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Professor Michae l Bever , Edi tor - in-Chief of the Encyclopedia of Materials Science and 
Engineering and Senior Advisory Edi tor of the Supp lemen ta ry V o l u m e s and the Conc i se 
Encyc loped ia s , d ied in C a m b r i d g e , Massachuse t t s , on 17 July , 1992. 

He was born in Ber l in in 1911 and rece ived a degree of Doc to r of Ju r i sp rudence from 
the Univers i ty of He ide lberg in 1934, the year in which he emigra ted to the U S A . In 1937 
he was awarded a m a s t e r ' s degree in bus iness adminis t ra t ion by Harvard Univers i ty . He 
then s tudied meta l lu rgy at the Massachuse t t s Inst i tute of Techno logy and rece ived his 
doc tora te in 1944. Soon af terwards , he was appoin ted to the faculty of the Depa r tmen t of 
Meta l lu rgy (now the depa r tmen t of Mater ia l s Sc ience and Engineer ing) at M I T , where his 
profound k n o w l e d g e and d iverse in teres ts , r ang ing from phys ica l meta l lu rgy to mater ia l s 
economics and m a n a g e m e n t , sus ta ined his research and teaching for near ly half a century . 

Professor Bever was one of a smal l g roup of peop le w h o d iscussed the concep t of an 
encyc loped ia of mater ia l s in the 1950s, but the project did not get under way unti l 1974 
when P e r g a m o n Press dec ided to c o m m i t the necessary resources and to appoin t Michae l 
Bever as Edi tor- in-Chief . He devo ted the r ema in ing years of his life to the Encyc loped ia . 
It is a fitting memor i a l to his schola rsh ip and to the centra l role wh ich he p layed in the 
evolu t ion of mater ia l s sc ience and eng ineer ing . 

Wal te r S O w e n 
Chairman, Honorary Editorial 

Advisory Board 

Rober t W Cahn 
Executive Editor 

Peter Τ Shepherd 
Publishing Director, Pergamon Press 
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FOREWORD 

In the t ime s ince its publ ica t ion , the Encyclopedia of Materials Science and Engineering 
has been accepted th roughout the wor ld as the s tandard reference about all aspec ts of 
mater ia l s . Th i s is a we l l -dese rved t r ibute to the scholarsh ip and dedica t ion of the late 
Edi tor- in-Chief , Professor Michae l Bever , to the Subject Edi tors and to the numerous 
cont r ibutors . 

Dur ing its p repara t ion , it soon b e c a m e c lear that change in some areas is so rapid that 
publ ica t ion wou ld have to be a con t inu ing act ivi ty if the Encyc loped ia were to re ta in its 
pos i t ion as an author i ta t ive and up- to-da te sys temat ic compi la t ion of our k n o w l e d g e and 
unders tand ing of mater ia l s in all thei r d ivers i ty and complex i ty . T h u s , the need for some 
form of supp lementa ry publ ica t ion was recogn ized at the outset . T h e Publ i sher has met 
this cha l lenge mos t handsome ly : bo th a con t inu ing ser ies of Supp lemen ta ry V o l u m e s to 
the main work and a n u m b e r of smal ler encyc loped ia s , each cover ing a se lected area of 
mater ia l s sc ience and eng ineer ing , are in the p rocess of publ ica t ion . 

Professor Rober t Cahn , the Execu t ive Edi tor , w a s prev ious ly the edi tor of an impor tan t 
subject area of the ma in w o r k and m a n y o ther peop le assoc ia ted wi th the Encyc loped ia 
have cont r ibu ted or wil l cont r ibu te to its Supp lemen ta ry V o l u m e s and der ived Conc i se 
Encyc loped ia s . T h u s , cont inui ty of s tyle and respec t for the h igh s tandards set by the 
Encyclopedia of Materials Science and Engineering are assured . They have been j o ined 
by some new edi tors and cont r ibu tors wi th k n o w l e d g e and exper i ence of impor tan t 
subject a reas of par t icular interest at the presen t t ime . T h u s , the Advisory Board is 
confident that the new publ ica t ions will s ignificantly add to the unders tanding of emerg ing 
topics whereve r they may appear in the vast tapes t ry of k n o w l e d g e about mate r ia l s . 

T h e appearance of the Supp lemen ta ry V o l u m e s and the ser ies Advances in Materials 
Science and Engineering is an event wh ich wil l be w e l c o m e d by scient is ts and engineers 
th roughout the wor ld . W e are sure that it wil l add still m o r e luster to a mos t impor tan t 
en terpr ise . 

W a l t e r S O w e n 
Chairman 

Honorary Editorial Advisory Board 
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EXECUTIVE EDITOR'S PREFACE 

As the publ ica t ion of the Encyclopedia of Materials 
Science and Engineering approached , Pe rgamon Press 
reso lved to bu i ld u p o n the i m m e n s e v o l u m e of w o r k 
which had gone in to i ts c rea t ion by e m b a r k i n g on a 
fo l low-up project . Th i s p ro jec t had t w o c o m p o n e n t s . 
The first was the c reat ion of a series of Supp lementa ry 
V o l u m e s to the E n c y c l o p e d i a itself . T h e s e cond 
c o m p o n e n t of the n e w p ro jec t w a s the c rea t ion of a 
series of Conc i se Encyc loped ia s on indiv idua l subjec t 
areas i nc luded in the M a i n E n c y c l o p e d i a to be ca l l ed 
Advances in Materials Science and Engineering. 

These Conc i se Encyc loped i a s are in tended , as thei r 
name implies , to be compac t and relatively inexpensive 
v o l u m e s ( typ ica l ly 4 0 0 - 6 0 0 p a g e s in l eng th ) b a s e d 
on the r e l evan t a r t ic les in the E n c y c l o p e d i a ( r ev i sed 
w h e r e n e e d b e ) t o g e t h e r w i t h s o m e n e w l y 
c o m m i s s i o n e d a r t i c les , i n c lud ing app rop r i a te o n e s 
from the S u p p l e m e n t a r y V o l u m e s . S o m e C o n c i s e 
E n c y c l o p e d i a s offer c o m b i n e d t r e a t m e n t s of t w o 
subjec t f ie lds w h i c h w e r e the r e spons ib i l i ty of 
separa te Sub jec t Ed i to r s du r ing the p r epa ra t i on of 
the pa ren t E n c y c l o p e d i a (e .g . , den ta l and m e d i c a l 
mater ia l s ) . 

Eleven Concise Encyc lopedias have been publ ished . 
These and the i r ed i to rs a re l i s ted b e l o w . 

Concise Encyclopedia of 
Advanced Ceramic 
Materials 

Concise Encyclopedia of 
Building & Construction 
Materials 

Concise Encyclopedia of 
Composite Materials 

Concise Encyclopedia of 
Magnetic & 
Superconducting 
Materials 

Concise Encyclopedia of 
Materials 
Characterization 

Prof. Richard J Brook 

Prof. Fred Moavenzadeh 

Prof. Anthony Kelly 
CBE , FRS 

Dr Jan Evetts 

Prof. Rober t W Cahn 
FRS & Dr Eric Lifshin 

Concise Encyclopedia of 
Materials Economics, 
Policy ά Management 

Concise Encyclopedia of 
Medical ά Dental 
Materials 

Concise Encyclopedia of 
Mineral Resources 

Concise Encyclopedia of 
Polymer Processing 
& Applications 

Concise Encyclopedia of 
Semiconducting 
Materials & Related 
Technologies 

Concise Encyclopedia of 
Wood & Wood-Based 
Materials 

M a n y of the n e w o r subs tan t i a l ly r ev i sed a r t ic les 
in the C o n c i s e E n c y c l o p e d i a s h a v e been or pub l i shed 
in one of the t h ree S u p p l e m e n t a r y V o l u m e s , wh ich 
are d e s i g n e d to be u sed in con junc t ion wi th the M a i n 
Encyclopedia . The Conc ise Encyclopedias themselves , 
h o w e v e r , a re " f r e e - s t a n d i n g " and a re d e s i g n e d to b e 
used w i thou t r e fe rence to the pa ren t E n c y c l o p e d i a . 

T h e E x e c u t i v e Ed i to r w a s pe r sona l ly r e spons ib le 
for the se lec t ion of t op ic s and au tho r s of a r t ic les for 
the S u p p l e m e n t a r y V o l u m e s . In th is t ask , he ha s had 
the benef i t of the adv i ce of the Sen io r A d v i s o r y 
Edi to r and of o the r m e m b e r s of the Honorary Editoria l 
Advisory Board . The Execut ive Edi tor was responsible 
for appo in t i ng the Ed i to r s of the va r iou s C o n c i s e 
E n c y c l o p e d i a s and for supe rv i s ing the p rog re s s of 
t hese v o l u m e s . 

T h e en t i re a d v a n c e s in M a t e r i a l s S c i e n c e and 
Enginee r ing projec t wi l l be comple t ed at the end of 
1992 . 

R o b e r t W C a h n F R S 
Executive Editor 

Prof. Michae l Β Bever t 

Prof. David Williams 

Dr Donald D Carr & 
Prof. Norman Herz 

Mr Patrick J Corish 

Prof. Subhash Mahajan & 
Prof. Lionel C Kimerling 

Prof. Arno Ρ Schniewind 

x i 
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EDITORS' PREFACE 

T h e Concise Encyclopedia of Materials Characterization is f ounded on the la rge g roup 
of ar t ic les on charac te r iza t ion and inves t iga t ion of mate r ia l s in the or ig ina l Encyclopedia 
of Materials Science and Engineering, p u b l i s h e d in 1986, for w h i c h Er ic Li fsh in was 
r e spons ib l e at the t i m e . T h e s e a r t ic les w e r e s u p p l e m e n t e d wi th a n u m b e r of add i t iona l 
ones w h i c h had been c o m m i s s i o n e d by Robe r t C a h n for Supplementary Volume 1 and 
Supplementary Volume 2 , pub l i shed in 1988 and 1990 r e spec t ive ly , wi th fur ther a r t ic les 
that w e r e spec i f ica l ly c o m m i s s i o n e d by bo th of us for the p resen t v o l u m e . W e be l i eve 
that th is g radua l acc re t ion of e s says on wha t has even tua l ly b e c o m e an e x t r e m e l y wide 
r ange of t e c h n i q u e s has p r o v e d to be an ef fec t ive way of c o v e r i n g th is e n o r m o u s field. 

T h e tex t b e g i n s wi th an in t roduc t ion to the w h o l e f ield, wr i t t en by Er ic L i f sh in . T h e 
major i ty of the 116 a lphabe t i ca l a r t ic les cove r a r ange of t e c h n i q u e s of cha rac t e r i za t ion 
wh ich are not specif ic to any one g r o u p of m a t e r i a l s , a l t hough no fewer than 12 are 
specific to p o l y m e r s and several more are specif ic to meta l s , ce ramics or s emiconduc to r s . 
A g a i n , a major i ty of the t e c h n i q u e s c o v e r e d are in t r ins ica l ly bu lk m e t h o d s , but a 
subs tan t ia l minor i ty are specif ic to the s tudy of the t o p o g r a p h y and c o m p o s i t i o n of 
sur faces and nea r - su r face r e g i o n s . S o m e are vene rab l e t e c h n i q u e s ( though even these 
are r egu la r ly m o d e r n i z e d ) and o the r s are of very r ecen t v in t age : th is la t ter i nc ludes , by 
way of example , ar t icles such as Atomic Force Microscopy, Confocal Optical Microscopy, 
Gamma-Ray Diffrac tome try; Thermal Wave Imaging; and X-Ray Diffraction, Time-
Resolved. T h e a r t ic le t i t les gu ide the r e a d e r to a r t ic les c o v e r i n g specif ic t e c h n i q u e s , 
but as t e c h n i q u e s m a y be d i s cus sed e l s e w h e r e o the r than in an ar t ic le d e v o t e d to t hem, 
the de ta i l ed index wi l l a id the r e a d e r to find all the va r ious p l aces w h e r e a pa r t i cu la r 
top ic is t r ea ted . 

