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AND FRACTURE TOUGHNESS IN POLYCRYSTALLINE SOLIDS 

by 

Alex Vary 
Nat10nal Aeronaut1cs and Space Adm1n1strat1on 

Lew1s Research Center 
Cleveland, Oh10 44135 

ABSTRACT 

Conceptual models are advanced for explain1ng and pred1cting emp1r1cal 

correlations found between ultrason1c measurements and fracture toughness of 

polycrystalline so11ds. The models lead to insights concerning 

m1crostructural factors govern1ng fracture processes and assoc1ated stress 

wave 1nteract10ns. Analys1s of the emp1rical correlat10ns suggested by the 

models 1nd1cates that, 1n add1tion to gra1n size and shape, gra1n boundary 

reflections, elast1c an1sotropy, and d1slocation damp1ng are factors that 

underly both fracture toughness and ultrasonic attenuation. One outcome is 

that ultrasonic attenuation can predict the size of crack blunt1ng or process 

zones that develop in the vicinity active cracks 1n metals. This forms a 

basis for ultrasonic ranking according to variations in fracture toughness. 

INTRODUCTION 

Ultrasonic methodology for determining the fracture toughness of 

structural mater1als 1s of h1gh 1nterest. A major 1ncent1ve 1s the need for 

rapid, inexpensive, and nondestruct1ve methods for verifying fracture 

toughness and related mechanical properties prior to placing critical parts in 

service and after the parts have been exposed to service. The viability of 

ultrasonics for verify1ng fracture toughness of mater1als and components is 

being investigated. Thus far, correlat1ons of ultrason1c measurements w1th 

toughness have been demonstrated only on a limited number of laboratory 

samples of polycrystal11ne solids. One purpose of this report 1s to show the 



potent1als of further work that 1s needed to estab11sh underly1ng pr1nc1ples 

and appropr1ate approaches for app11cat1ons to a var1ety of mater1als and 

hardware conf1gurat1ons. 

Fracture toughness 1s an extr1ns1c mechan1cal property that measures a 

mater1al's fracture res1stance. It 1s the stress 1ntens1ty at wh1ch a crack 

becomes unstable and grows catastroph1cally (Brown and Srawley, 1966; Hahn, 

et al., 1972; Kann1nen and Popelar, 19B5). It 1s known that fracture 

toughness 1s governed by m1crostructure and morphology 1n polycrystal11ne 

so11ds. Because the attenuat10n of ultrason1c waves 1s also governed by 

s1m1lar factors, one should expect correlat1ons between toughness and 

ultrason1c propert1es of polycrystall1nes. 

Pr10r works have presented emp1r1cal ev1dence of correlat1ons between 

ultrason1c attenuat10n measurements and fracture toughness 1n polycrystal11ne 

so11ds (Vary, 1978; Vary and Hull, 1982, 1983). A theoret1cal bas1s has been 

suggested for the correlat10ns found between ultrason1c attenuat10n and 

fracture toughness (Vary, 1979a). Th1s paper descr1bes some conceptual 

foundat1ons that can help expla1n and pred1ct the emp1r1cal correlat1ons. 

PRELIMINARY CONSIDERATIONS 

M1crostructural Factors 

The role of m1crostructure 1n govern1ng the mechan1cal propert1es and 

behav10r of eng1neer1ng so11ds 1s well estab11shed (Green, 1973; MacCrone, 

1977; Froes, et al., 1978). Ultrason1c evaluat10n of mechan1cal propert1es 

depends on the character1zat10n of m1crostructure. F1gures 1 and 2 1llustrate 

examples of the dependence of ultrason1c attenuat10n and fracture toughness on 

m1crostructure. Inferences of mater1al propert1es are often based on 

metallograph1c and other destruct1ve methods that reveal mater1al compos1t1on, 

m1crostructure, and morphology. Ultrason1c methods are alternat1ves to the 

convent10nal approaches for character1z1ng m1crostructure and morphology. 
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By examining the micrographs in fig. 1, one might infer that decreasing 

