  of the 
reflec tors . The great benefit of holography ie in inspect ing t hick 
material s where it  ie not pos s ible to focus a t ransducer through the depth 
of t he part . For example , an aluminum p late that ie  4 in. thick ie 
equivalent to a 1 6-in. water path. For a focused t ransducer to have an 
adequate F number ,  such as F4 , would require a 4-in. diameter focused 
t ransducer . But with ultrasonic holography it ie  the area of the scanned 
aperture versus the depth of the struc ture that determines the F number and 
hence the resolut ion of the ult imate image ; thus one avoids having to uee 
unreasonably large transducers to  achieve high resolution. Furthermore , 
because of the abil ity to obtain an image at greater depths , holography can 
be used on thicker st ruc tures . 

Areas of deve lopment being pursued for scanned acoust ic holography are 
aimed at computer reconstruc t ion of image s and integrat ion of informat ion 
f rom several sc ans into a single image . For examp le , the images obtained 
from ±45° shear wave scans and a normal-inc idence longitudinal scan can be 
combined into a s ingle image . This  p rovides more comp lete informat ion on 
the geometry of the ref lec tor or defec t be ing investigated . 
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Because of the availabil ity of high-speed compute r processing . the 
ho lographic technique has a high potential as a useful inspect ion too l for 
thick-wal led structure s . 

Liquid Surface Holography 

The concept of l iquid surface holography i s  to use an object beam 
t ransducer that provides a coherent burst of ult rasound that is transmitted 
through the part or spec imen be ing inspected . As it t ravel s  through the 
p iece . internal ref lectors . d ifference s in veloc ity . etc • •  cause the 
wavef ront to be d istorted in phase . The ultrasound is  focused through an 
acoustic lens and then passes through an ultrasonic window into anothe r  
tank. At that point . a n  addit ional lens reco l l imates the ult rasonic beam. 
The sound is  then reflected into a vert ical direct ion . where it  impinge s on 
a spec ial ly constructed membrane . This  rubber membrane is levitated by the 
pressure from the inc ident ultrasound . At the same t ime . a reference 
t ransducer i l lUJDinates the l iquid surface area.  The reference beam is in 
phase with the object beam1 and so it provide s an interference pattern on 
the l iqui� surface with the object beam. Hence 1 with each burst of sound 
t ransmitted from the obj ect beam. there i s  a new hologram created on the 
surface of the membrane . To ge t a real-t ime reconstruct ion of this image . 
laser l ight i s  sent through a col l imat ing lens to the hologram . which in 
turn ac t s  as a diffract ion grat ing to the coherent l ight . The f irst-order 
diffrac t ion information contains the reconstruc t ion of  the hologram. The 
diffracted beam i s  focused through the col l imat ing lens . back to the prism.  
through a spat ial filter . into the imaging lens and record ing system . ·  In 
this way a real-time image of the t ransmis s ivity of the object being 
inspec ted is obtained . 

An important advantage of l iquid surface holography is  that it is  a 
real-t ime system. It is  e spec ial ly we l l  suited for inspect ion of large 
quant ities of goods . particularly those where inspec t ion t ime must be 
minimized . Such a system i s  suitable for a produc t ion environment of tube s .  
p l ates . sheet material . or any other type o f  st ruc ture that can be �rsed 
in a water bath in a reasonable fashion.  A disadvantage of the system is 
that it  is a through-transmiss ion technique and requires that the objec t be 
subaerged in a water tank ; another disadvantage is that the technique i s  not 
as sensit ive as scanned acoust ical holography (American Soc iety for Metal s 
1 9 7 6) .  

One natural art ifac t  in a l iquid surface holographic image is  the 
superposit ion of the near f ield  pattern of the objec t beam in the ultimate 
image . By mechanical ly wobbl ing the obj ec t and reference beams and then · 
frame averaging . these anomalie s  can be removed . With the use of advanced 
elec t ronic s . the se aberrat ions c an be removed by computer image processing . 

The real-t ime aspec t of the technique make s it useful for inspect ing 
large areas of text ile-type material s .  Areas that are not comp letely 
inf i l t rated by the matrix material wil l show up distinct ly in the image . 
The method can be appl ied to either f lat or cy l indrical objec t s .  In cases 
where sens itivity requirement s are not stringent but speed and throughput 
are 1 this technique offers de f inite advantages and potent ial . 
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The emphasis  in deve lopment of l iquid surface holography is in 
improving the image qual ity by removing inherent artifac t s . As ment ioned 
earl ier . a fringe pattern of l ight and dark band s is natural ly supert.posed 
on the image . Re search effort i s  be ing pursued to e l iminate these art ifac t s  
with frame-averaging technique s .  The use o f  fas t  d igital scan converters 
al lows one to maintain the high inspect ion rate while s t i l l  reduc ing 
unwanted art ifac t s  in the image . 

SUMMARY 

Nondestruct ive evaluat ion of material s  has as its  or1g1n the need to 
ensure the expected performance of material s .  While early techniques were 
qual itat ive in character . today ' s inc reased performance demands have created 
the need for more quant itat ive as we l l  as more re l iable  materia l s  
characterization. The f ie ld of nonde struct ive evaluat ion matured during the 
deve lopment of metal s and other homogeneous materials .  in which relat ively 
s imple c rack-l ike d iscont inuit ies f requent ly represented the target of such 
evaluat ion .  In contrast .  composite materia l s  which are inherent ly 
inhomogeneous and anisotrop ic . fail by composite mechanisms . Hence . 
previously deve loped NDE method s are not adequate to charac terize these more 
complex materials . For c ompos ites to achieve their ful l potent ial of 
enhanced performance in advanced appl icat ions . NDE methods tailored to the ir 
unique feature s must be deve loped . 

The app l ication of NDE methods to metal mat rix composites is in its  
infancy . Effort s at nondestruct ive evaluat ion of metal matrix compos ites 
have been l imited primarily to commerc ial ly available approaches such as dye 
penetrant . ultrasonic C-scan . and X-radiography . Advanced NDE methods that 
appear to hold promise have not yet been app l ied . The complexity of these 
materials  sugge s t s  the need to deve lop measurement technique s appropriate 
not only for the study of me tal mat rix compos ites in gene ral but perhaps 
also opt imized for the invest igat ion of spec if ic combinations of fiber and 
matrix . 

Because of p rac t ical l imitat ions of analytical model s .  NDE technologies 
re ly on the deve lopment of an emp irical data base . Future appl icat ions of 
metal matrix compos ites wi l l  be enhanced by obtaining quant itat ive 
re lat ionship s between material behavior and measured �DE propert ie s .  
Re lat ive ly few report s o f  such a nature exist--highl ight ing the need for 
improving this sc ience base . The ideal t ime to develop suc h  a data base is 
concurrent with the deve lopment of the material i t se l f .  In that way the 
generat ion of the NDE data base may reduce the total t ime nece ssary to bring 
the material to use . This  integrat ion of the development of NDE methods 
with the deve lopment of the materials  themse lve s  wil l  u l t imate ly re sul t in 
materials  that are prac t ical ly and economica l ly inspectable . fac i l itat ing 
the development of in-process inspec t ion and control . 
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RECOMMENDATIONS 

In summary . the fo l lowing act ions are recommended : 

1 .  Development o f  methods for nondestruct ive evaluat ion tailored 
spec if ical ly to the characterizat ion of me tal mat rix composite 
material s . 

o Deve lop a fundamental sc ience base re lat ing quant itat ive 
physical measurement s to material propert ie s and behavior . 

o Deve lop techniques and instrumentat ion that apply this sc ience 
base to the se anisotropic . heterogeneous . and geometrical ly 
comp lex MMC s t ruc tures . 

o Deve lop re l iable automated means o f  data col lect ion and 
interp retat ion. 

2 .  Integrat ion of the deve lopment of  methods for nondestruct ive 
evaluat ion with the deve lopment of the MMC materia l s  themse lve s .  

o Incorporate the app l icat ion of advanced NDE methods early in the 
design and deve lopment of new material systems . 

o Incorporate NDE inspectabil ity in the design of new struc ture s .  

o Generate an NDE data base during material / struc ture l ife cyc le 
testing .  

This  interact ion be tween deve lopment o f  fabrication procedures and 
MDT methods should cont inue unt i l  bot h  are f inalized . 
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Chapter 3 

MANUFACTURING TECHNOLOGY 

This c hapter is concerned with defec ts  induced during the manufac ture 
of MMC materials  and struc ture s .  S teps involved in the various MMC 
manufac turing processe s  and the de fec t types re lated to each process ing step 
are out l ined . 

The material de fec ts  and anamo l ie s  described here represent most of 
the observed forms . As the manufac turing technology evolves , many of the se 
defe c t s  wil l  be prec luded from produc tion material . Hence , these defec ts  
should not be  judged to be typical of post-deve lopment material s .  