L ike all ed i to r s , w e have been c o n s t r a i n e d by the ava i l ab le space to m a k e s o m e 
diff icult c h o i c e s c o n c e r n i n g wha t to i nc lude and wha t to l eave out . In pa r t i cu la r , the 
s h a d o w y b o r d e r l a n d b e t w e e n cha rac t e r i za t i on and nondes t ruc t i ve eva lua t ion posed 
s o m e p r o b l e m s : in gene ra l , w e o m i t t e d t e c h n i q u e s w h i c h are c lose r to the wor ld of 
i n spec t ion than to that of r e sea rch . 

W e wi sh to e x p r e s s ou r g ra t i tude for the ha rd work , and fo rbea rance , of the m a n y 
au tho r s w h o h a v e wr i t t en a r t ic les for u s , s o m e t i m e s aga ins t d e m a n d i n g d e a d l i n e s . W e 
are a l so grea t ly i ndeb t ed to the p ro fes s iona l s at P e r g a m o n P r e s s — i n par t i cu la r , Pe ter 
F rank and He len M c P h e r s o n — f o r all they have d o n e to b r ing this v o l u m e in to ex i s t ence . 

Robe r t W C a h n 
Er ic Lifshin 

Editors 
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GUIDE TO USE OF THE ENCYCLOPEDIA 

T h i s C o n c i s e E n c y c l o p e d i a is a c o m p r e h e n s i v e 
r e f e r ence w o r k c o v e r i n g al l a s p e c t s of m a t e r i a l s 
c h a r a c t e r i z a t i o n . I n f o r m a t i o n is p r e s e n t e d in 
a s e r i e s of a l p h a b e t i c a l l y a r r a n g e d a r t i c l e s 
w h i c h d e a l c o n c i s e l y w i t h i n d i v i d u a l t o p i c s in a 
s e l f - c o n t a i n e d m a n n e r . T h i s g u i d e o u t l i n e s t h e 
m a i n f e a t u r e s a n d o r g a n i z a t i o n o f t h e 
E n c y c l o p e d i a , a n d is i n t e n d e d to h e l p t h e r e a d e r 
to l o c a t e t h e m a x i m u m a m o u n t of i n f o r m a t i o n 
on a g i v e n t o p i c . 

Access ib i l i ty of ma te r i a l is of vi tal i m p o r t a n c e in 
a re ference w o r k of this k ind and ar t ic le t i t les h a v e 
therefore been se lec ted not on ly on the bas i s of 
ar t icle con ten t bu t a l so wi th the mos t p robab l e needs 
of the r eade r in mind . An a lphabe t i ca l list of all the 
ar t icles con ta ined in this E n c y c l o p e d i a is to be found 
on pp . xvi i and xv i i i . 

Articles are l inked by an extensive cross-referencing 
sys tem. Cros s - r e f e r ences to o the r a r t ic les in the 
E n c y c l o p e d i a are of t w o types : in text and end of 
text . T h o s e in the b o d y of the text are d e s i g n e d to 
refer the r eade r to ar t ic les that p resen t in g rea te r 
detai l mate r ia l on the specif ic top ic u n d e r d i scuss ion 
at that point . They general ly take one of the fol lowing 
forms: 

. . .which is fully described in the article Field-Ion 
Microscopy: Observation of Radiation Effects. 

. . .other applicat ions of this technique (see Laser 
Sampling Inductively Coupled Plasma Mass 
Spectrometry). 

The c ross - re fe rences l is ted at the end of an ar t ic le 
serve to ident ify b road b a c k g r o u n d r ead ing and to 
direct the reader to art icles that cover different aspects 
of the same top ic . 

T h e na ture of an e n c y c l o p e d i a d e m a n d s a h igher 
deg ree of un i fo rmi ty in t e rmino logy and nota t ion 
than m a n y o the r sc ient i f ic w o r k s . T h e w idesp read 
use of the SI sys t em of uni t s has d e t e r m i n e d that 
such uni t s be used in th is E n c y c l o p e d i a . It has been 
r e c o g n i z e d , h o w e v e r , that in s o m e f ields Imper ia l 
un i t s are m o r e genera l ly used . W h e r e this is the 
case , Imper ia l uni ts are g iven with their SI equiva len t 
quan t i ty and uni t fo l lowing in p a r e n t h e s e s . W h e r e 
pos s ib l e , the s y m b o l s def ined in Quantities, Units, 
and Symbols, p u b l i s h e d by the Roya l Socie ty of 
L o n d o n , h a v e been used . 

A l l a r t i c l e s in t h e E n c y c l o p e d i a i n c l u d e a 
b i b l i o g r a p h y g iv ing sources of further in format ion . 
Each bibl iography consis ts of general i tems for further 
reading and/or references which cover specific aspects 
of the text . W h e r e app rop r i a t e , au thors are c i ted in 
the text us ing a n a m e / d a t e sys tem as fo l lows : 

...as was recently reported (Smith 1988). 

Jones (1984) describes. . . 

T h e c o n t r i b u t o r s ' n a m e s and the o rgan iza t ions to 
wh ich they are aff i l iated appea r at the end of all 
a r t i c l e s . Al l c o n t r i b u t o r s c a n be found in the 
a lphabe t i ca l Lis t of C o n t r i b u t o r s , a long wi th thei r 
full pos ta l add re s se s and the t i t les of the ar t ic les of 
w h i c h they are au tho r s or c o a u t h o r s . 

T h e ar t ic le An Introduction to Investigation and 
Characterization of Materials p r o v i d e s an ove rv iew 
of the subject a rea and d i scus ses in br ief the i ssues 
c o v e r e d in deta i l by the ar t ic les in the body of the 
work . 

T h e mos t impor tan t informat ion source for locat ing 
a par t icular topic in the Encyc loped ia is the mult i level 
Subjec t Index , wh ich has been m a d e as c o m p l e t e 
and fully se l f -cons i s ten t as pos s ib l e . 

xv 
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AN INTRODUCTION TO INVESTIGATION 
AND CHARACTERIZATION OF MATERIALS 

by Eric Lifshin 

Present-day mater ia ls science depends heavily on 
unders t and ing h o w the proper t ies of a mater ia l relate 
to its compos i t ion a n d micros t ruc ture . However , this 
a p p r o a c h is relatively recent a n d for centur ies before 
Bohr ' s mode l of the a t o m , skilled craf tsmen a n d 
builders p roduced m a n y objects of r emarkab le utility 
and beau ty wi thou t any knowledge of w h a t is n o w 
considered basic chemist ry o r meta l lurgy. They 
star ted with mater ia ls found in their nat ive s ta te o r 
those requir ing min imal processing. Desired p rope r 
ties were achieved by trial a n d e r ro r exper imenta t ion 
or the uti l ization of experience passed d o w n t h r o u g h 
generat ions . 

F o r t h o u s a n d s of years cer ta in meta ls were 
extracted from their ores by smelt ing, with var ia t ions 
in the result ing proper t ies often being a t t r ibu ted to 
superna tura l in tervent ion r a the r t h a n to subtle dif
ferences in the mater ia l s o r processes used. As t ime 
passed a n d pr in t ing developed, pract ical experience 
was wri t ten d o w n . F o r example , in the sixteenth 
century Agr icola ' s De re metallica described m a n y of 
the m e t h o d s used for the ext rac t ion , measu remen t 
and classification of meta ls . A t a b o u t the same t ime 
empirical knowledge existed of h o w to use dist i l lat ion 
to p repa re a variety of simple c o m p o u n d s including 
var ious a lcohols a n d oils. 

Unt i l the e ighteenth century only a small n u m b e r of 
elements were k n o w n , a n d physical a t t r ibu tes like 
density, color a n d ha rdness were sufficient to tell one 
from ano the r . As chemist ry a n d physics developed in 
the n ineteenth century , the g rowth of m o r e basic 
under s t and ing led to the discovery of a n u m b e r of 
elements a n d the ex t rac t ion or synthesis of t h o u s a n d s 
of c o m p o u n d s . These new subs tances were appl ied 
to m a n y areas including medicine, cons t ruc t ion , 
t r anspor ta t ion , w e a p o n r y a n d agr icul ture . By the 
mid-nineteenth century the a m o u n t of scientific infor
ma t ion avai lable h a d g r o w n so large tha t var ious 
scientific disciplines began to split in to specialties. In 
chemistry, general chemists were replaced by organic , 
inorganic , physical , physiological , agr icul tura l a n d 
analytical chemists . In 1848 Fresenius founded the 
first analyt ical l abo ra to ry which, in add i t ion to teach
ing, p rov ided gove rnmen t agencies a n d indus t ry wi th 
checks on mater ia l specifications a n d the analysis of 
water , food a n d physiological specimens. T h e idea 
caught on a n d t oday there a re h u n d r e d s of indepen
dent analyt ical l abora tor ies , as well as those associ
ated with hospi ta ls , industr ia l concerns , universities 
and government agencies. Fo l lowing the specializa
t ion of analyt ical chemis t ry there has remained a 
s t rong interplay between the analysis a n d develop
men t of mater ia ls . Better analyt ical m e t h o d s lead to a 

m o r e systematic and comple te classification of exist
ing mater ia ls a n d provide the insight required for the 
deve lopment of new ones . 

1. Historical Background 

T h e m o s t significant event in laying the founda t ion 
for all phases of m o d e r n mater ia ls science took place 
a t the very beginning of the n ineteenth century when 
D a l t o n pos tu la ted tha t m a t t e r consisted of aggregates 
of "u l t ima te par t ic les , " o r a t o m s . A t o m s of any 
given element were indis t inguishable from other 
a t o m s of the same element with respect to mass and 
all proper t ies , while a t o m s of different substances 
could combine to form " a t o m s " (molecules) of a third 
subs tance . D a l t o n further recognized tha t elemental 
a t o m s combine only in cer tain ra t ios , so as to form 
p roduc t s with un ique s to ichiometry . K n o w i n g tha t he 
could no t weigh individual a t o m s , he used this con
cept to de te rmine the relative weights of a t o m s and 
molecules based on hydrogen . T h u s , the format ion of 
a given a m o u n t of wate r (assumed to be H O ) with an 
a tomic weight of 6.5 required the combina t ion of 
oxygen with an a tomic weight of 5.5 with hydrogen 
with an a tomic weight of 1.0. A l t h o u g h D a l t o n did 
n o t recognize tha t two a t o m s of hydrogen combine 
with one a t o m of oxygen to form one molecule of 
wate r (a po in t which was later clarified by Avogad ro ) 
a n d his a tomic weights were no t par t icular ly accura te , 
his ideas are of fundamenta l impor t ance to m o d e r n 
chemistry . 

T h e concept of definite p r o p o r t i o n s and a tomic 
weights combined with a fairly consis tent symbolic 
nomenc la tu re for the elements , in t roduced by Berze-
lius, led to the descr ipt ion of m a t t e r a n d chemical 
react ions in the form with which we are now familiar. 
This a p p r o a c h also led to the emergence of analysis 
techniques based on chemical behavior ra ther t han 
physical p rope r ty de te rmina t ions . F o r example , the 
m e t h o d k n o w n as gravimetr ic analysis was widely 
used in the n ineteenth century . A chemical react ion 
between a solut ion of the mater ia l to be analyzed and 
a second reagent results in the format ion of an 
insoluble c o m p o u n d con ta in ing the element of inter
est. T h e precipi ta te is isolated, dr ied a n d weighed, and 
the quan t i ty of the e lement is de te rmined from its 
s toichiometr ic fraction. 

A second technique , k n o w n as volumetr ic analysis 
( t i t ra t ion) , was developed a t a b o u t the same t ime. It 
involves measur ing the vo lume of a reagent necessary 
to react complete ly with a fixed quan t i ty of a sample 
in a p rede te rmined chemical react ion. A t first it was 
no t as c o m m o n l y used as gravimetr ic analysis, 
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because of difficulty in measur ing react ion end po in t s , 
bu t as m o r e indica tors became avai lable the m e t h o d 
grew in popular i ty . A third technique , k n o w n as 
color imetry, was also k n o w n in the n ineteenth cen
tury. Selected react ions are per formed to p roduce 
colored c o m p o u n d s conta in ing the e lement of inter
est. Co lo r intensity is then measured , relative to 
s t anda rd solut ions , to es t imate the a m o u n t of t ha t 
element present . A l though this a p p r o a c h was initially 
limited to a few elements a n d quant i ta t ive analysis 
was fairly subjective, its use increased as m o r e c o l o n -
metr ic reagents were identified a n d ins t rumen ta t ion 
was developed to m a k e measu remen t s m o r e accura te . 