grain size corresponds to 1ncreas1ng toughness. The micrographs 1n fig. 2 

illustrate an oppos1te case where increasing grain (tungsten carbide crystal) 

size corresponds to increasing toughness. But, this apparent correlation w1th 

grain s1ze is deceptive because it is the volume of cobalt ·cement" (between 

the carbide crystals) with 1ts h1gh dislocation dens1ty that actually governs 

the fracture toughness. Clearly, there 1s more to cons1der than gra1n s1ze 

(or even grain shape and aspect rat1o) 1n 1dentifying factors that govern 

toughness. It w1ll be seen that ultrason1c 1nterrogat1on supplements the 

1nformat1on appearing in photomicrographs and can add to our understanding of 

factors that govern dynamic fracture behav1or. 

Ultrason1c Approach 

Herein, the pulse-echo method is taken as the basis for Quantitative 

character1zat1on of m1crostructure via attenuat10n measurements (Papadak1s, 

1976; Vary, 1980). A pulse-echo system 1n wh1ch a single probe serves as a 

sending and rece1v1ng transducer to excite and collect ultrasonic slgnals is 

shown 1n f1g. 3. Coupl1ng a probe to a material sample results in a series of 

ultrasonic echoes that can be analyzed e1ther 1n the time or frequency doma1n, 

fig. 4. 

The first two echoes Bl and 62 1n fig. 4 are selected for 

measurement of energy loss due to var10us attenuat10n mechan1sms. The signals 

are transformed to the frequency doma1n using d1g1tal fourier transform 

algorithms (Bracewell, 1978; Vary, 1979b, 1980b; F1tt1ng and Adler, 1981). 

Information concerning the material m1crostructure 1s obta1ned by 

deconvolution of waveforms B1 and 62 to obtain attenuation as a 

funct10n of frequency. The frequency doma1n approach, assoc1ated concepts, 

and some sa11ent results w111 be discussed 1n this paper. 
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CONCEPTUAL FOUNDATIONS 

General 

Quant1tat1ve ultrason1c character1zat1on of mechan1ca1 propert1es 1s a 

re1at1ve1y new and essent1ally unexplored area. Estab11shed foundat1ons for 

observed 1nterrelat1ons among ultrason1c propagat1on, m1crostructure, and 

mechan1cal propert1es are lacklng. 

We w1ll beg1n by cons1der1ng hypothet1cal stress wave 1nteract1ons w1th 

mlcrostructural features dur1ng crack nuc1eat1on events at the onset of 

fracture. Stress waves are elast1c waves that ar1se dur1ng d1slocatlon 

movements, m1crocrack nuc1eat1on, p1astlc deformat1on, and fracture (Kolsky, 

1963; 1973). stress waves are ultrason1c 1n nature although they may exh1b1t 

aud'ble acoust1c em1ss1on components. W1th ultrason1c prob1ng we expect to 

1dent1fy m1crostructural features that govern stress wave propagat1on and 

1nteract1ons dur1ng the aforement1oned processes. Th1s 1dea, lllustrated 1n 

Flg. 5, wlll be pursued by using three complementary concepts: (1) a stress 

wave interact10n concept, (2) a m1crostructure transfer function concept, and 

(3) a mlcrocrack nu~leat1on mechanics concept. Models based on these concepts 

are d1agrammed in Figs. 6 to 8. The models are used to derive expressions for 

expla1ning and pred1cting empir1ca1 correlat1ons that have been found among 

ultrasonic attenuat10n measurements, m1crostructure, and fracture toughness. 

stress Wave Interaction (SWI) Concept 

The stress wave 1nteract10n (SWI) concept helps explain the correlations 

found between ultrasonic attenuation and fracture toughness. Experimental 

ev1dence 1nd1cates that the stress wave attenuation propert1es of 

polycrystal11ne metals determ1ne toughness (Vary, 1978; Vary and Hull, 1982). 