There are three maj or type s of reinforcement s cons idered here : 

1 .  Cont inuous Monof i lament 

o sil icon carbide ( SCS- 2 ,  SCS-6,  "standard" SiC) 
o boron 
o B4C coated boron (B4C-B ) 
o S iC coated boron (BorS ic™> 

2 .  Discont inuous 

o SiC part iculate 
o SiC whisker 

3 .  Cont inuous mul tifilament varn 

0 
0 
0 

carbon f iber yarn 
Al 201  fiber yarn 
"SiC11 f iber yarn 

Al though a large number of a l l oys  have at various t �e s  been 
incorporated into composite struc ture s ,  at present we concern ourse lve s  with 
Al - ,  Ti- ,  and Kg-base al loys . 

Each re inforcement by its  nature demands a spec ific fabricat ion 
proces s ,  with predetermined l imit s of fabricat ion parameters (e . g . , 
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temperature . t ime . pre s sure . atmosphere ) .  The texture and detai l of the se 
parameters as we l l  as the processing of the basic materials  determine the 
defec t s  charac terist ic of a given composite art ic le . The manufac turing 

· proce sses inc lude d i f fusion bonding . hot molding . powder blending . forging . 
HIP c onsol idat ion . cast ing . pul t rusion . extrusion . and rol l ing . and often 
combinat ions of the se .  

This chapter i s  subdivided accord ing to the form of the f iber 
(discont inuous . cont inuous monofilament . cont inuous mul t i f ilament yarn) . 
The manufac turing process  for each spec i f ic sy stem or c lass of systems is  
desc ribed in each  sec t ion . 

DISCONTINUOUS REINFORCED MATERIALS 

In the area of d iscont inuous re inforced MMC materia l s  there are two 
princ ipal supp l iers . UWA Composite Spec ial t ie s  and ARCO Metals  S ilag 
Operat ions . Both incorporate s i l icon c arbide as the re inforcement medium. 
with DWA us ing a particul ate form and Silag primari ly us ing a whisker form. 
Both show impre ss ive modulus inc rease s with re lat ive ly modest reinforcement 
volume frac t ions . An examp le of  re inforcement volume frac t ion versus 
modulus inc rease is  shown in Figure l ( a) for one of the S i l ag material s .  

The re inforcement material in both sy stems i s  sil icon c arbide . but the 
approac h is  quite d if ferent . At DWA the s i l icon c arbide is  in the form of 
grind ing .. grit . .. the same basic material used in high-speed grind ing 
whee l s .  Various s izes of grit have been exp lored . with the current sizes 
nominal ly 80 to 1 00 me sh [Figure l ( b ) ] .  In the Silag material system .  the 
SiC re inforcement material is produced by a coking and gaseous convers ion 
process  from rice hul l s .  The resul t  i s  a whisker-l ike f iber o f  high 
length-to-diameter rat io and of extreme ly sma l l  d iameter ( 1  � d iameter with 
L/D from 50 to 1 00) [ F igure ( lc ) ] .  

Consol idat ion 

The bas ic s teps for manufac turing the current generat ion of 
d iscont inuous metal mat rix composites  fol lows the f low chart in Figure 2 .  
The bas ic s teps are a s  fo l lows : 

1 .  The first consol idat ion operat ion is  the blending of the 
const ituent material . The metal  powder and the whisker or part iculate 
material are subj ected to  a mec hanical mixing s tep to ensure a uniform 
blending of the const ituent s .  This  ope rat ion i s  usua l ly done in an inert 
environment to prec lude problems with the exp los ive powder mixtures .  Liquid 
b lend ing agent s have a l so been used succes s ful ly ; they aid in breaking up 
agglomerat ion of re inforcement that could c reate matrix-lean areas . 

2 .  After the blend ing operat ion the mix is  poured into the des ired 
press ing preform shape . Current ly . with the s i l icon carbide-re inforced 
aluminum. the preformed shape s are round b i l l e t s  or square .. pancake .. 
bil let s .  The pre s s ing i s  accomp l ished in a vacuum ; the current aluminum 
al loys are pres sed above the sol idus of the matrix alloy .  Pres sure leve l s  
for the aluminum a t  this temperature can reach over 2 . 500 psi ; therefore . 

Copyright © National Academy of Sciences. All rights reserved.

Nondestructive Evaluation of Metal Matrix Composites
http://www.nap.edu/catalog.php?record_id=19515

http://www.nap.edu/catalog.php?record_id=19515


39 

20 
14  lib 

-

1 8  )( 

'8. 
1 2  � 

90 1 6  u 
i= 

1 0  U) c( 
_. 

1 4  w 
u. 
0 8 U) ::J 

70 1 2  _. 
::J 
0 

6 0 
� 

1 0  
z 

4 0 
i= 
c( 
t!' z 

2 0 
_. 
w 

.... z 
w 0 () a: 

30 w 
I:L. 

0 5 1 0  1 5  20 25 
VO LUM E  F RACTION OF SI LICON CAR B I DE (percent) 

(a)  

( b )  Standard SiC Powder (4000 X) (c) fubmicron SiC Whisker ( 1 500 Xl 

FIGURE 1 S i lag composites of varying vol ume frac t ions (courte sy of ARCO 
Metal s ,  S i l ag Operat ions ) .  
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s izabl e  presses  are necessary to make produc t ion quant itie s  of these 
mate r i a l s .  As of this writ ing the large s t  bil let  s izes produced have been 
in t he 1 50-pound range ; however ,  both supp l iers have ongoing b i l l e t  size 
expans ion p l ans . 

Met alworking 

The me talworking steps subsequent to  the compac t ion cyc le  are 
comp arable to what can be done with convent ional aluminum a l l oy s , except 
t hat  add it ional p recaut ions mus t  be used that t ake into account the low 
duc t i l ity and high flow s t re s s  of the re inforced material . Current ly under 
way a re deve lopment ef forts to produce ro l led sheet and p late , extrusions , 
and forged parts from both t he whisker- and particulate-reinforc ed a luminums . 

The rol l ing of sheet and p l ate produc t forms from the initial  
comp ac ted bil lets  is current ly under deve lopment by the two main material 
producers . Initial  resu l t s  have shown that current al loys  can be rol led , 
but a new schedule mus t  be deve loped for rol l ing pre form preparat ions , 
rol l ing temperature s ,  reheat cyc les , and per-pass reduc t ion leve l s .  The l ow 
duc t il ity and high f l ow s t re s s  in these materia l s  produce a high degree of  
edge c racking and potent ial ly high sc rap rate . 

Process  deve lopment e f forts are cont inuing , and resu l t s  to date would 
ind icate that a high-qual ity rol led produc t wi l l  be forthcoming . By us ing 
an extrusion p roces s ,  the materia l s  have been worked into various produc t 
fonos . Initial p l ate forms were made by ext ruding the bil let  materia l s  
through a rec tangular d ie .  Another proc e s s  us ing a back-ext rus ion technique 
has produced the cy l indrical  part s of DWAL 20 material ( F igure 3) . Again , 
as in the rol l ing process , the temperature s and pre s sures used are 
considerably changed f rom the mat rix al l oy parame te r .  

F IGURE 3 Extruded cy l inder o f  25 v / o  S iC/ 6061 aluminum ( courte sy of DWA 
Composite Spec ial t ie s ) . 
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Forgings are another metalworking p rocess  adaptable to the 
d i scont inuous re inforced materials , a l t hough the same materia l s  
oons iderat ions o f  low duc t i l ity and high f low s t re s s  mus t  b e  taken into 
account . The resul t s ,  however ,  have proved successful  to  date , as shown in 
Figure 4 when the forging parameters are c hanged to compensate for the 
unique material s behavior .  

FIGURE 4 Forging o f  2 5  v/o S iC/ 6061  aluminum (courtesy o f  DWA Composite 
Specialtie s ) . 

Flaw Ident if icat ion 

The produc t ion of the d i scont inuous re inforcement material follows 
procedures s imi lar to those used in p roduc ing powder aluminum bil let s , and 
therefore s imilar qual ity control  chec ks are necessary . Chemica l  and sieve 
analyses of powder samp le s  c an determine if the powder is of acceptable 
qua l i ty .  In the case o f  the re inforcement material s ,  the particulate 
material could be c hecked by a s ieve analys i s  t o  make sure no overs ized 
part ic les  are pre sent . The whisker material appears to require a more 
subj ec t ive inspec tion--usual ly mic roscop ic examination. The current F-9 
grade of whiske r  mus t  contain over 80 percent whiskers , with the remainder 
be ing SiC particulate materia l .  Close sc rut iny of the qual ity o f  t he input 
materia l s  should minimize f l aws or de fec t s  at this point in the fabricat ion 
( Figure 5 ) . 