T h e n ine teenth century also saw the initial develop
men t of electroanalyt ical chemist ry a n d the use of 
polar ized light to discr iminate between mater ia ls , bu t 
the mos t significant ins t rumenta l m e t h o d developed 
was the spectroscope. I ts ope ra t ion is based on the 
ability of a pr i sm to disperse whi te light in to its 
var ious const i tuents , a fact demons t r a t ed by N e w t o n 
in the seventeenth century . In 1814 F raunhofe r , a lens 
manufac turer , recognized tha t a n u m b e r of b o t h 
br ight and d a r k lines could be observed in b o t h 
sunlight a n d the flames p roduced by bu rn ing different 
fuels. T h e idea of using abso rp t ion spectra for m o r e 
general chemical analysis was p roposed by Brewster a 
few years later. In the 1850s Bunsen a n d Kirchhoff 
developed a spectroscope wi th an improved source 
and viewing optics which is the forerunner of instru
ments used today . Wi th it they discovered b o t h the 
elements cesium a n d rub id ium. 

A t the beginning of the n ine teenth century only 
a b o u t 30 elements were k n o w n ; by the end this 
n u m b e r h a d m o r e t h a n doubled . D u r i n g this per iod it 
also became a p p a r e n t tha t some type of systematic 
classification of the elements was needed. T h e concept 
of the periodic table was independent ly developed by 
Mendeleev in Russia a n d Meyer in G e r m a n y using 
schemes based on a tomic weights a n d var ious o the r 
physical proper t ies . A l t h o u g h order ing of the ele
men t s is n o w related to a tomic n u m b e r a n d the 
electronic s t ructure of the elements , mos t of the 
changes m a d e over the years have been to a d d new 
elements ra the r t h a n to reorder k n o w n elements . 

A t the end of the n ineteenth century a n d the 
beginning of the twent ie th century a series of major 
events t ook place which revolut ionized unde r s t and ing 
of b o t h the a t o m a n d the e le t romagnet ic rad ia t ion . 
Studies of the electrical conduct iv i ty of gases a t 
reduced pressure led to the discovery of c a t h o d e rays 
by Hi t to r f in 1869, confirmed by Golds te in in 1876. 
A l though initially the na tu re of these rays was 
unclear , w o r k by T h o m s o n , publ ished in 1897, 
showed tha t they consisted of negatively charged 
particles, from their deflection in magne t ic a n d 
electrostat ic fields. H e also demons t r a t ed tha t these 
particles (later called electrons) h a d the same charge-
to-mass ra t io as those given off from ho t filaments o r 
released dur ing the exposure of cer ta in meta ls to 

e lec t romagnet ic rad ia t ion ( the photoelect r ic effect, 
discovered by Her t z in 1887). T h u s they appea red t o 
be a key c o m p o n e n t of all ma t te r , a n d when removed 
wou ld leave a t o m s as posit ive ions. 

T h e na tu re of this posit ive ion core was s tudied in 
the first decade of the twent ie th century by R u t h e r 
ford, w h o exper imented o n the scat ter ing of α pa r t i 
cles f rom thin meta l foils. F r o m this w o r k c a m e a 
mode l of the a t o m in which electrons revolve a r o u n d 
a positively charged nucleus . A l though this mode l was 
consis tent wi th his observa t ions , it was unaccep tab le 
from the po in t of view of classical physics, since the 
electrons would cont inuous ly rad ia te energy a n d 
should , therefore, spiral in to the nucleus. However , 
this d i l emma was soon reconciled by Bohr , w h o 
pos tu la ted tha t the electron orbi ts co r re sponded to 
discrete energy states a n d as long as a n electron 
remained in its orbi t n o rad ia t ion would occur . T h e 
idea of discrete energy states was based o n the pr in 
ciples of q u a n t u m mechanics in t roduced by P lanck in 
1900 to describe rad ia t ion emi t ted from a black body . 
Us ing these states , Boh r was able to describe correct ly 
the line spectra of hydrogen observed in the 1880s by 
Balmer a n d mathemat ica l ly formula ted by Rydbe rg 
in 1890. A l t h o u g h the Bohr mode l was significantly 
modified by Sommerfeld a n d Schrodinger to describe 
mul t ie lect ron a t o m s m o r e accurately, the concept of 
electron t rans i t ions between discrete levels a n d the 
accompany ing release o r abso rp t ion of energy is of 
central impor t ance to m a n y of the different types of 
p h o t o n a n d electron spectrometr ies used today . 

T h o m p s o n ' s use of magne t i c a n d electric fields to 
de te rmine charge- to-mass ra t ios was also appl ied t o 
the charac te r iza t ion of posit ive ion beams (called 
Kana l s t r ah len by Golds te in) , which were also k n o w n 
to exist a long with ca thode rays , as shown in 
exper iments on the electrical conduct iv i ty of gases. 
T h o m s o n ' s a p p a r a t u s , k n o w n as a pa rabo l ic mass 
spectrometer , p r o d u c e d a series of photographica l ly 
recorded p a r ab o l a s , one for each charge- to-mass 
ra t io . T h e system lacked mass resolut ion, however , 
because it h a d n o energy selectivity. This difficulty 
was overcome several years later (1919) when A s t o n 
developed a velocity focusing ins t rument which 
showed tha t the spec t rum of neon actual ly con ta ined 
twp peaks , one a t mass 20 a n d the o the r a t mass 22. 
This demons t r a t ed tha t an e lement of a given n u m b e r 
can have m o r e t h a n one form (isotopes) a n d thus 
revealed the power of the mass spec t rometer as an 
i m p o r t a n t analyt ical ins t rument . In the decades tha t 
followed, resolut ion a n d sensitivity con t inued to im
prove as a result of the efforts of Demps te r , M a t t a u c h 
a n d Herzog , a n d Nier a n d J o h n s o n . Some c o m m e r 
cially available ins t ruments t o d a y have mass resolu
t ions of 1 p a r t in 100 000, c o m p a r e d wi th the 1 p a r t in 
12 of the first pa rabo l ic spect rometers . 

Exper iments on the electrical conduct iv i ty of gases 
also led to the accidental discovery of χ rays by 
Roen tgen in 1896. H e recognized tha t their unusua l 
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penet ra t ing power was influenced by the tube opera t 
ing vol tage as well as by the thickness a n d type of 
absorbers used. Since χ rays were n o t deflected by 
magnet ic or electrostat ic fields, it was believed t ha t 
they were p a r t of the e lec t romagnet ic spec t rum, bu t 
tha t they mus t have a very shor t wavelength . Dete r 
mining their wavelength d is t r ibut ion presented some
thing of a p rob lem, because a l though diffraction 
grat ings h a d previously been developed for dispersing 
visible spectra , they were n o t fine e n o u g h to separa te χ 
rays. T h e solut ion was p r o p o s e d by L a u e in 1912, 
w h o believed tha t the in te ra tomic spacing of crystals 
should be of the r ight o rde r of m a g n i t u d e to act as 
suitable diffraction gra t ings . H e p roved this h y p o t h e 
sis by passing a b e a m of χ rays t h r o u g h a crystal of 
zinc sulfide a n d ob ta in ing a pa t t e rn of spots on a 
pho tog raph ic pla te . 

This w o r k s t imula ted further studies by W . H . 
Bragg a n d W . L. Bragg (father a n d son) , w h o buil t the 
first crystal diffraction spect rometer . Us ing a crystal 
of rock salt wi th a k n o w n in te rp lanar spacing, they 
were able to character ize the spectral d is t r ibut ion of a 
p la t inum x-ray target a n d also develop the simple 
equa t ion which relates in te rp lanar spacing, x-ray 
wavelength a n d diffraction angle. T h e spectra they 
observed consis ted of b o t h a b r o a d b a n d of general 
rad ia t ion ( the x-ray c o n t i n u u m ) a n d discrete lines 
character is t ic of the tube a n o d e . Invest igat ions by 
Moseley described in 1913 showed tha t there also 
existed a simple re la t ionship between the wavelengths 
of the character is t ic lines emi t ted from an e lement a n d 
its a tomic n u m b e r . This un ique re la t ionship forms the 
basis for e lemental analysis by a variety of x-ray, 
electron a n d ion- induced x-ray spectroscopies . T h e 
work of the Braggs also p rov ided the key to crystal 
s t ructure de te rmina t ion by us ing a selected charac te r 
istic x-ray wavelength to de te rmine a set of in terpla
na r spacings for a single crystal . 

T h e n u m e r o u s scientific discoveries t ha t t o o k place 
at the beginning of the twent ie th century p rov ided the 
physical founda t ion for the h u n d r e d s of ins t rumen
t a l or iented analyt ical m e t h o d s which a re widely 
used today . I t is as tonish ing t ha t m o s t of w h a t we n o w 
consider s t a n d a r d l abo ra to ry ins t ruments were de
veloped after 1930. T h e following techniques a n d key 
con t r ibu to rs a re examples : 

transmission electron microscopy, Ruska (1934) 
scanning electron microscopy, von Ardenne (1938) 
liquid chromatography, Martin and Synge (1941) 
carbon-14 dating, Libby (1946) 
nuclear magnetic resonance, Block and Purcell (1946) 
electron microprobe analysis, Castaing (1951) 
gas chromatography, Martin and James (1952) 
secondary-ion mass spectrometry, Castaing and Slodzian 

(1960) 

T h e names , events a n d da tes men t ioned so far tell 
only a small p a r t of the chronologica l deve lopment of 
some of the m e t h o d s described. Pract ical refinement 

of m a n y of these ins t rumenta l m e t h o d s often t ook 
m a n y years a n d considerable ingenui ty on the pa r t of 
o the r key con t r ibu to r s . F o r example , the first com
mercial ly avai lable scanning electron miscroscope did 
n o t a p p e a r unti l 27 years (1965) after von Ardenne ' s 
first ins t rument , a n d it has been only dur ing the last 
few years tha t relatively easy-to-use computer ized 
comple te single-crystal s t ruc ture de te rmina t ion 
equ ipmen t has been readily avai lable. A t present one 
of the m o s t active a reas of analysis is the s tudy of 
surfaces by x-ray pho toe lec t ron spect roscopy bu t , as 
men t ioned previously, the photoelect r ic effect was 
k n o w n before the end of the n ineteenth century . 
Relatively recent deve lopments in electronics, com
pute rs a n d h igh-vacuum systems have all h a d an 
e n o r m o u s impac t o n analyt ical in s t rumenta t ion in 
te rms of ease of opera t ion , sophis t icat ion of the 
analysis , qual i ty of results a n d speed. Indust r ia l labor
ator ies n o w rout inely u n d e r t a k e types of analysis tha t 
wou ld formerly have required the effort for a P h . D . 
thesis. 

W i t h the great diversity of ins t rumenta t ion avail
able , the role of the t rad i t iona l analyt ical l abo ra to ry 
has n o w been expanded to include de te rmina t ions of 
m o r p h o l o g y , micros t ruc ture , c rys ta l lography a n d a 
variety of physical proper t ies . T h e t e rm often associ
a ted with the combina t i on of analyt ical chemistry a n d 
these o the r m e t h o d s of analysis is mater ia l s character 
izat ion. T h e concept of a mater ia l s charac ter iza t ion 
g r o u p goes h a n d in h a n d with the evolut ion of 
interdiscipl inary mater ia l s science a n d engineering 
centers which br ing together exper ts in such areas as 
meta l lurgy, electronic mater ia ls , ceramics, solid-state 
physics, po lymers a n d surface chemistry. N o t only 
have the variety of mater ia ls a n d the types of instru
m e n t a t i o n avai lable increased, bu t the reasons for 
looking a t these mater ia ls have also mult ipl ied. 
Mate r ia l s charac te r iza t ion specialists mus t n o w be 
concerned with basic research, p r o d u c t a n d process 
deve lopment , failure analysis , regula tory compl iance , 
pa t en t issues, qual i ty con t ro l , manufac tu r ing p r o d u c 
tivity a n d the examina t ion of compet i t ive p roduc t s . 