Moreover, Green and his colleagues have produced exper1mental ev1dence that 

ultrason1c stress waves can interact with material microstructure to the 
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degree that they actually promote p1ast1c deformat1on (Sachse and Green. 1970; 
. 

Green. 1975; Green. 1981; H1gnogna and Green. 1982; Green. 1986). 

Accord1ng to the SWI concept spontaneous u1trason1c stress waves produced 

dur'ng crack 1n1t1at1on 1nteract w1th m1crostructura1 features ahead of a 

crack front (Vary. 1979a; 1980b). The consequent stress wave energy losses 

can reappear 1n the format1on of fresh surfaces (e.g .• as further crack1ng) 

(Kolsky. 1963, 1973). Or. the stress wave energy s1mply d1ss1pates 1n 

d1slocat10n motions during the format10n of a crack b1unt1ng zone (Hahn 

et a1 .• 1972). In the former case. stress wave 1nteract1ons promote crack 

nucleat10n (e.g .• grain cleavage). coalescence. and growth. In the latter 

case. crack1ng 1s 1nh1b1ted by 10ca11zed plast1c deformat1on. Some 

comb1nat10n of both cases 1s undoubtedly 1nvolved 1n the dynam1cs that 

under11e the fracture behav10r and the fracture toughness exh1b1ted by many 

eng'neer1ng so11ds (Curran. et al .• 1977; Fu. 1983a. 1983b). 

In the crack nucleat10n vers10n of the SWI. cr1t1cal sites are act1vated 

by the spontaneous stress waves em1tted at the onset of crack growth. Stress 

wave energy.added to the local stra1n energy f1e1d around potent1al m1crocrack 

nucleat10n s'tes may result 1n the release of add1t'onal stress wave energy 

that acts on adjacent s'tes. The s1tes can be br'ttle gra1ns. 1nclus1ons. or 

second phase part1cles that absorb and then release energy by break'ng apart. 

If the advanc1ng stress wavefront 1s re1nforced by energy released by 

nucleat10n s1tes then. as 1nd1cated 1n F1g. 6. an avalanch (or cascad1ng) 

effect may occur 1n wh'ch 1ncreas'ng numbers of crack nucleat10ns s'tes are 

act'vated by the stress wavefront. Absorpt'on of energy depends on the 

bandw'dth of the stress wave and the presence of cr1t'cal ('.e .• resonant) 

wavelengths that are commensurate w'th the d1mens'ons of potent1al m'crocrack 

nucleat'on s'tes. 
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In the crack blunt1ng vers10n of SWI m1crocrack format1on 1s 1nh1b1ted by 

locallzed conta1nment and d1ss1pat10n of stress wave energy. So11ds 

contaln1ng gra1ns (1.e., crystal11tes) w1th h1gh d1s1ocat1on dens1tles exhlb1t 

hlgher attenuat1on. In th1s case the absorpt1on of ultrason1c stress wave 

energy v1a d1s1ocat1on mot1on reduces the relat1ve amount of energy ava11able 

for crack nucleat1on. Therefore, a greater 1n1t1al stress 1ntens1ty 1s 

requ1red to produce d1s1ocat1on p11e-ups and consequent crack growth. The 

relatlve energy absorpt1on by d1s1ocat1on mot10ns (damp1ng) depends on the 

stress wave bandw1dth (1.e., content of wavelengths that 1nteract wlth 

d1slocat1ons). 

H1crostructure Transfer Funct10n (HTF) Concept 

Underly1ng the m1crostructure transfer funct10n (HTF) concept 1s the 

hypothes1s that the propagat10n of probe ultrasound 1s governed by the same 

mlcrostructural factors that govern the propagat10n of stress waves generated 

durlng fracture 1n1t1at1on. There ls a tac1t assumpt10n that attenuat10n 

propert1es measured w1th (low ampl1tude) probe ultrasound govern (hlgh 

amplltude) stress waves, at least at the onset of fracture. 