The next s tep is  the b lend ing operat ion , which is  a prime source of 
defec t s .  The matrix powder and the reinforcement material must  be 
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4 3  

t horoughly mixed t o  p rec l ude agg l ome ra t ions o f  re inf o rc ement material and 
t he re by mat r ix - l ean areas . F igure 6 s hows an u l t ra s onic scan wi t h  are a s  of 
suspec t ed poor b l end ing . The se ma t r ix - l e an areas wou l d  p romot e  c rac k 
ini t i a t ion because o f  t he re su l t ant l ow d uc t i l i ty . 

F IGURE 5 Me t a l l ic inc l u s ion in s i l icon c arb ide -re inforced a l uminum 
( Source : Nava l Surface W e apons Cente r ) . 

In t he b i l l e t  conso l id a t ion , t he nomina l dens i t y  a t t a ined i s  
9H pe rc ent o f  t he o re t ic a l . Th i s  by infe renc e  means a p o s s i b i l ity of a few 
perc ent poros ity in t he mat e r ia l .  The s e  vo i d s  typ ic a l ly s how up in t he 
b i l l e t  f o rm ,  and sec ondary proc e s s ing s hou l d  reduce or e l iminate t hem 
( Figure 7 ) . 

In al l subsequent me t a lworking , such a s  ro l l ing , extrus ion , and 
forg ing , t he me t a l  ma t r ix ma t e r ia l s  shou l d  re spond in a fashion typ ical  of 
convent iona l a l uminum a l l oy s .  The MMC mat e r ia l s  have reduced duc t i l ity and 
inc reased f l ow s t re s se s , wh i c h  mu s t  be t a ken into acc ount when d e t e rmining 
proce s s ing speeds and feed s .  

In one area o f  me t"a l j o ining - - f u s ion we l d ing--t he MMC ma t e r ia l s 
exhib i t  behavior c ons ide rab l y  d i f f e rent f rom ne a t  a l uminum. Bec ause of t he 
enhanced high-tempe rature c apab i l i t y  f rom t he S i C  re inforc ement , t he 
mat e r i a l  doe s not f l ow in a we l d  j o int . As shown in F igure 8 ,  t he we ld 
me t a l  and t he base me t a l  are no t mixed in any way , so t he we l d  i s  ac t ua l ly 
mo re typ ic a l  of a brazed j o int . 
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FIGURE 6 U l t rasonic t hrough-t ransmiss ion scan showing areas of suspected 
agg lome rat ion in S iC/ 6061 a luminum p late (courtesy of Naval Surface Weapons 
Center) . 
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FIGURE 7 Porosity in s i l icon c arbide re inforced aluminum. Void percentage 
1 0% (courtesy of Naval Surface Weapons Center) . 

FIGURE 8 We ldment s  of SiC  re inforced aluminum showing l i t t le f l ow ( Photo 
courtesy of  Mart in Mariet ta Labs ,  f rom Ahearn e t  al . ,  Metal Const ruc t ion 
14 : 1 92-7 ) . 
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CONTINUOUS MONOFILAMENT REINFORCED MATERIALS 

Diffus ion Bond ing ( Boron/Aluminum) 

Diffus ion bond ing is def ined as a sol id-state consol idat ion process  
involving temperature , pre ssure , and t ime . The p roce s s  was deve loped for 
B /Al but is used with minor variat ions for SiC/Al , B4C/Al , and BorS iC/Al . 
It is a l so used for SiC/Ti , B4C/Ti , and BorS iC/Ti . 

The bas ic p roce ss as deve loped for B /Al is shown in Figure 9 .  This 
process  is ident ified for the produc t ion of monolayer MMC tubes ( discus sed 
later)  or the manufac ture of mul t i-ply pane l s  at various ply orientat ions . 

The steps involved are as follows : 

1 .  Drum winding--The f i l ament is leve l -wound onto an aluminum-foil­
l ined drum at a prec ise f i l ament spac ing to  p rovide bas ic orientat ion of t he 
f i l ament . During or just  after winding , polystyrene or ac ry l ic adhes ion i s  
app l ied to f ix the f i l aments into plac e .  ( The se are l ow res idual binde rs if 
outgas sed in vacuo . ) 

2 .  Ply cutt ing and lay-up--The drum wrap , pre form, or "green tape" 
consists  of solvent -c leaned aluminum a l l oy foil s ,  wrapped f i l ament , and 
binder .  The pre form is  s l iced and removed from the drum, cut into the ply  
pattern,  and s tac ked with the appropriate foil s  interleaved to give the 
de sired f inal volume f rac t ion . 

3 .  Vacuum bagg ing--The lay-up , inc luding stop-off-coated separat ing 
shee t s , is seam-we lded ins ide sheet stee l .  A vacuum port is then attached . 
Clamping pressure is cont inua l ly app l ied to prevent misal ignment of the 
l ay-up . 

. 4 .  Binder removal and outgassing--The polystyrene or ac ry l ic mus t  be 
removed before consol idat ion ; in add it ion , a number of binders in the 
stop-off  materials mus t  be removed to prevent contaminat ion. Binder removal 
takes p l ace by heat ing to 7 50-800 °F while  dynamical ly evacuat ing .  The heat 
for outgas s ing is  usual ly provided by the p latens of the hot press . 
Posit ive pre ssure is  required during this s tep to prevent shift ing of the 
f i l ament posit ion , thus de stroy ing the uniformity of spac ing of the lay-up . 
The comp l iance of aluminum a l l oys tends to resul t in a c rad l ing of the 
f i lament during wrapp ing . Hence , the p re ssure of atmosphere ac t ing through 
the vacuum enve lope is suff ic ient to prevent f i l ament "swimming" in aluminum 
matrix al loys . 

"Stiff"  matrix a l l oys such as titanium require higher pre s sure during 
the binder remova l proces s .  Titanium mat rix composites are general ly 
outgassed in the hot p re s s  with 10 to 20 atmosphe re s  of pres sure . 

Hot Pre ss Consol idat ion 

Consol idat ion is the most  c ri t ical s tep in the process and also the 
most  l imit ing .  Table 2 gives the parameters for hot pre s s ing .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

N o n d e s t r u c t i v e  E v a l u a t i o n  o f  M e t a l  M a t r i x  C o m p o s i t e s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 5 1 5

http://www.nap.edu/catalog.php?record_id=19515


4 7  

Adhesive 

Coll imate F ibers ----� Measure and Cut Pl ies 

Rei ... Agent 
Dip Tenk 

Cut Separator Sheets � Coat Separator Sheets � Dry, F in ish, I nspect � 
and Retort to Size 

Assemble 
Composite 
Layup, 
Separator 
Sheets, and 
Retort 

� 

Clean Composite � Open Retort 

L Quality Assuranco ., 

,. Outgas and 
Diffusion Bond 

�--- Weld Retort, 
Apply Vacuum 

Package and Ship to Customer 

FIGURE 9 Process  f l ow chart for diffus ion-bonded B /Al composite (courtesy 
of Amercom, Inc . )  
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TABLE 2 Parame ters for Hot Pre s s ing 

Sy stem Temperature Time at 

48 

°F  ( °C) Temperature 

B/Al 985 ( 530) 30 minutes 

BorS iC/Al 985 ( 530) 30 minutes 
to so l idus 

B4C/B 985 ( 530) 30 minutes 
to  sol idus 

SiC/Al 985 ( 530) 30 minutes 
(SCS-2)  t o  so l idus 

B4C/Ti-6-4 1 700 ( 925)* 30 minutes 
(maximum) 

SCS-6* /Ti-6-4 1 700 ( 925)*  30 minutes 
(maximum) 

BorS iC/Ti-6-4 1 700 ( 925)*  30 minute s 
(maximum) 

Minimum 
Pressure 
ks i (MPa) 

5 ( 35)  

5 ( 35 )  

5 ( 35 )  

5 ( 35 ) 

6 ( 41 )  

6 ( 41 )  

6 ( 41 )  

S tep 
Pressing 

Ye s 

Ye s 

Ye s 

Ye s 

No 

No 

No 

CcaDent s 

Filament 
degrades with 
long exposures  

Filament re s i s t s  
degradat ion 

Filament resists  
degradat ion 

Fi lament resists  
degradat ion 

Filament 
degrades 

Filament res ists  
degradat ion 

Filament 
degrades 

*Lower temperature s ,  longer t ime s , and lower pre s sure s  are possible at the 
expense of compos ite s t rength.  Other cond i t ions may be used if stiffnes s  
alone is required . 
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Secondary Fabricat ion 

The secondary fabricat ion steps are as numerous as the spec ific 
appl ic a t ions . The typ ical hot pre s s  flat pane l can be produced by diffus ion 
bonding . The pane l is a good form for t e s t ing , but in general few 
app l ic a t ions are in the form of simple  pane l s .  Thus , secondary fabricat ion 
is  requ i red . 