I t is also i m p o r t a n t to recognize the degree of 
analyt ical special ization which has been tak ing place. 
Individuals w h o are exper ts in nuclear magnet ic reso
nance spect roscopy m a y n o t have expertise in single-
crystal x-ray s t ruc ture de te rmina t ion , even t h o u g h 
in format ion gained by the two techniques m a y be 
highly complemen ta ry a n d i m p o r t a n t to a po lymer 
chemist . A n exper t in t ransmiss ion electron micro
scopy m a y have only an incidental knowledge of 
secondary- ion mass spec t rometry , even t h o u g h b o t h 
chemical a n d s t ruc tura l in format ion m a y be the 
key to unde r s t and ing the behav iour of an electronic 
device. As the d e m a n d for mater ia ls with un ique 
proper t ies grows, so also does the complexi ty of the 
mater ia ls themselves a n d the m e t h o d s needed to ana
lyze them. Examples are the chemical identification of 
submic romete r second-phase part icles which can sig-
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Secondary-ion mass spectrometry (SIMS) Auger electron spectrometry (AES) X-ray photoelectron spectrometry (XPS and ESCA) 

Rutherford backscattering spectrometry (RBS) Analytical electron microscopy (AEM) X-ray diffraction (XRD) 

Proton-induced x-ray emission (PIXE) Scanning electron microscopy (SEM) X - r a y fluorescence (XRF) 

Electron probe microanalyzer (EPM) Infrared spectrometry (IR) 

Low-energy electron diffraction (LEED) Light microscopy (LM) 

Figure 1 
Analytical methods: probes and responses 

nificantly influence the proper t ies of h igh- tempera tu re 
alloys, the de te rmina t ion of po l lu tan t s a t the pa r t s per 
billion level and the charac ter iza t ion of a few a tomic 
layers on the surface of a catalyst . Clearly, scientists 
and engineers have enough difficulty in keeping u p 
with advances in their own fields wi thou t having to be 
mater ia ls charac ter iza t ion experts . However , it is es
sential to have enough basic unde r s t and ing of cur
rently used analytical m e t h o d s to be able to interact 
effectively with such experts . 

2. Methods Available in the Modern Materials 
Characterization Laboratory 

This Concise Encyclopedia con ta ins a series of articles 
describing var ious m e t h o d s for the invest igat ion and 
character iza t ion of mater ia ls . Whi le no t every one is 
covered, mos t of the ma in ones in use today are 
represented. Each article includes a descr ipt ion of the 
under lying physical principles, the type of samples 
required and typical da t a o u t p u t and some discussion 
of s t rengths and weaknesses. As described above , the 
s t ructure and compos i t ion of ma t t e r can be s tudied by 
examining h o w it interacts with rad ia t ion , electrons 
and ions. A s u m m a r y of some of these in teract ions 
and the related analytical techniques is given in Fig. 1. 
T h e a p p r o a c h tha t is best suited for a par t icu lar 
p rob lem depends on a variety of factors, m a n y of 
which are s trongly interrelated. 

Chemical or micros t ruc tura l analysis in mos t labor
atories of any size can be carr ied ou t by a central ized 
analytical facility which main ta ins core analytical 
ins t ruments staffed by personnel w h o are experts in 
each area. T h e following m e t h o d s are fairly essential 
in any type of mult idiscipl inary research or engineer
ing labora tory : 

classical chemical analysis techniques 
thermal analysis techniques 
optical microscopy and metallography 
ultraviolet, visible and infrared spectroscopy 

mass spectrometry 
gas and liquid chromatography 
scanning and transmission electron microscopy 
nuclear magnetic resonance spectrometry 
optical emission and absorption spectrometry 
x-ray diffraction and fluorescence spectrometry 
Auger and x-ray photoelectron spectrometry 
scanning tunnelling and scanning force microscopy 

Othe r techniques employing commercia l ly available 
equ ipmen t which are somewha t less c o m m o n l y used 
a l though often i m p o r t a n t include: 

low-energy electron diffraction 
secondary-ion mass spectrometry 
Raman spectrometry 
low-energy ion scattering spectrometry 
field-ion microscopy and atom-probe analysis 
electron spin resonance spectrometry 
Mossbauer spectrometry 
laser microprobe analysis 
acoustic microscopy 
quantititave image analysis 

W h a t mus t be recognized also is t ha t even if a well-
equ ipped analyt ical l abo ra to ry has all the specialties 
listed in the first ca tegory, each of the m e t h o d s can be 
substant ia l ly subdivided, requir ing separa te instru
men t s a n d often separa te skills. T a k i n g x-ray diffrac
t ion as an example , the following subdivision can 
easily be m a d e : 

conventional diffractometry 
high- and low-temperature diffractometry 
back-reflection and transmission Laue photography 
residual stress measurement 
single-crystal structure determination 
pole figure determination 
double-crystal diffractometry 
microdiffraction 
Debye-Scherrer and Guinier powder photography 
Berg-Barrett and Lang topography measurements 

Services no t readily available in-house can often be 
purchased externally from general analyt ical l abora 
tories o r specialists in some of the above m e t h o d s . 
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This a p p r o a c h is par t icular ly useful when the n u m b e r 
of samples does no t justify set t ing u p an in-house 
facility o r if in-house facilities a re severely over
loaded. N o single l abo ra to ry can possess everything 
and the use of external analys ts often provides a n 
effective way of p rov id ing needed resources. In some 
cases, the use of external l abora tor ies is the only 
app roach when the in s t rumen ta t ion required is in the 
mult imil l ion dol la r price range a n d large s u p p o r t 
staffs a re needed. Examples of such specialized facili
ties include: 

extended x-ray absorption fine structure measurements 
(using synchrotron radiation) 
neutron activation analysis 
carbon-14 dating 
picosecond laser fluorescence spectrometry 
neutron activation spectrometry 
high-voltage transmission electron microscopy 
Rutherford backscattering and ion-channelling spec

trometry 
proton-excited x-ray fluorescence 

There are o ther factors in add i t ion to cost a n d 
speed of analysis t ha t should be considered in the 
decision to use in-house or external facilities. In an 
industr ial env i ronment , p ropr i e t a ry concerns often 
limit sample d is t r ibut ion . A n o t h e r i m p o r t a n t factor is 
the na tu re of the in terac t ion between the analys t a n d 
the research scientist or engineer. In those cases where 
the specific type of analysis needed is k n o w n a n d the 
right sample has been selected, it m a y be qui te satis
factory to send a sample several t h o u s a n d ki lometers 
and receive the results in a few weeks. However , in 
o ther cases a m u c h higher degree of in terac t ion m a y 
lead m o r e rapidly to meaningful results. This is pa r 
ticularly t rue if the technique o r the sample selected 
has to be changed because the initial a p p r o a c h is 
unsuccessful. It can also be t rue if detai led d a t a 
in terpre ta t ion relative to the objectives of the overall 
investigation is required. 

Somet imes the ques t ion of w h o should d o the 
analysis becomes an internal one . Should scientists o r 
engineers have their own charac ter iza t ion tools o r 
should they use a central ized service? Whi le there is n o 
single answer to this ques t ion , it is clearly an issue of 
opt imizing the ut i l izat ion of resources. I t is no t 
u n c o m m o n for every chemist in a l abo ra to ry to have 
his own gas o r l iquid c h r o m a t o g r a p h a n d every 
metal lurgist to have his own light opt ical microscope . 
In such cases an inves tment of a few t h o u s a n d dol lars 
could improve research product iv i ty by prov id ing 
quick answers expedi t ing the next exper iment . I t is 
highly unlikely, however , t ha t each chemist wou ld 
have a pr ivate nuclear magnet ic resonance spec
t rometer a n d each metal lurgis t a separa te t ransmis 
sion electron microscope . These require very large 
initial capi tal as well as the expendi ture of b o t h 
money a n d t ime to acquire the needed expertise a n d 
to ma in ta in a piece of equ ipmen t t ha t m a y n o t even 
have a long- term use. Obviously the overall impac t 

could be a serious decrease in research product ivi ty . 
Occas ions d o arise, however , when it is i m p o r t a n t 

to have fairly sophis t icated analyt ical ins t ruments 
closely in tegra ted with o the r types of exper imental 
a p p a r a t u s . F o r example , samples m a y be altered by 
being t ransferred to separa te ins t rumenta t ion , as in 
the charac ter iza t ion of thin films formed by molecular 
b e a m epi taxy by the use of integral low-energy elec
t ron diffraction, Auge r spec t romet ry a n d residual gas 
analysis ins t rumenta t ion . In a manufac tu r ing en
v i ronmen t a process m a y require rap id on-line mon i 
tor ing to ma in ta in qual i ty con t ro l . Chemica l reactors 
frequently have in-line gas c h r o m a t o g r a p h s a n d 
infrared analyzers . Dedica ted analytical equ ipmen t 
outs ide a central ized facility m a y also be required if it 
serves only the objectives of a single individual ' s 
research interest a n d b o t h the degree of in teract ion 
needed a n d the d u r a t i o n of the project justify the 
associated cost . A n example wou ld be a laser R a m a n 
spec t rometer uniquely set u p to s tudy combus t ion 
chemist ry a n d dynamics . 

3. Interaction with the Analyst 

Given h u n d r e d s of analyt ical m e t h o d s , it is obvious to 
ask h o w is a n app rop r i a t e m e t h o d selected for solving 
a given p rob lem? Before the recent prol i ferat ion of so 
m a n y new types of analyt ical ins t ruments , a scientist 
or engineer would go to a des ignated analytical 
chemist in his o rganiza t ion a n d describe the informa
t ion needed. T h e analyt ical chemist wou ld either go to 
sui table references o r k n o w immediate ly from per
sonal experience which technique to use. T o d a y this 
d ia logue could be considerably extended a n d would 
u n d o u b t e d l y involve experts in several fields. T h e 
scientist o r engineer ini t iat ing the s tudy should be 
p repa red to answer a n u m b e r of ques t ions which will 
aid in establ ishing the m e t h o d or m e t h o d s mos t 
sui table for solving the p rob lem. T h e following is a 
list of representat ive ques t ions frequently asked, 
separa ted in to three general categories . In addi t ion 
some c o m m e n t s a re added which should help to 
unde r s t and the role of these categories in establishing 
an analyt ical s trategy. If the scientist o r engineer and 
the mater ia ls analyst a re , in fact, the same person, the 
discussion is replaced by in t rospect ion bu t the ques
t ions remain the same. 

(a) Ques t ions relat ing to the type a n d detail of 
in format ion sought : 
Is there a need to k n o w w h a t e lements a re present 
a n d / o r h o w m u c h of each? 
Is there a need to k n o w all the elements or only 
some of them? 
D o w n to w h a t level? 
W h a t degree of accuracy is required in the 
results? 
Is crystal s t ruc ture o r micros t ruc tura l informa
t ion needed? 
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(b) Quest ions relat ing to w h a t is a l ready k n o w n 
a b o u t the sample: 
W h a t is the physical s tate of the sample? 
Is the sample a meta l , ceramic , semiconductor , 
chemical c o m p o u n d s or polymer? 
Does the sample consist of one or m o r e t h a n one 
phase? 
Is the sample a m o r p h o u s or crystalline? 
Is sample handl ing of the sample required, ei ther 
because of toxicity or because the sample might 
t ransform to someth ing different before or dur 
ing analysis? 
W a s the sample (or its source) exposed to any 
unusua l physical or chemical condi t ions which 
might have al tered its compos i t ion or mic ro-
structure? 
Does the sample consist of layers and , if it does , 
how m a n y are there a n d h o w thick are they? 
H o w m u c h of each sample is there a n d h o w m a n y 
samples are to be run? 

(c) Quest ions relat ing to the work ing re la t ionship 
between the analyst a n d the scientist o r engineer: 
H o w soon are results needed? 
H o w m u c h can be spent to ob ta in the results? 
Is you r presence needed dur ing the analysis? 
Is a detailed repor t on the results needed? 
Are the samples propr ie ta ry? 