Spec1f1cat10n of the magn1tudes of attenuat10n and energy transm1ss10n 

durlng stress wave 1nteract1ons requ1res the def1nlt10n of an appropr1ate HTF 

model. In part1cular the HTF model must spec1fy how stress wave energy varles 

w1th ultrason1c wavelengths (1.e., w1th frequency). Accord1ngly, conslderlng 

mater1al m1crostructure as mechan1cal "f11ters" that have a transfer functlon 

deflnable 1n terms of frequency dependent ultrason1c attenuatlon mechan1sms 

proves to be a useful concept (Vary, 1980b; Vary and Kautz, 1986). 

The condlt10ns under wh1ch a HTF can be def1ned are restr1cted: The 

sample should have flat, parallel oppos1ng surfaces and sat1sfy the cond1t10ns 

necessary to obta1n two back surface echoes as shown 1n F1gs. 4 and 7. These 

constra1nts are for mathemat1cal convenlence and also for ease of slgnal 
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acqulslt10n (Truell et al., 1969). S1gnal acqu1s1t1on and process1ng may be 

accomp11shed as descr1bed 1n Vary (1979b) and Generaz10 (1985). A 

polycrystal11ne so11d 1s assumed for the purposes of the ensuing discussion. 

The ultrasonic probe act1ng as sender and receiver, Fig. 4, produces a 

broadband pulse and a series of back surface echoes in the material spec1men. 

The first two back echoes, Bl 

the internal signals 11 and 

and B2, F1g. 7, are def1ned 1n terms of 

12 and ~,the reflect10n coeff1c1ent at 

the specimen-transducer 1nterface (Papadak1s, 1976). The reflection 

coefflclent is unlty, 1, at the free surface. 

Bl = (1 + R)I l 

B2 = TR(l + R)I 1 
The quantH1es B1, B2, 11, 12, and R, 1n Fig. 7, are Four1er 

( 1 ) 

(2 ) 

transforms of the correspondlng t1me domaln quant1tles (Bracewell, 1978). The 

quantity T, a funct10n of the mater1al m1crostructure, 1s to be determ1ned. 

Comb1n1ng Eqs. (1) and (2) allows express1ng T as the deconvolut10n of 

(3 ) 

The quant1ty T 1s the MTF and 1s assumed to 1ncorporate effects of 

m1crostructural factors that govern stress wave attenuat10n ln polycrystal11nes 

(e.g., gra1n scatter1ng, absorpt10n) (Serab1an and W1111ams, 1978; Serab1an, 

1980). We seek a def1n1t10n of T such that stress wave energy loss may be 

expressed 1n terms of an attenuat10n coeff1c1ent, a, 1n the form Ex = 

E exp(-xa), where E - E is the energy loss over d1stance x. 
o x 0 

Papadak1s (1976) has exper1mentally demonstrated that the attenuat10n 

coeff1c1ent a for broadband probe ultrasound can be found by frequency 

spectrum analys1s and expressed as 
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a = Gx) ln~:~ (4) 

Comb1n1ng Eqs. (3) and (4) we have, 

(5 ) 

where, x 1s the spec1men th1ckness 1nd1cated 1n f1g. 7. 

An express10n for a for po1ycrysta111ne so11ds 1n terms of the transfer 

funct10n T based on an HTf model der1ved by Vary and Kautz (1986) 1s, 

where, a 1s mean gra1n s1ze, f 1s ultrason1c frequency, G 1s gra1n boundary 

reflect10n coeff1c1ent, h 1s damp1ng constant, K 1s e1ast1c an1sotropy, u 

1s mean gra1n t1me constant, v 1s ultrason1c ve1oc1ty, and u = a/v. It w1l1 

be seen that Eq. (6) forms a bas1s for 1dent1fy1ng m1crostructural factors 

that govern toughness. 