One type of secondary fabricat ion operat ion is  shown in Figure 1 0 .  
Here , a pane l is  fabricated and is  subsequent ly formed into the desired 
shape by l ower pre s sure s us ing heated matched d ie tool ing .  This process is  
termed "c reep forming . " 

A second example  of secondary fabricat ion i s  shown for the space 
shut t le tubes in Figure 1 1 .  Monolayer produced by step-pre s s  diffusion 
bond ing is rol led about an internal bl adder mandrel . The wrap is s l ipped 
into a cyl indrical female tool , evacuated and sealed , and subj ec ted to HIP 
consol idat ion . End attachment s are consol idated to the tube in s itu . 

Hot Mo lding 

Hot mold ing is  def ined as compos ite consol idat ion at temperature s 
above the sol idus of the matrix a l l oy but bel ow the l iquidus . S ince the re 
is l iquid phase pre sent , consol idat ion take s p l ace at l ow pre s sures  compared 
to the vacuum hot pre s s  diffus ion bond ing desc ribed earl ier.  Thus , the 
produc t ion capac ity of the hot pre s s  is great ly extended , s ince l ower 
pre s sures  c an be t rans lated into larger part s for a given pre s s  capac ity . 
Al ternat ive ly , consol idat ion can take p l ace in an autoc lave . 

Hot molding cannot be cons idered to have the state-of-the-art status 
of d iffusion bonding . Howeve r ,  recent Nat ional Aeronautic s  and Space 
Adminis t rat ion and Air Force l aboratory programs are rapidly advanc ing the 
process  to the point where s imple  "Z " and curved pane l s  are being rel iably 
produced . 

There are two bas ic requirements for hot molding : the filament must  
not be  degraded by the hot molding process , and a l iquid and sol id phase 
mus t  be s imultaneously pre sent . 

The f irst requirement is me t to various degrees by three 
mic rofilament s--scs-z ( s i l icon carbide ) and B4C-B ( boron carbide coated 
boron) , produced by AVCO , and Bors icTM SiC-coated boron produced by CTI .  
In addit ion t o  these monofilament & ,  some graphite-aluminum wire s could be 
fabricated by hot molding techniques if f iber degradat ion can be control led 
or tolerated for a spec i f ic app l icat ion. 

The requirement of the pre sence of a l iquid phase can be met by e ither 
choosing a mat rix al loy with a reasonable range between the l iquidus and 
sol idus or by choosing a bimetal l ic sy stem. Al l oy 6061 wi th an 1 1 00 to 
1 200°F sol idus / l iquidus range has been most  of ten ut i lized . The bimetal lic 
6061 / 4343 system has a l so been examined but to a lesser extent . 
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FIGURE 10 Schematic representat ion of press diffusion bonding and 
creep forming process ( courtesy of Amercom , Inc . ) . 
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FIGURE 1 1  Boron/aluminum tube as sembly fabricat ion ( Source : Genera l  
Dynamic s  Conver Divis ion) . 

Drum Wrapping 

Drum wrapping ( Figure 1 2 )  is  ident ical to the step desc ribed for 
diffus ion bonding except the fugit ive binder is  not app l ied . Typical ly , if 
the mat rix is  to be A6061 , a foi l  of that a l loy is  used to l ine the drum 
prior to leve l winding of the f i lament onto the drum. The foi l wi l l  later 
become a part of the preform. 

Plasma Spray ing 

Plasma spray ing (Figure 1 3) is a substitute for the binder addit ions 
step in d iffus ion bonding .  Plasma spray ing of the desired al loy 
simultaneous ly f ixes the f i lament s into pos it ion and adds the remainder of 
the matrix material to make up the de sired mat rix volume frac t ion. In this 
case , the volume f ract ion is  cont inuous ly variable by adj ust ing plasma spray 
parameters . Proper cont rol of cover-gas is required te prevent the 
ent rapment of Al 203 overspray into the monolayer .  

Hot Mold Consol idat ion 

The es sence of hot molding is pressur1z 1ng above the sol idus of the 
mat rix . With proper attent ion to  vacuum integrity in the tool holding box , 
and a c lean plasma spray sy stem ,  a compos ite part can be consol idated into 
s t ruc tural shapes such as hot s tringers and "Z" sect ions . Ogive ( pointed 
arch) sect ions--both regular and segment sect ions of rotat ions such as nose 
cone shapes--can be produced with ease . There are two maj or variat ions of 
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FIGURE 1 2  Drum wrapping on aluminum foi l  (courtesy of AVCO Corporat ion) . 

Drum Wrap on AL Foi l 

FIGURE 13  MMC fabricat ion by plasma spray ing (courtesy of AVCO Corporat ion) . 
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hot mol d ing : evacuated tool--regular shape s ,  pane l s , and ogive gore 
segment s ( Figure 1 4) ,  and isolated panel , externa l  tool--good for same 
part s ,  bes t  for broad curved pane l s  ( Figure 1 5) . 

In the first  (evacuated heated tool ) me thod , the pres sure act s  through 
a s ingle bladder onto an evacuated heated tool as shown in Figure 14 . This 
geome t ry is  be s t  suited for s t ringers and s imple curved pane l s .  

The second method is  mere ly an extens ion o f  the we l l-estab l ished 
vacuum hot -pre s s , bagging technology . However ,  here the upper and lower 
bladder are pre formed before loading with the plasma-sprayed preform and are 
seam-we lded and vacuum-ported in the convent ional manner .  The heated 
matching cast ceramic tool conforms the part to  the compound curvature by 
s imple spring-loaded c lamps . Consol idat ion is performed during the hot 
molding operat ion by the act ion of autoc lave pres sure act ing through the 
upper and lower bladder as the p reform is  uniformly heated above the a l l oy 
sol idus . 

The following sy stems have been used in app l icat ions of hot molding : 
SCS-Z /Al , B4C-B/Al , and BorS iC/Al . Mos t  of the deve lopment has been 
performed on the SCS-Z / 6061 sy stem. The S CS-Z f i lament has been shown to 
prevent degradat ion even after prolonged exposure ( up to 4 hours )  at 1 250°F 
in mol ten A6061 . Some cand idate component s for this process are stringers 
( zee s , hat s ,  and ogive s )  and gores ( bay covers ) .  

Flaws can be of four types : di sbands , sp l ices , spac ing ,  and c rossed 
f i lament s . 

Disbands re sul t f rom contaminat ion of  the preform, improper outgassing 
of b inder ( re sul t ing in bl isters ) , inadequate evacuat ion, improper platen 
al ignment , d ished platens , or improper f iber al ignment . Of these , d ished 
(crushed ) p latens is the mos t  common.  

Sp l ices re sul t f rom f i lament breaks during rewinding or reac tor-run 
ends . As a resul t ,  the re c an be spac ing e rrors or local  contaminat ion 
during outgassing .  In general , sp l ices are not a serious defec t .  

Spac ing e rrors a re caused by vibration during drum wrapping , f ilament 
" swimming" during outgass ing , insuff ic ient wrapping tension, s tep pre s s ing ,  
or hard contaminant s on foil . The problem is  more severe with hard foi l s  
such as t itanium. 

Crossed f i lament s result f rom improper wrapping tens ion , poor repair 
techniques ,  or improper rest raint during outgassing .  

CONTINUOUS MULTIF ILAMENT YARN RE INFORCEMENT 

Precursor Wire 

Graphite-aluminum ( Gr/Al ) precursor wire is  produced by cont inuous ly 
inf i l t rat ing graphite f ibers in a l iquid metal  inf i l t rat ion unit . The f iber 
sizing is removed prior to entering the c hemical vapor depos it ion ( CVD )  
unit . I n  t h i s  chamber t itanium tetrachloride and boron t richloride are 

Copyright © National Academy of Sciences. All rights reserved.

Nondestructive Evaluation of Metal Matrix Composites
http://www.nap.edu/catalog.php?record_id=19515

http://www.nap.edu/catalog.php?record_id=19515


AUTOC LA V E  P < 1 000 psi 
T - > SOLI DUS 
t - M I N UT ES 

54 

�r-::'�::::5�--- PLASMA SPRAY 
PR E F O RM 

TOO L COVE R  
S H E E T  

�4imJ�-- CAST CERAMIC 
TOO L 

H E ATI NG ELEMENT 

STE E L  VACUU M TOOL BOX 

F IGURE 14 Evacuated tool hot mold ing (courte sy of AVCO Corporation) . 

Copyright © National Academy of Sciences. All rights reserved.