These three categories of ques t ions can be t hough t of 
as screens which help to identify one or m o r e m e t h o d s 
of app roach ing a given p rob lem. They can easily be 
related to three general classes of analysis requests as 
follows. 

(i) In the simplest case, the analysis is merely to 
repeat a part icular type of measurement m a d e 
earlier on a similar sample. Therefore, the me thod 
has been preselected and the only issues to be 
resolved are associated with the quest ions of cat
egory (c). The answers are determined by labora
tory policy, backlogs, urgency of the work and 
availability of people and equipment . A n example 
of this class of problem would be a request for 
mercury analysis in water by a tomic absorpt ion 
as par t of periodic sampling of a body of water . 

(ii) M o r e frequently, a suitable m e t h o d m a y be sug
gested based on earlier work , b u t the character is
tics of the sample m a y be sufficiently different 
tha t the ques t ions asked in ca tegory (b) also 
become impor t an t . T h e new sample m a y be of a 
different size o r shape . It m a y also conta in o ther 
elements or c o m p o u n d s tha t could compl ica te 
the analysis if the same analytical m e t h o d is used. 
As an example , a researcher develops a new 
polymer conta in ing a chlor ina ted flame retar-
dan t . He/she wan t s a chlor ine analysis in the 
5 0 p p m region bu t has only a 5 m g sample . 
Previously, successful results would be ob ta ined 
by x-ray fluorescence. 

(iii) Samples tha t can be classified as total ly u n k n o w n 
occur rarely, since mater ia ls a re usually n o t 
picked a t r a n d o m for analysis . T h e s i tuat ion does 
arise, however , when one mater ia l behaves differ
ently from a n o t h e r a n d the reasons for the dif
ferences are sought . Such samples m a y be the 
result of l abo ra to ry exper iments or m a y be asso
ciated with a device o r process tha t has changed 
or even failed for some u n k n o w n reason. T h e 
individual ini t iat ing the work m a y no t even be 
aware of the r ight ques t ions to ask in ca tegory (a) 
a n d mus t therefore w o r k wi th the analys t to 
define a set of un ique mater ia l character is t ics 
which can be used b o t h to classify the specimen 
a n d also to con t r ibu te to an exp lana t ion of its 
behavior . A l t h o u g h p rob lems in this class a re 
somet imes amenab le to quick solut ions , they 
tend m o r e generally to be the mos t chal lenging 
a n d expensive ones to deal with, since they 
frequently involve the use of mult iple techniques 
a n d often the samples are no t opt imized for those 
techniques . A n example of this class of analysis 
would be a request to analyze a catalytic mater ia l 
ob ta ined from a new vendor which, a l though 
nominal ly of the same compos i t ion as the p re 
viously used mater ia l , dramat ica l ly changes the 
ra te of a chemical react ion. Also included in this 
class are p rob lems in failure analysis such as 
de te rmining why a turb ine b lade has failed p re 
mature ly . In this s i tuat ion ques t ions in ca tegory 
(b) relat ing to the sample env i ronment can be 
extremely impor t an t . 

4. Choosing a Sample and a Method 

T h e qual i ty of an analysis can be n o bet ter t han t ha t 
de te rmined by the sample on which the analysis is 
per formed. In t race level de te rmina t ion , a sample can 
easily be con t amina t ed by hand l ing or by the use of 
unclean glassware o r o the r l abo ra to ry supplies. Sam
ples can also be affected by exposure to the a t m o s 
phere , as in the case of hygroscopic mater ia ls o r 
h y d r o c a r b o n bu i ldup o n a sample to be s tudied by 
surface analysis techniques . Mater ia l s a re also n o t 
a lways as h o m o g e n e o u s as expected. If a m e t h o d is 
used with a precision of ± 1 % bu t the compos i t ion 
of a r a n d o m l y picked sample varies by ± 1 0 % , 
obviously the sampl ing e r ro r will domina t e . This 
effect can t ake place a t ei ther the macroscale o r the 
microscale . In o the r words , a 1 kg sample t aken from 
a single locat ion in a t ank car can lead to the same 
m a g n i t u d e of e r ro r in assessing the overall con ten ts of 
the car as using a 1 ng mic rop robe measu remen t to 
de te rmine the compos i t ion of a highly segregated 
alloy ingot . 

Collect ing samples from e n o u g h regions of the 
mater ia l to be analyzed to de te rmine its homogene i ty 
a n d / o r average compos i t ion is an essential p a r t of 
charac ter iza t ion measuremen t s . If the m e t h o d of 
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analysis t o be used in a par t icu la r p r o b l e m is k n o w n 
in advance , as in the case of a research exper iment , 
samples should be p repa red so t ha t they a re t ruly 
representat ive of the p rob l em a n d also of the p r o p e r 
size a n d geomet ry to be compa t ib le wi th the m e t h o d 
to be used. F o r m o s t m e t h o d s there is some correla
t ion between sample size, sensitivity, accuracy a n d 
precision. S i tua t ions where the a m o u n t of sample is 
limited are frequently encounte red , however , a n d in 
these cases the quan t i t y of sample m a y s t rongly 
influence the analyt ical m e t h o d selected a n d mini 
m u m detectabil i ty limits. Cons ide r the following: 

a geologist working in an inaccessible location gathering 
samples to map out its mineral content 
a forensic scientist working with only a small piece of 
evidence 
a metallurgical failure analysis expert working with a 
fragment of a broken device 
a research chemist or metallurgist developing a new 
material in which it is important to explore hundreds of 
variations of composition and/or phase distribution 

There are also t imes when an a b u n d a n t a m o u n t of 
sample is avai lable b u t ei ther the concen t ra t ion levels 
sought by a par t icu la r ins t rumenta l m e t h o d are t o o 
low to detect because of m a x i m u m acceptable sample 
size l imitat ions , o r interferences from o ther const i 
tuents can in t roduce serious e r rors in the analysis . In 
such s i tuat ions , de te rmin ing whe ther the c o m p o n e n t 
of interest (phase o r e lement) is dispersed h o m o g e 
neously t h r o u g h o u t the sample o r is nonun i fo rmly 
dis t r ibuted is i m p o r t a n t n o t only from the sampl ing 
po in t of view b u t a lso as a m e a n s of selecting a 
technique t o give enhanced localized analysis for 
i nhomogeneous samples . Being able t o detect 1 ng of 
mater ia l in a 1 g sample is a real chal lenge for any 
bulk analysis technique bu t is very simple by electron 
mic rop robe analysis if the relevant locat ion is k n o w n . 
In the case of solids, this can often be d o n e by 
microscopic examina t ion of the sample ei ther as it is 
or specially p repa red t o enhance phase differences. 
W h e n possible, conven t iona l light microscopy should 
always be tried first. Low-magnif ica t ion observa t ion 
of a n unmodif ied sample often reveals whe ther a 
sample is nonun i fo rm. If the sample consists of pa r t i 
cles observable u n d e r a low-power b inocular mic ro 
scope, they can often be separa ted for easier analysis 
by a variety of m e t h o d s including sed imenta t ion , 
magnet ic separa t ion or even h a n d selection wi th 
tweezers. 

If magnif icat ions above ~ 100 χ are needed a n d the 
sample consists of discrete part icles , scanning electron 
microscopy is usual ly a bet ter a p p r o a c h . However , 
since the a t t r ibu te of color is n o t avai lable , differences 
between part icles tend to be based on m o r p h o l o g y 
and , in some cases, on a tomic -number -dependen t 
electron backscat ter ing . F u r t h e r m o r e , since part icles 
smaller t h a n a few tens of 1 μπι a re difficult to hand le , 
the analysis m a y have t o be d o n e in situ us ing energy-
dispersive x-ray spect roscopy. This m e t h o d pr imar i ly 

provides qual i t i tave elemental analysis a n d can be 
appl ied t o par t icu la tes us ing magnif icat ions u p t o 
a b o u t 5000 χ if the part icles a re well separa ted . Light 
mic roscopy is used in the magnif icat ion range of 
~ 100-2000 x pr imar i ly t o examine pol ished sections 
by reflection for o p a q u e mater ia l s o r t ransmiss ion for 
t r anspa ren t mater ia ls . 

Whi le some chemical in format ion is ob ta inab le by 
polar ized light a n d refractive index measurements , the 
presence of mult iple phases m a y indicate tha t the 
sample should be analyzed ei ther by a high-spat ial-
resolut ion ins t rumenta l m e t h o d , like electron micro-
p r o b e analysis , o r infrared microscopy. Alternat ively, 
it m a y be necessary to dissolve the sample mat r ix so as 
to isolate second-phase part icles for analysis by o ther 
techniques . T h e t ransmiss ion electron microscope 
extends the ability to per form combined micros t ruc-
tura l a n d microchemical analysis to magnificat ions 
well above 5000 χ , b u t the complexit ies of specimen 
p r e p a r a t i o n a n d the relatively high cost a n d inaccessi
bility of this m e t h o d in m o s t l abora tor ies , c o m p a r e d 
with light a n d scanning electron microscopy, tend to 
m a k e it a m e t h o d which is chosen only when the o ther 
m e t h o d s a re unsuccessful. 

If by microscopic examina t ion the sample appea r s 
to be fairly h o m o g e n e o u s , the advan tages associated 
with the spat ial selectivity of microanalys is c a n n o t be 
realized a n d var ious m e t h o d s of bulk analysis are 
p r o b a b l y m o r e sui table. In add i t ion to t radi t ional wet 
chemical analysis , these m e t h o d s include spark-source 
mass spec t rometry , opt ical emission a n d absorp t ion 
spec t romet ry a n d x-ray fluorescence spectroscopy. 
Each has a sensitivity extending d o w n to the pa r t s per 
mil l ion level and , in some cases, well below. In 
add i t ion , the opt ical a n d x-ray techniques can b o t h be 
m a d e quant i t a t ive wi th relative ease. These techniques 
can often be appl ied t o i nhomogeneous samples , 
p rov ided t ha t n o b r e a k d o w n by phases is required. 
F igures 2, 3 a n d 4 give a n a p p r o x i m a t e s u m m a r y of 
the pe r fo rmance of some of the m e t h o d s described, 
with regard to their abili ty to de te rmine phase m o r 
phology , crystal s t ruc ture a n d elemental compos i t ion , 
respectively. 