Use of analyt1cal express10ns of the form of Eq. (6) requ1res a pr1or1 

knowledge of the equant1t1es a, G, h, and K. An a1ternat1ve expresslon for 

the attenuat10n coeff1c1ent that does not requ1re exp1'c1t values for these 

quant1t1es 1s des1rab1e. One such express10n that 1s useful for f1tt1ng 

exper1menta1 data 1s (Vary, 1979a, 1980a), 

m 
a = cf f1 < f < f2 

Equat10n (7) has been found to accurately represent data w1th1n the 

frequency range from f1 to f2' where attenuat10n 1s due pr1mar11y to 

Rayle1gh scatter1ng (Vary and Kautz, 1986). It w1l1 be seen later that the 

emp1r1ca1 constants c and m can be used to determ1ne values for G, h, 

and K and that Eq. (7) forms a bas1s for demonstrat1ng emp1r1cal 

corre1at1ons between toughness and u1trason1c attenuat10n wh1le Eq. (6) 

prov1des a means for analyz1ng the corre1at1ons. 

8 

(7 ) 



Mlcrocrack Nucleatlon Mechanlcs (MNM) Concept 

The mlcrocrack nucleat10n mechan1cs (MNM) concept comb1nes the SWI and 

MTF concepts 1n the der1vat1on of a relat10n among the attenuat10n propert1es 

of a mlcrostructure, stress wave sources, and potent1al crack nucleat10n s1tes. 

The MNM concept 1s used to account for energy dlsslpat10n between stress wave 

sources and potent1al m1crocrack nucleat10n sltes (Vary, 1979a; Fu, 1982, 

1983a, 1983b). Experlmental evldence of ultrason1c stress wave energy 

d1ss1pat10n lead1ng to plast1c deformat1on (Sachse and Green, 1970; Green, 

1981; Mlgnogna and Green, 1982; Green, 1986) suggests the exlstence of stress 

wave energy transfer mechanlsms that lead to dls10catlon motlons and 

mlcrocrack nucleatlons. Thls sectlon descrlbes a mlcrocrack nucleat10n model 

from whlch lt 1s posslble to derlve an expresslon relatlng ultrasonlc 

attenuatlon and toughness. 

The MNM model depleted ln F1g. 8 assumes that stress wave lnteractlons 

promote m1crocrack nucleatlon 1n accordance w1th the SWI concept. A stress 

wavefront ls shown travellng from graln !/ to gra1n !:N. These Igra1ns" 

represent cr1t1cal, 1nteract1ng m1crostructural features such that, when 

gra 1 n !/ releases energy by f ractur1 ng. gra 1 n IX will absorb some of th1 s 

energy. Glven an ex1stlng -static stress f1el~ around IX. 1t 1s only necessary 

for the impinging stress wave to impart enough energy to take IX above a 

fracture threshold. The energy imparted to !:N depends on the ultrason1c 

stress wave attenuating properties of the ligament between gra1ns Y' and !:N. 

The MNM model dep1cted ln Fig. 8 was applied spec1fically to plane stra1n 

fracture toughness data (Brown and Srawley. 1966) to derlve an expression 

connectlng ultrason1c factors and the fracture toughness Quantity (K1cloy) 

(Vary. 1979a). 
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where KIc 15 plane stra1n fracture toughness and 0y 15 y1eld strength. 

The r1ght hand s1de of Eq. (8) cons1sts of ultrason1cally determ1ned 

quant1t1es, where vt 1s veloc1ty, H 15 an exper1mental constant for 

(8 ) 

the mater1al be1ng evaluated, and m 1s the exponent on frequency 1n Eq. (7). 