Nondestructive Evaluation of Metal Matrix Composites
http://www.nap.edu/catalog.php?record_id=19515

http://www.nap.edu/catalog.php?record_id=19515


5 5  

Evacuated Envelope 
Containing Preform 

Spring 
Clamped 
Tension 
on Upper 
Tool 

Ceramic 
Heated Mold 

to Vacuum 
Pump 

FIGURE 1 5  External heated tool  hot mold ing (courtesy of AVCO Corporat ion ) .  
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reac ted over a zinc boat to form a complex coat ing on  the graphite surfac e .  
This al lows the aluminum to we t the f iber surface . (Aluminum normal ly does 
not wet graphite . )  The wire is  then formed by pass ing the coated graphite 
f ibers through mol ten a luminum and coo l ing .  Figure 1 6  i s  a schematic 
d iagram of this proces s .  Graphite-magnesium and graphite-copper wire s are 
manufac tured in a s imilar fashion. 

DI R E CT I ON OF YARN TRANSPORT 

GR APH I TE 

YA R N  

ZONE 1 I ZON E  2 

FOOT ASSEMBLY 

PU LLEY BOX 

AR GON PURGE 

ALUMINUM A L LOY M E LT 

FIGURE 1 6  Liquid metal  inf i l tration unit  (courtesy of Material Concep t s  
Inc . ) .  

Defec t s  that can occur during this manufac turing process are 
noninfi l t rated areas , both surface and interna l ( Figure 1 7 ) , and " fuzz" 
generated bridging ,  "fuzzbal l s , "  and me l t  s lag bal l s  ( Figure 1 8) . In 
add it ion, irregular wire shape s ,  although not a manufac turing defec t per se , 
can lead to de fec t s  in the secondary fabricat ion proce ss . Many surface 
defec t s  are deve loped in part from col lect ion of  staple f ibers on the me l t  
surface ( Figure 1 9 )  and have been reduced by the introduc t ion o f  a l iquid 
metal pump inf i l t rat ion technique ( Figure 20) . 

The maj or fabricat ion procedure s for making the wire into usable end 
item shapes are diffus ion bond ing and pul t rusion. In the diffus ion bonding 
procedure , the wires  are laid s ide by side and then foi l s  are placed on both 
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FIGURE 1 7  Photomicrograph c ross  sect ion o f  graphite-aluminum wire showing 
noninfi l t rated area (courte sy of Nava l Surface Weapons Center) . 
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UN I N F I L  T R AT E D  W I R E  

F IGURE 1 8  Surface defec t s  found on graphite-a luminum wire s ( courtesy of 
Naval Surface Weapons Center) . 
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FIGURE 1 9  The format ion of "fuzzba l l s "  ( courtesy of Material Concept s ,  
Inc . ) .  
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FIGURE 20 Liquid metal  pump setup (courtesy of Material Concept s ,  Inc . ) .  
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side s of the wire s . This configurat ion is placed in a stainless  stee l bag 
that i s  evacuated and the ent ire as sembly is pressed at e levated 
temperature . Shaped conf igurat ions c an be formed by hot pre s sing between 
appropriate ly shaped male and female combinat ions . Properly conso l idated 
mater ial  contains a void-free structure that is metal lurgical ly bonded at 
al l wire-wire and wire-foi l  interfaces .  Use of inadequate consol idat ion 
procedures can result  in defect s--among them porosity , internal cracking , 
wire misal ignment , wire frac ture , aluminum-rich zone s , de laminat ion of 
encap sulant foi l  or c l adding , and internal d isbond s .  I t  should b e  noted 
that any f l aws pre sent in the ini t ial  precursor wire are not removed by t he 
secondary consol idat ion step . 

Pul t rus ion ( i . e . , rol l -drawing ) is  a fabricat ion process that loads 
t he uniaxial re inforcement in axial tens ion during secondary processing . 
During consol idat ion of symme trical configurat ions at elevated temperatures , 
a homogeneous , hydrostat ic deformat ion condit ion is  approached as each 
composite volume e l ement passes through a die .  High compress ive surface 
s t resses  balance interior tens ile  stresse s , resul t ing in a state of nearly 
homogeneous de format ion during bonding of the composite wire preforms . A 
schematic of a typic al pul t rus ion is  shown in Figure 21 . 

FIGURE 2 1  Typical  pul t rus ion setup ( c ourtesy of Material Concept s ,  Inc . ) . 

Certain prob lems may be encountered by the Gr/Al user after the 
diffusion bonding s tep . Elect rical  res istance spot we lds have been found to  
be  porous in many instances , and dri l l ing of fastener holes can generate a 
fracture that runs para l le l  to an individual precursor wire . Use of the 
c ross-ply ( 0° to 90° to 0° ) stacking arrangement in a part can resu l t  in 
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microcracking occurring normal to t he f iber direct ion of each ply . This 
failure phenomenon owe s its  source to dif ferent ial thermal shrinkage between 
the axial and t ransverse direct ions of the Gr/Al l amina . Gr/Al is not 
amenable to be ing shaped by deformat ion processing ,  which involves large 
amount s of matrix deformat ion. Mechanical  working of this composite tend s  
to degrade the f iber-matrix interface and reduce material s t rengt h .  This  
type of defect is  subt le in that , on a macroscale , the material appears to  
be in  proper condition . Figure 22  shows some of the defec t s  that have been 
observed in Gr/Al pane l s . 

2 3 1 5 6 7 1 0  
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FIGURE 22 Some typical defec t s  in a graphite-aluminum pane l (courtesy of 
Naval Surface Weapons Center) . 

Preform-Vacuum Inf i l t rat ion 

The du Pont f iber FP/MMC ( Champion 1 9 7 8) is prepared using a preform 
technique . A tape containing a fug it ive b inder is  first prepared . The 
preform is  then produced by lay-up onto a mandre l ,  ensuring that the proper 
f iber orientat ion and shape are achieved and that the proper f iber volume 
load ing i s  obtained . This  lay-up is  then p l aced into the mold , which has 
had a washout app l ied to the internal surface s .  The binder is removed f rom 
the FP preform and the evacuated system i s  inf i l t rated with the mo l ten 
mat rix metal . 

Maj or type s of defec t s  that occur during the FP/matrix fabrication are 
format ion of matrix rich areas , poor inf i l t rat ion , and excessive 
fiber-matrix reac t ion . The matrix-rich and void reg ions may resul t from 
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improper preform fabricat ion.  Photomicrographs of these defec t s  ( p lus a 
homogeneous region) are shown in Figure 2 3 .  The poor inf i l t rat ion can 
re sul t from incorrec t process ing t ime , temperature , or l ithium concent rat ion 
in the a l loy ( Figure 24) . Exce s s ive fiber-matrix reac t ion , resul t ing f rom 
e levated cast ing temperature , inf il trat ion t ime , or lithium concentrat ion , 
wi l l  re sult in fiber degradat ion and sp l it t ing and reduced mechanical  
propert ies .  Figure 2 5  shows examp les o f  both void areas and f iber-matrix 
reac t ion zones . 

S O X  Vo i d  Re g i o n  S O X  Homoge neo u s  
Re g i o n  

S O X  Ho r i zo nt a l  
Ma t r i x  Rich Re g i o n 

S O X  Ve rti ca l 
Ma t r i x  Rich Re gion 

. · ·;:_ � , •  
, � . l,!' 
. .  · · · ·��r� �-{�<_ . ... . .  -· .,: . . ;·" • -. c . .  
11fT 

j- ·"· 
k. .· .· :· .. ;. ·. 

S O X  Ob l ique 
Mat r i x  Ri ch Re gion 

FIGURE 23 Photomic rographs of mat rix-rich and void regions in 5 5  percent 
vo lume frac t ion FP aluminum (courtesy of E. I .  du Pont de Nemours and 
Company ) . 
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F IGURE 24 Photomic rograph showing areas of poor inf i l t rat ion ( SOOX) 
(courtesy of E .  I .  du Pont de Nemours and Company ) . 
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F IGURE 25 Photomic rograph showing reac t ion zones around f ibers due to 
f iber-matrix reac t ion ; void s are a l so pre sent ( lOOOX) (courtesy of  E. I. du 
Pont de Nemours and Company ) . 
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Chapter 4 

FAILURE MECHANISMS 

A st ruc ture subj ected to mechanica l  loads and temperature changes 
behaves in a manner dictated by the property of  i t s  const ituent e lement s .  
The sc ient ific d i sc ipl ine deal ing with these subjec t s  i s  mechanic s .  

Metal mat rix compos ites are comp lex ,  heterogeneous materia l s , 
consisting of e l ast ic-plastic mat rices re inforced by cont inuous and 
discont inuous f ibers , whiskers , and part ic le s .  Reinforcement s are usual ly 
britt le ceramic materials  that often display no duc t i l ity . The branch of 
mechanic s that re lates mac roscop ic material behavior to  the properties of 
the cons t ituent s and the i r  geomet ric arrangement in the composite is cal led 
micromechanic s .  Evaluat ion of the effec t s  of defec t s  on compos ite behavior 
is  general ly based on mic romechanical  or semi-empirical mode l s , or empirical 
dat a .  Good mode l s  are extreme ly valuab le , as they minimize the amount of 
expens ive t e s t ing required . 