T h e preceding c o m m e n t s a b o u t de te rmining sam
ple homogene i ty refer pr incipal ly to solid inorganic 
samples , a l t hough all the techniques men t ioned can 
be used o n po lymers as well, wi thin cer tain l imitat ions 
associated with v a c u u m a n d electron b e a m compa t i 
bility requ i rements of the electron microscopic meth
ods . F u r t h e r m o r e , x-ray fluorescence measuremen t s 
a re pr imar i ly concerned with e lemental analysis 
r a the r t h a n c o m p o u n d identification. Since ca rbon , 
hydrogen , n i t rogen a n d oxygen are ub iqu i tous in 
organic mater ia ls , qual i ta t ive e lemental analysis by x-
ray techniques (hydrogen is undetec table by these 
me thods ) does little to aid in the identification of the 
mater ia l o the r t h a n t o show tha t it is organic . Deter 
min ing whe the r an o rgan ic sample consists of o n e o r 
m o r e phases o r c o m p o u n d s is also an i m p o r t a n t issue, 
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Figure 2 
Lateral and depth resolution comparison for the methods 
indicated in Fig. 1 used for studying morphology 

100 /xm 

c Ο +-3 Ο "> 
g> I μπ\ 

QL 

& 

X R F || X R D ~ | 

E P M 

A E M 
/iRBS RBS 

S I M S 

S T M / A F M "! A E S 
1 0.1 n m ' 

0.1 nm 

E S C A 

10 nm I /xm 100 μ,πη 

L a t e r a l r e s o l u t i o n 

Figure 4 
Lateral and depth resolution comparison for the methods 
indicated in Fig. 1 used for elemental analysis 

however , bu t the types of samples , the separa t ion 
techniques used a n d the k inds of in format ion required 
can differ considerably from those associated with the 
examina t ion of inorganic samples . Firs t of all, m o s t 
samples are ei ther submi t ted as solut ions or a re t aken 
u p in to solut ion before analysis. Separa t ions are 
usually achieved by solut ion chemistry, solvent 
extract ion or c h r o m a t o g r a p h y (gas o r l iquid). Separ
ated fractions are ei ther analyzed by direct in t roduc
t ion in to a physically coupled ins t rument like a mass 
or infrared spect rometer o r are collected a n d t r ans 
ferred to ano the r locat ion for analysis. If the sample is 
a polymer of only one type, the in format ion sought 
m a y be molecular weight d is t r ibut ion a n d c h r o m a t o 
graphy (gel pe rmea t ion) m a y be all tha t is required. In 
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Figure 3 
Lateral and depth resolution comparison for the methods 
indicated in Fig. 1 used for obtaining crystal structure 
information 

other cases the in format ion needed is the s t ruc tura l 
formula . This could be de te rmined from informat ion 
ob ta ined by a variety of m e t h o d s including mass 
spect rometry , infrared spect roscopy a n d nuclear m a g 
netic resonance , as well as by t rad i t ional ca rbon , 
hydrogen a n d oxygen analysis based o n combus t ion 
a n d gas absorp t ion . T h e sample size a n d concent ra 
t ion required again become an issue, because the 
characteris t ics of the var ious techniques differ 
b roadly . Whi le nuclear magnet ic resonance is excel
lent for s t ruc ture de te rmina t ion , it requires larger 
samples t h a n the o ther m e t h o d s men t ioned a n d can 
rarely detect c o m p o u n d s or functional g roups a t a 
concen t ra t ion level less t h a n 0 . 1 % . Organic mass 
spect rometry , on the o the r h a n d , can w o r k with m u c h 
smaller samples a n d detect c o m p o u n d s even below 
the pa r t s per billion level in a well-separated sample . 
S t ructura l in format ion is ha rde r to ob ta in , however , 
a n d c o m p o u n d s wi th h igh molecular weights ( > 2000) 
are difficult to analyze by convent iona l means . Wi th 
systems of sufficiently high resolut ion and soft ioniza
t ion sources, it is possible to ob ta in molecular ions 
a n d de te rmine s to ichiometry based o n direct pack ing 
fraction measurements . In some cases, s t ructure can 
also be de te rmined using convent iona l electron 
impac t ionizat ion a n d c o m p a r i n g f ragmenta t ion pa t 
tern spectra with those of k n o w n c o m p o u n d s . 
Infrared spect roscopy can also have relatively high 
sensitivity to specific functional g roups and can be 
used to examine relatively small samples , a l t hough 
larger ones a re preferred for higher sensitivity. It is 
used m o r e effectively in relat ing the spec t rum of an 
u n k n o w n sample to a reference spec t rum ra the r t h a n 
as a m e a n s of de te rmining the s t ruc ture of a comple te 
u n k n o w n . Of par t icu lar value is the fact t ha t it can be 
rout inely used to examine solid samples such as 
crossl inked insoluble polymers . 
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5. Cost and Complexity 

There can be a n e n o r m o u s range in the costs associ
ated with mater ia l s charac ter iza t ion , depend ing on 
the complexi ty of the p rob lem, the a m o u n t of infor
ma t ion sought , the n u m b e r of samples to be run , h o w 
quickly the analysis has t o be d o n e a n d the inves tment 
in equ ipmen t a n d m a n p o w e r . Mul t ie lement analysis 
for large n u m b e r s of rou t ine samples can be effected 
for less t h a n US$25 per sample , while complex surface 
analysis can exceed US$1000 per sample . Access t o a 
par t icular type of i n s t rumen ta t ion of the types de
scribed so far does n o t p rov ide all the in fo rmat ion 
needed a b o u t whe the r a given technique will have the 
sensitivity, resolut ion o r sample hand l ing capabi l i ty 
to d o a given j o b . I t is possible t o pu rchase comple te 
mass spec t rometer systems for u n d e r US$5000 o r 
over US$500 000. Whi le the former m a y be perfectly 
adequa te as a residual gas analyzer where uni t m a s s 
resolut ion is sufficient, it wou ld be total ly unsat isfac
tory for the analysis of h igh-molecular-weight o rganic 
c o m p o u n d s . Even if the larger sum of m o n e y were 
available, a h igh-resolut ion mass spec t rometer for 
isotopic analysis wou ld be decidedly different f rom 
one used for combined gas c h r o m a t o g r a p h y mass 
spect rometry . 

The trade-off between cost a n d pe r fo rmance 
features is character is t ic of all ma jo r pieces of analyt i 
cal ins t rumenta t ion . T o deal effectively wi th this issue 
when selecting a n ins t rument to pu rchase or use for a 
given appl ica t ion requires the deve lopment of a speci
fication for in s t rumen t pe r fo rmance relative t o 
in tended use. Aga in t ak ing m a s s spec t romet ry as a n 
example , if the need is for high-sensitivity, h igh-
resolut ion analysis of gas c h r o m a t o g r a p h effluents, a n 
ins t rument migh t be specified wi th a highly efficient 
electron impac t source coupled to a fast-switching, 
double-focusing analyzer wi th high-sensitivity electri
cal detect ion. F u r t h e r m o r e , it should also be possible 
to specify a generally accepted pe r fo rmance s t anda rd . 
F o r example , the in s t rumen t should be able t o detect 
1 0 ~ 9C of ion per μg of methy l s teara te a t a mass 
resolut ion of 1 p a r t in 10 000 a n d a source vol tage of 
8 kV. General ly , when selecting a n ins t rumen t of a n y 
type, cost rises wi th pe r fo rmance . I t is therefore 
incumbent on the buyer to be realistic a b o u t h o w 
m a n y special features a n d w h a t level of pe r fo rmance 
are needed for a given range of appl ica t ions . I t m a k e s 
little sense t o p a y the a d d e d cost for a scanning 
electron microscope capab le of 100000 χ magnifica
t ion relative to a lower resolut ion mode l if the detai ls 
of interest are clearly observable a t 5000 χ o r if the 
na tu re of the sample is such tha t pic tures a t h igher 
magnificat ions are n o t possible. 

6. Trends 

T h e major impac t of c o m p u t e r s a n d microelectronics 
on mater ia ls charac te r iza t ion techniques , a l ready 

al luded to , will u n d o u b t e d l y con t inue for a n u m b e r of 
years . In add i t ion to ins t rument cont ro l , d a t a collec
t ion a n d the process ing of results , c o m p u t e r s will p lay 
a m o r e i m p o r t a n t role in m e t h o d selection and the 
m a n a g e m e n t of l abo ra to ry in format ion . I t can be 
expected tha t m o r e general spectral da tabases and 
efficient m e a n s for searching them will lead b o t h to 
faster a n d to m o r e comple te results. Since specimen 
p r e p a r a t i o n is often a rate- l imit ing step in m a n y 
forms of analysis , l abo ra to ry r o b o t s are now being 
used m o r e extensively to also improve qual i ty and 
product iv i ty . 

In very general te rms , m o s t analyt ical ins t ruments 
can be t h o u g h t of as consist ing of a source, an 
analyzer a n d a detector . A s was shown in Fig. 1, the 
source can be used on the in teract ion of the sample 
wi th p r o b i n g rad ia t ion of any wavelength or particles 
of different types a n d energies. I t m a y even be the 
specimen itself, as in the case of the analysis of 
radioact ive samples . T h e analyzer serves as a means 
of separa t ing the signals emi t ted o r scat tered by the 
sample , based o n differences in their physical o r 
chemical proper t ies , a n d finally the de tec tor conver ts 
the separa ted signals in to a comprehens ib le form. A 
major t rend , which emerged du r ing the 1980s, is to try 
all m a n n e r of combina t ions of sources , analyzers a n d 
detec tors a n d thereby create ins t ruments which are 
opt imized for par t i cu la r appl ica t ions . In organic mass 
spec t rometry , for example , ion sources are based on 
e lect ron impac t , field ioniza t ion , field desorp t ion , 
laser ionizat ion a n d b o t h ion a n d neut ra l part icle 
beams . In gas c h r o m a t o g r a p h y , detectors include 
flame ionizat ion, e lectron cap tu re , the rmal conduc
tivity a n d infrared spec t rometry . 

If the sample is only par t ly consumed or n o t 
c o n s u m e d a t all by a given detect ion process , mult iple 
de tec tors can be used in series to p rov ide complemen
ta ry in format ion . This ha s been d o n e in b o t h gas a n d 
l iquid c h r o m a t o g r a p h y . Somet imes the detector is 
itself a spec t rometer a n d thus al lows separa ted species 
to be charac ter ized m o r e fully. Examples include gas 
a n d l iquid c h r o m a t o g r a p h y - m a s s spec t romet ry a n d 
b o t h gas a n d liquid c h r o m a t o g r a p h y - i n f r a r e d spec
t romet ry . A n i m p o r t a n t character is t ic of spect ro-
met r ic de tec tors used in c o m b i n a t i o n m e t h o d s is t ha t 
they mus t ei ther be very fast o r funct ion in a parallel 
detect ion m o d e . T h u s , in the examples jus t men
t ioned, a m a s s spec t rometer capab le of scanning its 
comple te mass range in a few seconds is used in one 
case a n d Four i e r t r ans fo rm infrared spec t rometry in 
the o ther . If separa t ion techniques are t o be used with 
a tomic emission techniques , some of the newly 
developed types of paral lel detect ion optical spec
t romete rs will p rove very valuable . In o the r analytical 
s i tua t ions , several de tec tors capab le of mon i to r ing a 
variety of signals are used a t the same t ime. F o r 
example , s imul taneous x-ray a n d electron detect ion in 
scanning electron microscopes a n d analyt ical t r ans 
mission electron microscopes m a k e s it possible to 
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relate chemical to micros t ruc tura l in format ion easily. 
It is a lways difficult to predict where any field will 

go in the future, bu t clearly defined needs coupled 
with active technologies can provide some hints . All 
analytical m e t h o d s share the c o m m o n goals of h igher 
speed, lower cost , greater sensitivity, m o r e flexibility 
and increased accuracy. Since the early 1970s, re
markab l e progress has been m a d e in advanc ing loca
lized elemental analysis capabil i ty to the limit of 
s ingle-atom detect ion by a t o m - m i c r o p r o b e analysis 
and ul t rahigh-resolut ion scanning t ransmiss ion elec
t ron microscopy, a l though only limited k inds of sam
ple are suitable for these m e t h o d s . A t o m i c resolut ion 
character iza t ion of surfaces is n o w possible as a result 
of recent deve lopment of the scanning tunnel l ing a n d 
scanning force microscopes ( S T M a n d A F M ) . These 
ins t ruments provide a relatively low-cost way of 
imaging m a n y surfaces directly with a tomic resolu
t ion. Unl ike electron microscopes they utilize very 
fine physical p robes a n d d o no t need to opera te 
in a v a c u u m envi ronment . In addi t ion to surface 
morpho logy charac ter iza t ion , var ia t ions of the tech
nique offer p romise in the measu remen t of localized 
physical a n d chemical proper t ies . T h e posi t ion of 
S T M / A F M techniques in the lower left of Figs. 2 - 4 is 
indicative of their high potent ia l to expand the fron
tiers of mater ia ls charac te r iza ton . There is still a need, 
however, for higher spatial resolut ion techniques tha t 
can identify c o m p o u n d s , par t icular ly organics , since a 
knowledge of elemental cons t i tuents is usually of little 
value in dist inguishing one mater ia l from ano the r . 
Selected area diffraction and , m o r e recently, mic ro-
diffraction are rout inely used to identify inorganic 
c o m p o u n d s in t ransmiss ion electron microscopes . 
The newer m e t h o d has even given results from areas 
less tha t 5 n m in d iameter . However , these app roaches 
are of very limited value in the examina t ion of organic 
mater ia ls , because of electron b e a m d a m a g e a n d the 
fact tha t m a n y organics of interest are in a noncrys ta l 
line form. 