The quant1ty 66 1n Eq. (8) 15 the der1vat1ve 

m-1 

= mcGtj (9) 

where, da/df 1s evaluated at a frequency, f6 = vt/&, that corresponds to 

a "cr1t1cal" ultrason1c wavelength, ~c' 1n the mater1al. Th1s wavelength 1s 

def1ned by the cr1t1cal d1mens10n, 6, 1n the m1crostructure (e.g., mean grain 

size or other feature that dominates during crack nucleat10n). Th1s dimension 

1s taken as the average for all m1crocrack nuc1eat10n s1tes that 1nteract with 

the stress waves 1n accordance w1th the SWI concept. The cr1tical dimens10n 

l1nks the mater1al transfer funct10n, T, to spec1f1c m1crostructural features 

that govern fracture toughness. 

The quant1ty (K IC loy)2 on the left s1de of Eq. (8) 1s termed the 

"character1st,c length." Th1s character1st1c length quant1ty 1s also a 

measure of the fracture toughness (Brown and Srawley, 1966; Hahn et al., 

1972). It 1s proport10nal to the s1ze of the m1crocrack blunt1ng zone that 

develops at the crack t1p due to d1slocat10n mot10ns dur1ng the onset of crack 

growth 1n mater1als w1th plast1c y1eld. 

Equat10n (8) relates factors that govern toughness w1th ultrason1c 

propagat1on propert1es of the m1crostructure and pred1cts that the 

character1st1c length or crack b1unt1ng zone s1ze w1l1 be determ1ned pr1mar1ly 

by the attenuat10n propert1es assoc1ated w1th d1slocat'on 1nteract10ns. 
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Mater1als that develop larger crack blunt1ng zones conf1ne and absorb more 

stress wave energy locally and exh1b1t greater fracture toughness. 

All the quant1t1es 1n Eq. (8) are funct10ns of mater1al m1crostructure. 

Although the parameter M may rema1n essent1a11y constant for a g1ven alloy, 

the character1st1c length and ultrason1c quant1t1es (e.g., c and m 1n 

Eq. (1) and a, G, h, K, v 1n Eq. (6» w1l1 change w1th heat treatment, phase 

compos1t1on, and other factors that affect toughness. 

VERIFICATION AND ANALYSIS 

Exper1menta1 Correlat1ons 

The corre1at1on pred1cted by Eq. (8) has been exper1menta11y ver1f1ed 

(Vary, 1918; 1919a) and F1g. 9 shows the pred1cted correlat1on for three 

metals (two marag1ng steels and a t1tan1um alloy). In these metals the 

cr1t1ca1 m1crostructura1 d1mens1on 1s the average gra1n s1ze (or the subgra1n 

Mlath" spac1ng 1n the 200 grade marag1ng steel). The exper1mental data for 

2 
(K 1c /oO. 2) versus vlB6/m plotted 1n F1g. 9 were f1tted by 

11near regress1on. The curve for the 200 and 250 grade marag1ng steels 1s 

g1ven by 

(

K )2 (v B~0.522 
0~~2 = 8.34xlO-

3 \~ ~ 

wh1le for the t1tan1um alloy the curve 1s g1ven by 

(K )2 ( B~0.564 
\a~~2 = 1.45xl0-

2 
v! 7 

where, 00.2 1s y1eld strength, 0y' at 0.2 percent offset. 

In the case of the t1tan1um alloy descr1bed by Vary and Hull (1982) there 

are three levels of m1crostructure: (pr1or) gra1ns, co1on1es (w1th1n gra1ns), 

and (w1th1n colon1es) alternat1ng alpha/beta phase platelets. The quest10n 

regard1ng wh1ch of these features exerts the greatest 1nf1uence on fracture 
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toughness has been answered on the basis of the previously described 