To date , mic romechanical analyse s  have concentrated on composites with 
e l as t ic mat rices and re inforcement s .  However ,  because p lastic i ty effec t s  
are important i n  metal mat rix composites , there are large gaps i n  our 
unders tand ing of the se materials  ( Zweben 1 983) . This sect ion reviews what 
is  known about the mic romechanics of  me tal mat rix composites . Stres s-s t rain 
behavior,  stat ic s t rength,  and fat igue charac terist ic s  are covered . 

STRESS-STRAIN BEHAVIOR 

The contribut ion of metal  mat rices to compos ite stiffness , even in the 
axial d irec t ion, can be s ignificant , and mat rix plas t ic ity ef fec t s  can have 
an appreciable inf luence on composite behavior. 

Compos ite p last ic load-deformat ion behavior is  far more difficult  to 
desc ribe than for the e last ic or even vi scoe las t ic cases . In these last 
two instances , it is  pos sible to  use e f fec t ive composite propert ies to 
obtain re lat ions between average s t resses and s t rains and their t �e 
derivative s .  However ,  to desc ribe p last ic behavior , it is necessary to 
define the comp lete internal state of s t re s s  for every value of app l ied 
load . This requires  spec ificat ion of a geometric mode l and is extreme ly 
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complex ,  even for s imp le loading condit ions . The problem has been 
approached both ana ly t ic a l ly and by use of f inite e lement mode l s  ( Hi l l  1 964 ;  
Mulhearn e t  al . 1 967 ; Dvorak and Rao 1 9 7 6a ;  Adams 1 9 7 0 ; Foye 1 9 73) . 

The comp lexity o f  the subjec t prec ludes a detailed d iscuss ion of 
plas t ic load-deformat ion behavior . However ,  micromechanical  analyses have 
provided important ins ight s into the general  characteris t ic s  of compos ites 
with p last ic cons t ituent s ,  and these wil l be examined in this sec t ion. The 
discuss ion is based primarily on the work of Drucker ( 1 9 7 5 )  and Dvorak and 
Rao ( 1 976a ,  1 9 76b ) . 

The elas t ic constant s of f iber and matrix usua l ly differ,  so the 
internal stress  distribut ion i s  not homogeneous ,  even under hydrostat ic 
load ing .  Unexpected re sult s  fo l low from this ; e . g . , a composite with 
e last ic f ibers in an elastic perfec t ly plas t ic matrix shows an initial 
stress-strain curve with work hardening caused by the format ion of plastic 
zone s which spread as the load is  inc reased . The appl icat ion of hydrostat ic 
s t ress  produces irreversible vo lume c hanges caused by y ie lding of the 
matrix , although the matrix i s  plas t ical ly incompressible . 

Dvorak and Rao ( 1 9 7 6b)  showed that p l as t ic ity effec t s  often are 
important when c ompos ites who se const ituent s have different coeffic ient s of 
therma l  expans ion undergo s ignif icant temperature c hange . 

A s imple mode l for the behavior under axia l load of  a composite with 
e last ic f ibers and an elastic , pe rfec t ly p l as t ic matrix presented by Spencer 
( 1 972)  i l lus t rates some of the effec t s  of plas t ic ity on compos ite behavior. 
Figure 26 shows the s t ress-strain behavior of the composite ; the f ibers , 
which have an elastic modulus Ef ; and the mat rix , which has an e last ic 
modulus Ea• a tens ile y ield s t ress Y•, and a compres s ive y ie ld stre s s  
-Ym. Assuming the compos ite is  orig1na l ly s t ress-free , the init ial 
modulus is  approximate ly cEf + ( 1  - c ) Ea where c is  the f iber volume 
frac t ion. The matrix y ie lds  when the app l ied s t ress  is  (cEf + ( 1  - c )  
Ea 1 Ym/Ea ( po int A) , and the effect ive composite modulus drops to 
cEf • The s l ope of the unloading curve , BC ,  equa l s  the initial  e last ic 
slope . At point C ,  the matrix s t ress  reache s  -Ym and i t  y ields in 
compress ion , whereupon the effec t ive compos ite modulus again drops to 
cEf • At point D ,  where the appl ied s t ress  is zero , the matrix is under a 
state of res idual compress ive s t ress , -Ym, the f ibers are in tens ion, and 
there is  a macroscopic res idual deformat ion. Subsequent appl icat ion of 
tensile  s t ress  unload s  the mat rix, and i t  behaves elastical ly , so that the 
slope of the composite s t ress-strain curve is , again, cEf + ( 1  - c )  Em• 
At point E, the matrix y ie lds in tens ion. The cyc le EBCD can then be 
repeated indef initely . 

This  s imp le mode l does not d isp lay t he apparent work hardening 
pred ic ted by more detailed analyses (Uvorak and Rao 1 9 7 6a ,  1 9 7 6b) . 
Composite behavior under shear and t ransverse extens ional loadings is more 
comp lex and is not eas i ly represented by s imp le mode l s  l ike the one 
presented here (Adams 1 9 70 ,  Foye 1 9 73) . 

Copyright © National Academy of Sciences. All rights reserved.

Nondestructive Evaluation of Metal Matrix Composites
http://www.nap.edu/catalog.php?record_id=19515

http://www.nap.edu/catalog.php?record_id=19515


69 

a 

F I BER 

MATR I X  

a 
8 

COMPOSITE 

F IGURE 26 Stress-strain curves for e last ic f ibers , e last ic perfect ly 
plastic matrix, and composite . 
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The inf luence of thermal history is another extreme ly important fac tor 
affec ting compos ite s t ress-strain behavior .  Me tal mat rix composites are 
fabricated at very high temperature s , resul t ing in res idual stresses intense 
enough to cause y ie lding of the mat rix ( Dvorak and Rao 1 976b) . Furthermore , 
heat t reatment determines the magnitude of the mat rix yie ld stre s s , which 
affec t s  c ompos ite const itut ive behavior as we l l  as s t rength .  

AX IAL  TENS ILE STRENGTH 

This  sect ion t reat s the axial tensile  s t rength of metal  mat rix 
compos ites having cont inuous , para l l e l  f ibers , which are assumed to be 
brit t le ceramic materials , such as boron , carbon, and alumina . 

Fibers do not have unique tens i le s t rengths . The se britt le materia l s  
are f l aw-sensi t ive , and the ir s t rengths d i splay cons iderable scatter when 
tested at a f ixed gauge length. Furthermore , mean strengths dec rease with 
increasing gauge length ( Zweben 1 9 7 7 ) . Because of the nature of f iber 
strength, compos ite tens i le failure is a comp lex proces s assoc iated with 
random f iber breaks scattered throughout the material .

· 

There has been re lat ive ly l it t le study o f  the fai lure mechanisms in 
most metal mat rix systems , except for boron-aluminum. There is evidence 
that some boron-a luminum systems fail catast rophical ly ,  with a minimum 
number of scattered breaks , whi le in others , numerous random f ractures are 
observed ( Herring 1 9 7 2 ,  Wright and Wi l l s  1 9 74) .  The reasons for the 
different fai lure modes have not been de f init ive ly es tab l ished , although 
f iber-matrix inte rfaced bond s t rength appears to be a maj or fac tor . 

A number of ana lytical  models  for compos ite tens ile s trength have been 
proposed , but corre lat ion with  experimental dat a ,  espec ial ly for metal 
matrix compos ite s , has been meager (Argon 1 9 74 , Zweben and Rosen 1 970 ,  
Phoenix 1 983) . 

A maj or concern in proces s ing metal mat rix composites is the 
possibil ity of fiber-matrix interact ion during processing , with resultant 
f iber degradat ion. The format ion of a reac t ion layer on f iber surfaces  
might have litt le effec t on composite modulus but could cause a s ignificant 
reduct ion in compos ite tens ile s t rength . 

Because matrix s t i f fnes s  is s ignificant compared to f iber stiffnes s  
f o r  mos t  metal mat rix sys tems , matrix temper and res idual stre s s  s tate c an 
a l so affect composite tensile  s t rength.  

Re inforc ing f ibers general ly carry a maj or share of the load , and thus 
any damage to them, such as that resul t ing f rom impac t ,  c an cause 
s ignif icant strength reduc t ion (Awerbuch and Hahn 1 9 7 6) . The problem of 
predic t ing frac ture of damaged compos ites is  controversial at present , and 
use of convent ional fracture mechanic s technique s is  not universal ly 
accepted (Zweben 1 9 73) . 
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AX IAL  COMPRESS IVE STRENGTH 

The axial compres s ive s t rength of f iber-re inforced materials  is  
strongly inf luenced by the mic rostruc tural geomet ry of  the material .  For 
al igned f iber geometry , the material s t rength is  determined by instability 
of the f ibers supported by the matrix phase . It should not be surprising to 
learn that , s ince the buckl ing load of the f ibers is  influenced by the 
degree and tenac ity of  support by the mat rix phase , the matrix propert ie s ,  
as we l l  as fiber mat rix bond integrity , p l ay important roles in determining 
axial compres s ive strength of al igned f iber composite s .  Thus , defect s  that 
can be expected to inf luence ax ial compre ssive strength of these materia l s  
inc lude f iber a ligument o r  col l imation ,  f iber-matrix bond integrity , and 
matrix in s itu st iffnes s  propert ie s .  For mul t iaxial laminates of al igned 
f iber composites , interlaminar f racture fol lowed by laminae instabil ity is  
another mode of compress ive fai lure . Here ind ividual laminae or groups of 
lamina at the surface become unstable when they lose the support of the 
adj acent material through interlaminar frac ture . Hence , interlaainar 
defec t s  are s ignificant in determining the axial compre ssive strengths of 
mul t iaxial laminate s .  