T h e full charac ter iza t ion of thin organic films even 
when lateral spatial resolut ion is no t an issue is 
complicated for o ther reasons . X- ray pho toe lec t ron 

spect roscopy has a l ready p roved itself to be a power 
ful tool , bu t the chemical shift in format ion con ta ined 
in a spec t rum is often difficult to extract because of 
the inherent energy resolut ion limits of the technique . 
Pe rhaps one of the m o s t interest ing a n d chal lenging 
p rob lems is the a tomic level charac ter iza t ion of inter
faces wi thin mater ia ls , where any a t t emp t to reach 
the interfaces by mater ia l removal , as is d o n e in 
secondary- ion mass spec t romet ry a n d Auger e lectron 
analysis , so al ters t hem as to m a k e the in format ion 
ob ta ined useless. F o r these k inds of p rob lems , n o n 
destruct ive techniques like solid-state nuclear m a g 
netic resonance a n d some forms of laser spec t roscopy 
m a y provide va luable solut ions . 
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A 
Acoustic Emission 
Acoust ic emission (AE) is the t rans ient mechanica l 
v ibra t ion accompany ing a sudden release of s tored 
elastic energy or chemical free energy. I t occurs as a 
consequence of the impos i t ion of env i ronmenta l stress 
on mater ia ls . T h e A E response of a large n u m b e r of 
mater ia ls has been s tudied as a function of mech
anically, thermal ly o r chemically induced stresses. 
Detect ion, analysis a n d in te rpre ta t ion of A E from 
mater ia ls , pa r t s a n d s t ructures forms the basis of 
this nondes t ruc t ive eva lua t ion ( N D E ) m e t h o d . 

A E originates f rom a variety of sources in ma te r 
ials. These include localized, rap id m o v e m e n t s of 
mater ia l , such as ini t ia t ion a n d p r o p a g a t i o n of c racks , 
twinning, slip, mar tens i t ic phase t r ans fo rmat ions a n d 
void coalescence. A n y similar d y n a m i c a n d localized 
movemen t of mater ia l will a lso act as an A E source. 
Processes tha t occur via a t o m - b y - a t o m diffusion a re 
no t usable A E sources . Dis loca t ion mo t ions , except 
for coopera t ive m o t i o n of m a n y dis locat ions , a re n o t 
usable A E sources . M a t r i x crazing, fiber-matrix dis-
bond ing , fiber fracture a n d de lamina t ion are sources 
of A E in fiber compos i tes . 

A E sources tend to be localized events in mater ia ls . 
A E precedes gross failure of the mater ia l when it is 
used in a pa r t , c o m p o n e n t o r s t ruc ture a n d thus A E 
can be a n effective N D E tool when proper ly detected 
and analyzed. 

1. General Features of AE Signals 

A E signals a re s t imula ted in mater ia l s by mechanica l , 
the rmal o r chemically induced stresses. Each mater ia l 
exhibits its o w n un ique A E response character is t ics . 
However , t w o b r o a d types of A E response can be 
described which serve as useful qual i ta t ive descr ip
t ions: con t inuous A E a n d burs t A E . C o n t i n u o u s A E 
has waveforms similar to G a u s s i a n noise a n d is 
generally associated wi th the m o r e ducti le mater ia ls . 
It changes in average ampl i tude , b u t no t in general 
appea rance , as the s t imula t ion pa r ame te r s of the 
workpiece being s tudied are changed . I t t ends to show 
a large increase in average ampl i tude when a mater ia l 
yields, ei ther locally o r in a gross fashion. C o n t i n u o u s 
A E is believed to be m a d e u p of a large n u m b e r of 
very small v ib ra to ry t rans ients , r a n d o m l y d is t r ibuted 
in t ime. Burs t A E has larger ampl i tudes a n d the burs t 
events a re sufficiently separa ted in t ime tha t they 
appea r to be discrete events . Burs t A E is usually 
observed when bri t t le mater ia l s o r mater ia l s wi th 
brit t le c o m p o n e n t s a re being s tudied. Stable c rack 
g rowth in h igh-s t rength steel a n d fiber fracture in 

compos i tes genera te burs t A E . Burs t A E is the m o r e 
useful type for N D E appl ica t ions because it is m o r e 
closely associated with processes tha t can lead to local 
o r ca tas t roph ic failure. 

Mate r ia l s in the mid- range of ductil i ty frequently 
show p redominan t ly con t i nuous A E a t low values of 
s t imula t ion , then burs t A E appea r s as the s t imulat ion 
increases a n d failure of the workpiece approaches . 
Ma t r i x crazing in compos i tes frequently has the 
appea rance of con t i nuous A E , whereas fiber fracture 
p roduces burs t A E . 

2. Unique Features of Acoustic-Emission NDE 

M o s t N D E m e t h o d s depend on injecting a directed 
b e a m of energy in to a mater ia l . This is the case, for 
example , in the x-ray, u l t rasonic , eddy-cur ren t and 
mic rowave m e t h o d s . A n analysis of the scattering, 
a t t enua t ion o r abso rp t ion of the injected b e a m as it 
in teracts with a discont inui ty in the mater ia l is then 
required in o rde r to describe the discont inui ty , the 
o u t p u t b e a m being received by a n app rop r i a t e sensor. 
T h e mater ia l of the workpiece being studied plays an 
entirely passive role in this process , a l t hough the 
mater ia l a n d its character is t ic defect d is t r ibut ion sig
nificantly influence the choice of N D E me thod . T h e 
same form of energy is received in each of these cases 
as is injected. 

A E is s t imula ted by an entirely different form of 
energy t h a n is received a t the sensor for analysis. T h e 
workpiece m u s t have mechanica l stresses induced in to 
it e i ther by mechanica l , the rmal o r chemical means . 
A E , an acoust ic (usually ul t rasonic) t ransient vibra
t ion, is genera ted when a d iscont inui ty suddenly re
leases all o r a po r t ion of the stress induced in to it. T h e 
mater ia l , its d iscont inui ty a n d the workpiece geo
me t ry de te rmine w h a t the o u t p u t signal will be. T h e 
A E genera ted by a par t icu la r d iscont inui ty unde r a 
given set of s t imula t ion condi t ions con ta ins un ique 
in format ion concern ing the changes tha t occurred a t 
the discont inui ty . N o t e tha t it is only changes tha t can 
be discerned with A E , thus it is a dynamic N D E 
m e t h o d , as well as being a m e t h o d tha t is intensively 
related to the specific mater ia l being tested. 

A E has serious d i sadvantages as well as distinct 
advan tages when c o m p a r e d wi th o the r N D E meth
ods . I t can only detect discontinuit ies tha t cause 
a b r u p t changes in their su r round ing stress fields as a 
result of s t imula t ion . These discontinuit ies a re very 
likely to be the mos t serious ones in a par t icular 
workpiece , bu t large discontinui t ies tha t are no t 
revealed by an A E test need to be considered ser
iously, especially in the case of fatigue service. T h e 
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s t imulat ion required mus t be greater t h a n tha t 
expected in service, to ensure tha t existing disconti
nuities are n o t serious, even for static service. If 
mechanical loading is the s t imula t ion , for example , 
equ ipment foreign to , a n d somet imes unavai lab le to 
N D E groups will be required. F u r t h e r m o r e , A E is 
inferior to o the r N D E m e t h o d s in its ability to 
describe the size a n d shape of a discont inui ty; x-ray 
a n d ul t rasonic m e t h o d s are super ior . However , A E 
has the advan tage t ha t a d iscont inui ty can be located 
by using mult iple sensors (as described in Sect. 4) 
wi thou t a long, detai led a n d expensive search, if the 
discontinui ty is a n A E source. A E can also detect 
discontinuit ies t h a t a re below the detect ion limit of 
o ther N D E m e t h o d s by a t least an o rde r of magn i 
tude; an example is the fo rmat ion of a crack e m b r y o 
due to a b r eakaway of a dis locat ion pi leup. 

3. Analog-Instrumentation Methods 

A E is mos t frequently detected using a piezoelectric 
sensor ( t ransducer) which is a t t ached to the workpiece 
via a good ul t rasonic coup lan t . I ts pu rpose is to 
conver t the A E , a t rans ient mechanica l v ibra t ion , in to 
a cor responding electrical signal. Amplif icat ion of the 
sensor o u t p u t is normal ly per formed in two stages. 
T h e o u t p u t first goes to a preamplifier of high qual i ty 
(low noise input ) , where the signal is amplified by a 
factor of 10-100. T h e preamplifier o u t p u t should be 
capable of dr iving a long cable a n d should be ma tched 
to a second amplifier where further amplification is 
performed. T h e amplified signal m a y then be p r o 
cessed in a variety of ways to p roduce a record u p o n 
which a qual i ty eva lua t ion of the workpiece unde r 
s tudy can be m a d e . 

A classical way of p roduc ing a n A E record is to 
simply generate a record of the to ta l A E coun t s as a 
function of the s t imula t ion pa rame te r . T o d o this, the 
amplified signal is fed to an electronic coun te r wi th an 
adjustable trigger. T h e trigger is set a t a value slightly 
above , usually twice, the ambien t electronic noise 
level of the amplification system. A p lo t m a y then be 
p roduced tha t shows A E c o u n t s u m m a t i o n as a 
function of the s t imula t ion pa rame te r . A var ia t ion of 
this m e t h o d is t o reset the coun te r after a predeter 
mined shor t per iod of t ime. I t is then possible to 
generate a record of the A E c o u n t ra te as a function of 
the s t imulat ion pa ramete r . 

A simple way of p roduc ing an A E record is to feed 
the amplified signal to a roo t -mean- squa re ( R M S ) 
meter . T h e average R M S level is indicative of the 
a m o u n t of con t inuous A E ; spikes on the R M S o u t p u t 
are indicative of burs t A E . Again , the A E record is 
corre la ted with the s t imula t ion p a r a m e t e r to p roduce 
a test record. 

T h e dynamic range of signals f rom an A E test 
can be very high, a n d somet imes exceeds 60 d B . F o r 
this reason, logar i thmic amplifiers, r a the r t h a n 

l inear amplifiers, a re somet imes chosen . T h e da t a -
acquis i t ion p rocedures described m a y all be used in 
ei ther the l inear or logar i thmic m o d e . 

4. Digital-Instrumentation Methods 

T h e increased availabil i ty a n d versatility of mic ro 
compu te r , m in i compu te r a n d c o m p u t e r c o m p o n e n t s 
have led to a significantly enhanced capabi l i ty for 
extract ing in format ion from A E signals. However , 
since a single A E test m a y involve mill ions of signals, 
innovat ive m e t h o d s of extract ing the m o s t signifi
can t in format ion from individual A E signals a re still 
necessary. 

Commerc ia l ly avai lable systems can record signal 
features such as t ime of occurrence , rise t ime, 
du ra t i on , p e a k ampl i tude , peak dwell t ime, fall t ime 
a n d s t imula t ion-paramete r in format ion . This infor
m a t i o n can be s tored digitally a n d the in format ion 
can then be used for b o t h in-process a n d pos t -process 
analysis of A E da ta . 

Ampl i tude-d i s t r ibu t ion analysis has p roved to be 
effective in a n u m b e r of c i rcumstances . In this tech
nique , the n u m b e r of signals whose ampl i tude exceeds 
a prescr ibed value is p lo t ted against ampl i tude . Alter
natively, the abso lu te va lue of the derivat ive of this 
curve can be p lo t ted . F o r example , ampl i tude distr i
bu t ions have been used to reveal mul t ip le A E sources 
in mater ia l s a n d t o detect the ope ra t ion of a new A E 
source, p e r h a p s the one tha t m a y lead to mater ia l 
failure, as the s t imula t ion p a r a m e t e r is increased. 

B o t h rise t ime a n d p e a k dwell t ime can be used to 
separa te real A E from ex t raneous signals of similar 
appea rance . Electrical t rans ients tend to have very 
fast rise t imes a n d shor t dwell t imes, whereas frac
t ional r ubb ing p h e n o m e n a tend to have slow rise 
t imes a n d long dwell t imes. T h u s , ability to m a n i p u 
late d a t a with respect to these two pa rame te r s is a 
dist inct advan tage . 