concepts. The results shown in Flg. 10 lndlcate that the best emplr1ca1 

correlation and also the best agreement wlth theory (l.e., w1th Eq. (8)) occur 

w1th data based on the beta phase th1ckness (Vary and Hull. 1982). The alpha 

phase thlckness was found to be somewhat less slgn1f1cant than the beta phase 

th1ckness (e~g., correlatlon coeff1clents were 0.977, and 0.998, 

respectlvely). The colony slze was weakly lnfluentlal. whlle gra1n slze 

1nf1uence was lndetermlnate. The emp1rlcal equatlons for the alpha and beta 

phases determ1ned by regression ana1ys1s are, respect1ve1y, 

(~\2 0 0 •2) 
(

VB)0.73 
= 5.9lxlO-4 ~ 6 

(
K ) 2 (v B ) 0.56 
0~~2 = 7.63x10-

2 ~ 6 

for the t1tan1um alloy both the alpha and beta phases appear to be 

comparably cr1tlcal m1crostructura1 features. Fractograph1c stud1es 1dent1fy 

the alpha phase aspect ratl0 as a cr1t1cal factor. The alpha platelets appear 

to act as obstacles to m1crocrack extens10n and d1ss1pate energy by mak1ng the 

crack path tortuous v1a frequent, abrupt changes 1n d1rectlon (Froes et al., 

1978). However, the best corre1at10n coeff1c1ent for Eq. (8) 1s obta1ned w1th 

the beta phase. From an ultrason1c v1ewp01nt the beta phase has the greatest 

1nfluence on toughness. Th1s 1s undoubtedly due to 1ts greater d1s1ocat1on 

dens1ty (about tenfold greater than the alpha phase) and concom1ttantly 

greater attenuat10n and greater absorpt1on and d1ss1pat1on of stress wave 

energy. 

Analys1s 

Equat10n (6) prov1des a bas1s for analyz1ng the correlat1ons 1n F1gs. 9 

and 11. F1rst, note that the quant1ty vlB6/m 1n Eq. (8) 1s equ1valent 
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to the product of the s1ze of the cr1t1cal m1crostructural feature, 6, and the 

attenuat10n coeff1cient. 06' evaluated at the frequency corresponding to the 

crit1cal wavelength 6, that 1s, 

606 = (~)B6 = vc(i)m-1 = 6C(f6~m 
where, v is taken as long1tudinal veloc1ty Vt. Sett1ng 6 = a and 

recal11ng that u6 = a/v R 6/v and f6 = vIa = v/6, Eq. (6) 1s rearranged 

to get 

where 

The quant1ty 606 1s the spec1f1c attenuat10n coeffic1ent for the cr1t1ca1 

m1crostructura1 feature. And s1nce 2 2 
u 6 f 6 = 1, F 6 = 1f /[ 1 + 1f ]. 1s a 

(10) 

(11 ) 

numerical factor that depends on the gra1n s1ze distr1but10n funct10n wh1ch in 

the present case 1s taken as a log normal d1stribut10n funct10n typical of 

polycrystal11ne so11ds (Vary and Kautz, 1986). Comb1ning Eqs. (8), (10), and 

(11) we have 

( 12) 

As m1ght be expected, characterist1c length (toughness) is a function of 

G, h, and K, the boundary reflection, damping, and e1ast1c anisotropy 

factors, respectively. In Eq. (12) fracture toughness is 1ndependent of 

explicit grain size, velocity, and frequency because it is defined in terms of 

the attenuation properties of a critical microstructural feature. 
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The expression on the right-hand side of either EQs. (11) or (12) will be 

the same for any arb1trary d1mens10n used for a 1n evaluating the Quantity 

aQa . However, the factor F6 will vary accord1ng to the spatial 

d'str,but'on function of the m1crostructural feature ,t represents. The 

factor F6 may be invariant for homomorph1c changes 1n the gra1n structure 

of polycrystal11nes (Vary and Kautz, 1986). 