The axial compre ssive s t rength o f  d iscont inuous f iber compos ites may 
not be determined by instabil ity of the f ibrous phase ; instead , failure may 
re sul t  from a complex process of  matrix y ie ld and c rack propagat ion. For 
discont inuous f ibe r composite s , uniformity and integrity of mic rostructural  
geometry , as we l l  as f iber matrix adhe s ion , strongly influence strength.  
Thus defec t s  such as matrix voids and variat ions in f iber or part ic le 
spac ing are important in determining compressive strength. Furthermore , 
orientat ion state of e l l ipsoidal part ic les and short f ibers wil l  strongly 
inf luence compre ss ive propert ies .  

TRANSVERSE STRENGTH PROPERTIES 

The t ransverse s t rength of al igned f iber compos ite materia l s  is  
determined both by the qual ity of the bond between f iber and mat rix as wel l  
as the propert ies of the in situ matrix .  In cases o f  highly anisotropic 
f ibers where the transverse strength of the f iber is less  than that of the 
bond , f iber· failure may contribute to t ransverse compos ite failure . S ince 
the presence of voids ac t s  to l imit the surface area for adhesion , voids may 
strongly reduce t ransverse tens ile s t rength . On the other hand , f iber 
misal igument can be expec ted to  enhance t ransverse tens i l e  strength when 
compared to that for the perfec t ly a l igned composite . Fiber spac ing 
variat ion may ac t to reduce t ransverse tens i l e  strength when the change s in 
spac ing result s  in inc reases in f iber volume fract ion local ly . This is  
because stress  concentrat ions in the matrix phase caused by the f iber are 
inc reased when f iber vo lume frac t ion is inc reased . 

The transverse tensile  strength of part iculate and d iscont inuous fiber 
composites , l ike the axial tens i le strength , i s  determined by a combined 
matrix and f iber-matrix interface failure . Thus the geometry of the 
mic rostructure can be expected to strong ly inf luence s t rength. A random 
orientat ion distribut ion of re inforcement wil l exhibit greater transverse 
tensile  s t rength than that of a greater degree of f iber col l imat ion. 
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FATIGUE MECHANISMS 

The e last ic -p lastic response of metal matrix composites to cyc l ic 
loads has been the subj ec t of numerous papers (Dvorak and Johnson 1 980 and 
1 981 ; Johnson 1 980) . Resul t s  of  Dvorak and Johnson ' s theoret ical and 
experimental  s tudies of  fatigue damage mechanisms in unidirect ional and 
laminated boron-aluminum show three types of re sponse to cyc l ic loading .  

First , a t  relat ive ly low load ampl itudes , there is  no evidence of 
damage that can be detec ted by stiffnes s  measurements or by microscopic 
examinat ion. This is cal led the shakedown stre s s  range , within which the 
composite , in part icular the matrix , re sumes an e l astic deformation mode 
after a certain number of p lastic strain cyc les . 

Second , when the overal l  cyc l ic s t ress  range is such that the 
compos ite does not shake down , the aluminum mat rix undergoes cyc l ic plas t ic 
straining in one or more layers of the l aminate . As a result , low cyc le 
fat igue damage deve lops in the matrix , first in the form of fami l ies of 
para l l e l  long c racks that propagate in the direc t ion of the f ibers in 
off-axis layers of the laminate . These c rack fami l ie s  are usual ly conf ined 
to their part icular p l ie s  by the f iber layers in adj acent p l ie s . At highe r  
appl ied stress  ranges , after many loading cyc les , such c rack fami l ie s  are 
observed a l so in the matrix of the zero-degree p l ies , where their direct ion 
is perpendicular to that of the f iber and of the appl ied load . Thi s  
internal c rack damage causes the reduc t ion o f  the e last ic s t iffne s s  o f  the 
laminate . The loss of stiffnes s  may be quite substant ial , somet ime s  equal 
to 50  percent of  the original magnitude , espec ial ly in laminates with 
re latively many off-axis  layers . In addit ion to the loss of stiffnes s ,  
damaged laminates al so suffer a reduc t ion o f  re s idual stat ic strength . 

The fat igue damage process  does not necessari ly cont inue indefinite ly , 
nor does it need to cause early fai lure . As long as the maximum appl ied 
load does not exceed the endurance l imit for a given stre s s  range , the 
damage process  become s  arrested after 0. 5 to 1 . 0  X 1 06 cyc les of loading . 
Quant itat ive theore t ical  understand ing of the evaluation of the damage 
process is s t i l l  incomp lete . However ,  experimental evidence suggests  the 
fol lowing sequence of event s . The init ial fami l ie s  of long c racks form in 
the weakest  of f-axis layers , or in those that are subjected to re lat ive ly 
high transverse s t resses that cannot be supported by the- matrix .  Local 
c racking in these layers reduce s  the i r  stiffnes s  and , consequently , the 
magnitudes of local s t ress  that the layers need to support . This is  the 
first step in a gradual ly evolving proce s s  of load transfer from the 
c racked , comp l iant p l ie s  of the laminate to the st iffer layers . As the 
weakest or highly stres sed part s of the microstructure fai l , their share of 
the load is transferred to the undamaged materia l .  When the appl ied load 
inc reases , or is cont inued in a cyc l ic fashion , this process proceeds to 
operate , and it  causes damage accumulat ion. The damage sequence can be 
arrested if , at a certain state of damage accumulation , the combined effec t s  
o f  internal s t ress red istribution and external loading cannot cause further 
c racking in the composite material .  This  f inal damage state , if it  exist s ,  
i s  referred to a s  a " saturat ion damage state . "  
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It appears that the saturat ion state is reached when local stresses in 
the c racked off-axis layers have been reduced to such leve l s  that no further 
c racking may take p l ace in these layers . Much of the total appl ied load is  
then t rans ferred to the zero-degree layers . Two pos sible outcomes may 
fol l ow.  If  the zero-degree l ayers and the surviving parts of the off-axis 
layers can support the app l ied load without further damage , the compos ite 
reaches the saturat ion damage state and suffers only the attendant loss of 
stiffness and strength ,  but no failure . 

1 • 
The third type of re sponse is  when the stresses are too large for the 

saturat ion state to deve lop ; then the damage process continues to the point 
where the zero-degree p l ies are overloaded in the course of the internal 
stress  red istribut ion and the laminate foi l s .  This i s  characterized by a 
sudden fiber fai lure , which is localized to the immediate vic inity of the 
fracture surface . 

The coinc idence of shakedown and damage ranges is expected to apply to 
other compos ite systems with annealed and as-fabricated aluminum matrices ,  
but not to those with T6 tempe red and other high-strength matrices that 
suffer fat igue fai lure we l l  within their  e last ic deformat ion ranges .  

I t  can be conc luded f rom this work that , although the absolute value 
of the fat igue strength was dependent on the p ropert ie s of the f ibers , 
matrix fat igue propert ies are a cont ro l l ing factor that determines the 
loading ranges within which composites may be safe ly used . 

EFFECTS OF DEFECTS ON FATIGUE PROPERTIES 

S ince the matrix cont ro l s  the fat igue f racture mechanism in metal 
mat rix composites , any defec t s  in the compos ite that p romote early c rack 
growth in the matrix should be avoided . As an examp le ,  Dvorak and Johnson 
( 1 980) observed early fat igue damage caused by the presence of surface 
grooves , which act as surface c racks or prec ipitate growth of such c racks 
during fat igue loading when their orientat ion is perpendicular to the 
appl ied load . 

It is al so expec ted that f iber propert ie s  wi l l  influence fat igue 
l ife . Bhatt and Grime s  ( 1 979)  attributed poor fat igue l ife of MMC spec imens 
they tes ted to the p re sence of f lawed and fractured f ibers c reated near the 
spec imen surface by preparat ion technique s and to  the large res idual tens i le 
stresses that can exist in f iber-reinforced matrices . 