F l aw locat ion, if the flaw is a source of A E , can be 
accompl ished by a compute r -a ided mult iple-sensor 
a r ray . A s s u m p t i o n s implicit in a s t ra ight forward a p 
pl icat ion of loca t ion theory a re t h a t the A E signal 
travels f rom the source to each sensor in the detect ion 
a r ray wi thou t change in waveform or p r o p a g a t i o n 
speed. These cond i t ions a re se ldom me t exactly, b u t 
a re a p p r o x i m a t e d closely e n o u g h in m a n y appl ica
t ions to m a k e A E flaw locat ion a powerful N D E tool . 
A E flaw-location techniques have become m o r e 
sophis t icated rapidly, advanc ing in s tep with ad
vances in c o m p u t e r technology. 

Abil i ty t o t u r n a n A E da ta-acquis i t ion system o n 
a n d off is a dist inct advan tage in some tests. In fatigue 
tests, ga t ing the system o n dur ing only the m o s t 
significant p o r t i o n of each load ing cycle prevents 
mixing A E c rack-growth signals wi th ex t raneous 
noise. T ime ga t ing is useful in mon i to r ing percussion-
welding o r electric-resistance-welding (spot-welding) 
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processes, since it permi ts the isolat ion of the m o s t 
impor t an t A E processes du r ing the welding sequence. 

M a n y a t t empt s have been m a d e to per form fast 
Four ie r t ransforms of A E signals, a n d to analyze the 
signals in the frequency d o m a i n . Whi le some a t t emp t s 
have been successful, m o s t have no t . This technique is 
complicated by the fact t ha t the A E signal is severely 
modified as it passes from source to sensor. W o r k -
piece geometry seriously modifies the signal, as d o 
a t t enua t ion character is t ics of the mater ia l . 

5. Unique Capabilities of the Acoustic-Emission 
Method 

A E inspect ion m e t h o d s can be used in a n u m b e r of 
s i tuat ions where o the r N D E m e t h o d s would be p roh i 
bitively expensive or total ly impossible . In these in
spection appl ica t ions , the in format ion which can be 
acquired is n o t likely to fulfill r equ i rements of existing 
codes. In some cases, n o such guidance exists for any 
N D E inspect ion m e t h o d . T h u s , new goals need to be 
set for the inspect ion a n d new procedures need to be 
established for in terpre t ing the d a t a in m a n y cases. 

A E can be used to m o n i t o r s t ruc tures a n d mach ines 
cont inuous ly while they are in o p e r a t i o n — a sig
nificant advan tage for N D E . Examples are s team 
turbines , electric genera tors , c i rculat ing p u m p s , p ipe
lines, valves, chemical p lan t s , aircraft a n d offshore 
p la t forms. Studies a re in progress to define p r o 
cedures for comprehens ive mon i to r i ng of nuclear 
reactors . 

In-process mon i to r i ng of welds has also been per
fected as an inspect ion m e t h o d . Electric-resistance, 
percussion a n d tubing-p inch welds can be qual i ty 
assured as they are m a d e . Laser welds can be success
fully inspected as they are m a d e , a n d the technique is 
highly developed for welding cables to connec to rs . 
Successful m e t h o d s have been developed for in-
process inspect ion of welds in heavy-sect ion steel, 
where mult iple passes of weld mater ia l a re laid d o w n . 
There is a large cost a d v a n t a g e in detect ing a b a d weld 
unde r these condi t ions , since the cost of r emoving 
large a m o u n t s of mater ia l to repai r the b a d weld pass 
is saved. 

In-process inspect ion of o the r manufac tu r ing p r o 
cesses, such as punch ing , meta l forming a n d cast ing, 
is unde r deve lopment . 
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Acoustic Microscopy 
In acoust ic microscopy, magnified acoust ic images of 
the elastic s t ruc ture of the surface or inter ior of a solid 
are p roduced by pass ing high-frequency focused 
acoust ic pulses t h r o u g h the mater ia l a n d displaying 
the received signals in image form as shades of gray. 
Usually, m u c h higher frequencies a re used t h a n in 
other k inds of acoust ic imaging. T h e acoust ic pulses 
are focused directly, o r the energy used to p r o d u c e the 
pulses is focused in to a very small region. W h e n a 
small a rea of a specimen is scanned with a series of 
focused pulses a n d the t ransmi t ted or reflected signals 
are viewed on an imaging system (a television pic ture 
tube , a gray-scale recorder or some o ther scanned 
display), the magnif icat ion of the result ing image is 
equal to the ra t io of the d iameter of the display to the 
d iameter of the area scanned. This p rocedure is also 
used in electron microscopy a n d scanning electron 
microscopy to p r o d u c e magnified images by scanning 
a finely focused b e a m of electrons. 

Acoust ic microscopy has been used successfully in 
mater ia ls charac ter iza t ion a n d deve lopment as well as 
in biomedical appl ica t ions (Lemons a n d Q u a t e 1979). 
Because the displacement ampl i tude associated wi th 
p r o p a g a t i o n of high-frequency sound waves is a t m o s t 
a fraction of an angs t rom, a p o o r chemical b o n d 
between two mater ia ls is readily detected by mon i to r 
ing the reflectivity o r t ransmiss ion of signals a t the 
interface. T h e cleanliness of h o m o g e n e o u s mater ia ls , 
the integrity of large-scale in tegrated circuits, the 
a t t achmen t of very th in films to suppor t ing sub
strates, a n d the integri ty of semiconduc to r -hea t - s ink 
b o n d s are also being evaluated wi th b o t h reflection 
and t ransmiss ion acoust ic mic rographs . Acoust ic sur
face wave interference images are used to examine 
surface deformat ion—caused , for example , by ab ra 
sion, wear a n d mach in ing—as well as the grain size of 
mater ia ls t ha t are difficult to examine optically. T h e 
capabil i ty of acoust ic microscopy to image small 
regions in which near-surface residual stresses have 
changed the elastic proper t ies of mater ia ls ha s led t o 
work on visualizing microstress fields. Because the 
acoust ic con t ras t in biological specimens is often far 
greater t h a n the opt ical cont ras t , a considerable b o d y 
of w o r k has been directed t oward the imaging of 
cellular s t ruc ture , collagen a n d o ther biological 
mater ia ls . 

A t present , acoust ic microscopy includes several 
m e t h o d s for the fo rmat ion of magnified acoust ic 
images. T h e four discussed here are scanning acoust ic 
microscopy, pho toacous t i c microscopy, electron 
acoust ic microscopy a n d scanning laser acoust ic 
microscopy. 

1. Background 
In 1936, the Russ ian physicist Sokolov in t roduced an 
acoust ic imaging device ( the Sokolov tube) which 

al lows acoust ic signals t r ansmi t ted t h r o u g h an object 
to be displayed in real t ime o n a television screen. T h e 
Sokolov tube is an image conver ter . T h e shadow
graph image is projected o n a piezoelectric crosscut 
qua r t z pla te one-half a n acoust ic wavelength in thick
ness. T h e back of the p la te develops a n electric charge 
image p r o p o r t i o n a l to the acoust ic ampl i tude incident 
on its front surface. As in all s t anda rd video-conver ter 
systems, the charged surface is scanned by a synchro
nized electron b e a m to p rov ide the television display 
signals. Suppor t ing the qua r t z p la te between the 
wa te r coupl ing m e d i u m a n d a high vacuum, however , 
is very difficult. T h e stress imposed by the a t m o s p h e r e 
requires thick q u a r t z plates wi th small surface a reas . 
T h e thickness requ i rement limits the opera t ing fre
quencies to less t h a n 5 M H z . Unl ike later mic ro 
g raphs , these unmagnif ied s h a d o w g r a p h images were 
formed by near-field unfocused beams a n d showed 
very p o o r resolut ion. Because of the p o o r sensitivity 
of the original Soko lov tubes b o t h the acoust ic source 
a n d the object being imaged h a d to be placed very 
close t o the imaging screen. In his original p ropos i 
t ion, however , Sokolov h a d no ted t ha t the wavelength 
of s o u n d in wa te r a t frequencies in the vicinity of 
3 G H z wou ld be c o m p a r a b l e t o the wavelength of 
light in the visible spec t rum. Since the resolut ion of a n 
imaging system is directly p ropo r t i ona l to the wave
length of the i l luminat ion (or, in this case, insonifica-
t ion) , he conc luded tha t acoust ic images could be 
formed equivalent in resolut ion to opt ical images. In 
fact, however , several decades of technology develop
m e n t were necessary before acoust ic images could be 
p roduced wi th resolved detai l equa l to images formed 
wi th visible light. 

T h e early 1970s were of critical impor t ance to the 
deve lopment of acoust ic microscopy. Of par t icu la r 
no te was the fo rmat ion of a research g r o u p a t S tan
ford Univers i ty u n d e r the direct ion of Qua t e . By 1974, 
the Stanford g r o u p h a d m a d e Sokolov ' s speculat ion a 
reality (L emo n s a n d Q u a t e 1974). T h e images p r o 
duced by the Stanford devices, later called scanning 
acoust ic microscopes , were clearly compet i t ive in 
resolut ion with opt ical mic roscopy images. 

2. Scanning Acoustic Microscopy 

Systems based o n the Stanford design were being 
offered commercia l ly by the early 1980s. In these 
devices, a highly focused sound source is scanned 
a long a series of closely spaced lines a n d synchronized 
with the line-by-line scanning ra te of a n imaging 
system, usually a ca thode- ray tube o r a gray-scale 
recorder . Ope ra t ing in ei ther the pu l se -echo or pulse 
t ransmiss ion m o d e , the Stanford systems (see Fig. 1) 
use sput te red zinc oxide t ransducers to generate 
acoust ic signals t ha t are focused by sapphi re lenses to 
focal spots 1 μπι o r less in d iameter . Magnif icat ion is 
achieved by m a k i n g the lines scanned by the focused 
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Figure 1 
Scanning acoustic microscopes: (a) pulse transmission and 
(b) pulse-echo modes (courtesy of C. Quate and L. Lam, 
Stanford University) 

t ransducer shor ter and closer together t han the lines 
tha t m a k e u p the image. Cons ider , for example , a 
1 m m x 1 m m area tha t is scanned by mov ing a com
bined acoust ic source and receiver, each focused to 
2 μπι in d iameter over 500 lines tha t are 1 m m long 
and spaced 2 μπι apa r t . W h e n the received sonic 
signal is displayed in 500 equally spaced lines on a 
100 cm x 100 cm imaging screen, the result is an 
acoustic mic rog raph with a magnif icat ion of 1000 x . 
A 5 cm x 5 cm scanned area displayed on the same 
100 cm x 100 cm screen generates an acoust ic micro
graph with a magnif icat ion of 20 x . 

The p r imary s t rength of the scanning acoust ic 
microscope design is its r e m a r k a b l e versatility. Mic ro 
scopes can be cons t ruc ted for use at a wide range of 
frequencies for scanning objects over a wide range of 
sizes. Acoust ic images genera ted by focused pulses 
from 1 G H z to 3 G H z typically scan a specimen area 
of 0.25 m m x 0.25 m m . They pene t ra te n o deeper 
than 150 μπι a n d the typical magnif icat ion is a p p r o x 
imately 1000 x . F o r industr ia l acoust ic images, it is 
no t unusua l to scan an area 15 cm x 15 cm with 
10 M H z focused pulses, pene t ra t ing to a dep th of 
5 cm or m o r e and displaying the received signals a t 
magnifications of 2 - 3 x . 

Since the mid-1970s, mos t of the Stanford w o r k has 
been directed a t frequencies between 1 G H z a n d 

Figure 2 
Images of grain structure in Inconel: (a) optical image, 
(b) optical image etched, and (c) 2.7 GHz acoustic image 
of the same region (courtesy of L. Lam, Stanford 
University) 

5 G H z . A t Universi ty College L o n d o n work has been 
d o n e at 150 M H z - 1 G H z (Ash 1980), and industrially 
or iented work at Hughes Aircraft C o m p a n y (Weglin 
1979), the Genera l Electric C o m p a n y and elsewhere 
has been d o n e a t 1-450 M H z . 

5 