Experimental inves t igat ions by Dvorak and Tarn ( 1 975)  have shown that 
the characteris t ic s  of the f iber matrix interface do not appear to affect 
the magnitude of the axial fat igue l imit of a composite . However ,  if the 
compos ite is loaded above it a fat igue l imit , the interfaces can have a very 
s ignificant effect on the rate of fat igue microcrack propagat ion in the 
const ituent s and on the fat igue l i fe .  
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Chapter 5 

DESIGN FOR FLAW CRITICALITY 

The use of nondestruct ive tests  as a method of determining the qual ity 
of struc tural e lement s has long been an accepted qual ity control technique . 
The use of nondestruc tive testing together with tests to destruct ion has 
been and cont inues to be used in metal and composite struc ture s .  The advent 
of advanced composites for structural appl icat ions and the comp lex nature of 
compos ite materials  has led to the extens ive use of nondestruct ive testing 
for val idat ing the product ion qual ity of these material s .  

For metal l ic material s ,  the designer o f  f law c ritical parts i s  care ful 
to se lec t materials  with superior toughness , high ductility ,  and res istance 
to c rack growth.  A great deal of  fracture mechanic s research and 
deve lopment have p rovided the engineering des igner with the tools  to des ign 
for f law-critical appl icat ions . Although the des igner works with inherent ly 
britt le compos ite materials , the laminant form is of increased toughness 
compared to mono l ithic metal l ic material s .  In polymer composites , a great 
deal of ef fort has been expended on fracture mechanic s ,  but t hus far the 
theories  have not been proved or wide ly dis seminated for use by des igners . 
This lack of informat ion is  part icularly p revalent in the f ie ld of metal 
matrix composites , where the re search i s  much less  deve loped than that for 
polymer mat rice s .  

APPLICATION REQUIREMENTS 

To discuss  des igning for c rit ical f laws in aerospace struc tures , it is  
convenient to review three c lasses of vehic les  that differ s ignif icant ly in 
their requirement s .  The three c lasses  are airc raft , missiles  ( tact ical and 
bal l is t ic ) , and space struc ture s .  The aircraft des igner i s  concerned with 
long periods of repetit ive load environment , and therefore fat igue 
propert ies are of princ ipal concern. Thi s  fat igue environment leads  to 
c racks and c rack propagat ion, so des igning f law-insensit ive structures is  as 
faportant as f ind ing init ial flaws . Missile  load environment s are normal ly 
very short , with only a few excurs ions approaching design loads . Thus , · 
mis s i le designs are not normal ly fat igue-c rit ical , but load excursions c lose 
to the strain capabil ity of the materials  cause concern regarding ini t ial 
defec t s  detect ion. Space struc ture des igns tend to be charac terized by very 
long periods in a re lat ive ly benign external loads environment . Although 
their load s are normal ly smal l ,  space structure s have severe requirement s 

7 7  
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for  dimens ional s tabi l ity under extreme temperature variat ions . An 
add it ional charac teristic of space struc tures is  that they tend to be one of 
a kind , so nondestruc t ive test ing is  very important to providing 
f l ight-quality hardware . Defect s  in the space struc ture could also 
measurably affec t d imens ional stabi l ity . 

MATERIALS APPLICATION 

The types of appl icat ions in each of the three vehic le c lasses can be 
divided among primary s t ructure , secondary structure , and j oint s .  Primary 
structure is  the largest  and most c ritical structure to the vehic le ' s 
funct ion or performance ; it inc ludes wings , fuse lage , missile she l l  
sect ions , and pay load support sect ions . Primary structure receives the 
greatest amount of nonde s t ruc t ive test ing because of i t s  crit ical  nature and 
its size .  Secondary s t ructure is  le ss  important because it is  smal ler or 
because it does not carry load s critical  to  the vehic le ' s performance . This 
type of struc ture inc ludes bracket s ,  control surfaces ,  and l inkages .  
Because of its  size and usua l ly comp lex geometry , secondary struc ture tends 
to rece ive le ss nondestruct ive test ing than primary structure . Joint s are 
very important structural e lement s ;  however ,  t heir  geometry tend s to  make 
them poor cand idate s for nondestruc tive test ing .  Because j oint s can 
transfer primary load s between e lement s of primary s t ructure , at temp t s  are 
often made to test  the se element s nondestruct ive ly , but often conf irmat ion 
of the ir integrity is left to p rec ise manufacturing control alone . 

DES IGN METHODOLOGY 

Aerospace des igners have several ways to minimize the effec t of f l aws 
on the performance of a structure . They can de sign with known 
flaw-insensit ive materials , they c an make the des igns phy s ical ly tolerant of 
f l aws , and , f inal ly , they can require nondestruct ive testing of those areas 
of the design that require spec ial attent ion during service l ife . 

To allow the use of available NDT methods , the de signer must know the 
kinds and s izes of defects  the NDT technique s are capable of ident ifying . 
In composites , the type s of defec t s  inc lude disbonds , de laminat ion& , f iber 
disc repanc ies ( broken or mi soriented ) ,  poros ity or void s ,  and matrix 
discrepanc ies (matrix-poor or -rich) . Once the des igner knows what defect s  
nondestruc t ive testing can f ind ,  he needs to know what effect those defects  
may have . This informat ion may be  obtained theoretica l ly ;  however ,  for 
composites , the tendency is  to deve lop the informat ion empirically .  When 
this informat ion is available , the des igner can make a l lowance for a 
part icular f l aw that may be critical . 

The methods that the des igner use s to  provide a f law-re sistant 
struc ture inc lude conservat ive des ign, extensive testing , and thorough 
inspec t ion. Conservat ive design is  not s ignif icant ly different for metal s ,  
di scont inuous re inforced metal s ,  o r  laminated compos ites ( polymer or metal 
matrix) . The des igns tend to be more conservat ive in areas whe�e period ic 
inspect ion is not feas ible and where visual inspec t ion is difficul t . The 
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designer tends to use higher margins o f  safety i n  areas where f laws would be 
c rit ical but are cons idered undetec table . A good examp le of this type of 
flaw is a curved beam that bas fai led in through-the-thickness  tens ion that 
del aminates the struc ture but cannot be eas ily detected when the load is 
removed because the de laminat ion c lose s .  The des igner t ries to provide 
redundant or multiple para l le l  load paths for the flaw-critical areas so 
that a fai lure in one e lement wi l l  not re sult in fai lure of the vehic l e .  
Wherever pos s ible , c rac k arrestment is  designed into the structure . Crack 
arres�ment concep t s  inc lude j oint s in the structure or local ly increased 
thickness  that reduces the material stre s ses . 

Extensive test ing is  performed for three general purposes : to develop 
design al lowable& , inc lud ing uninapec table damage ; to deve lop 
accept-or-rejec t  c riteria for f l aws that NDT me thods can art iculate ; and to 
perform l ife test ing or f l ight confidence test ing on typical structures 
containing characteristic f l aws . The dea ign-al l owablea testing is  performed 
to define the degree of degradat ion of propert ie s caused by known defec t s . 
These design allowable& are then used by t he designer to prec lude problems 
in those areas where flaws would cause c ritical structural failures . 
Accep t -or-reject  test ing is  norma l ly performed on struc tural e lements to 
demonst rate degradat ion in performance with  known detec table defec t s .  The se 
accept-or-rejec t  teat data are often used to evaluate hardware by 
nondestruct ive te sting . Life test ing i s  ful l-scale test ing of vehic les or 
sube lement a to more than the ir expec ted service l ife at accelerated rates .  
Often these test a are run for 2 l ifet ime s and t hen the struc ture is  
intent ional ly f lawed and test ing is  cont inued unt il cumulat ive damage 
destroys it . 

Thorough inspec t ion by NDT methods p rovides the des igner the only 
actual data on the exac t artic le fabricated . These data can be used with 
the test ing results  and predicted results  to determine the acceptability of 
the hardware . 

In the deve lopment of nondes t ruct ive testing of metal mat rix 
compos ites , it i s  important from the de s igners point of view , to minimize 
coat and fear of the unknown. Extreme NDT requirement s at al l leve l s  of 
material and part manufacture wi l l  resul t in high coat for the material , 
which cou ld prec lude it a use . The need for such extensive nondestruct ive 
testing wi l l  also tend to c reate distrust of the material by the designer , 
which may reduce its c hance of appl icat ion. Second , the NDT community 
should focus on NDT method s appropriate for structure in add it ion to methods ·  
for raw material . The manufac ture of the struc ture is  l ikely to introduce 
defect s  that may be of more consequence to  performance . Third , an attempt 
should be made to corre late detectable defec t s  us ing nondestruct ive testing 
with actual  degradat ion as demonst rated by destruct ive tes t a .  Fourth ,  the 
community should d isseminate data on nondestruct ive te st ing of metal matrix 
composites to des igners through design-oriented publ icat ions and seminars . 
Finally ,  the development and testing of fracture mechanic s theories 
spec ifical ly for metal matrix compos ite s should be acce lerated . 
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