Ins1ght 1nto the Quantitative effects of var1at10ns in G, h, and K can 

be ga1ned by exam1n1ng 1nterrelat10ns w1th the emp1r1cal parameters c and 

m 1n EQ. (7). It has been found that c and m are interdependent for 

var10usly cond1t1oned samples of a po1ycrystal11ne mater1al. As an example, 

experimentally determ1ned values for c and m are plotted and tabulated 1n 

F1g. 11. Apparently, the parameters c and m w1ll be 1nterdependent for 

samples of a mater1al that have undergone heat treatment or other 

thermomechan1ca1 process1ng that preserves global m1crostructura1 patterns 

wh1le alter1ng mechan1cal properties l1ke toughness. 

A graph1cal method for eva1uat1ng the Quant1t1es G, h, and K 1n terms 

of c and m was dev1sed (Vary and KautL, 1986). By vary1ng a, G, h, K, 

and v 1n Eq. (6) over a range of representat1ve values, the c and m 

parameters for a bounded frequency range (e.g., the Ray1e1gh freQuenc1es) may 

be computed w1th EQ. (7). The parametr1c f1elds 1n F1g. 12 were generated by 

assum1ng a range of values for a, G, h, and K and v = 0.55 cm/~s 

correspond1ng to a 250 grade marag1ng steel (250HS). Coplotted in Fig. 12 are 

data for the 250HS from Fig. 11. In F1g. 12(a) the data fall near the curve 

for mean gra1n size equal to 10 ~m, s1nce 8.5 ~ a ~ 13 ~m. In Figs. 12(a) and 

(c) a = 10 ~m 1s assumed and in Fig. 12(b) the data 11e on the G = 0.007 

-5 curve whi1e.1n Fig. 12(c) they 11e near the h = 2xlO curve. 

All the f1elds 1n F1g. 12 1nd1cate that the elast1c an1sotropy, K, var1es 

by roughly a half order of magnitude between the two pa1rs of 250HS data 
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po1nts. Th1s 1s s1gn1f1cant.because the left-hand pa1r at m 2 2.6 share an 

average toughness KIc = 118 HPa~ (megapascals square root meters) wh1le 

the r1ght-hand pa1r at m 2 3.0 share an average toughness KIc = 143 

HPa {in. All four 250HS samples had the same y1e1d strength of o = 1400 
Y 

HPa (Vary, 1918). Apparently, the thermal treatment that 1ncreased fracture 

toughness from roughly 118 to 143 HPa,rn also produced an 1ncrease 1n e1ast1c 

an1sotropy of roughly a half order of magn1tude 1n the 1nterva1 between K = 

0.001 to 0.01. Th1s 1ncrease 1n K can account for an 1ncrease 1n (stress 

wave) attenuat10n and, hence, the correlat1on between attenuat10n and fracture 

toughness pred1cted by the conceptual models. 

We note that (K IC loy)2 1s also d1rectly proport1onal to the damp1ng 

constant, an 1ntr1ns1c property of crystal11tes (gra1ns) that 1s related to 

the1r d1s1ocat1on dens1t1es (Now1ck and Berry, 1912). However, 1n F1g. 12 the 

prom1nent 1ncrease 1n K, the elast1c an1sotropy factor, overshadows a 

concom1tant 1ncrease 1n h, the d1s1ocat1on damp1ng factor, that probably 

contr1buted to the 1ncreased toughness between the two pa1rs of 250HS data 

po1nts. The scale of F1g. 12(c) obscures the fact that the two· data pa1rs l1e 

near h-curves that d1ffer by perhaps a half order of magnHude. 

S1nce 1n the case of the 250HS y1eld strength 1s constant at 1400 HPa, 

accord1ng to Eq. (12) the 1ncrease 1n toughness should be proport1onal to the 

1ncrease 1n G, h, or K, wh1chever 1s greatest (e.g., (K Ic ) 2 =1K). 
Accord1ngly, the 1ncrease 1n K of between a factor of 2 and 3 1nferrable 

from F1g. 12 pred1cts a correspond1ng 1ncrease 1n KIc of between a factor 

of approx1mately 1.2 and 1.3. These rat10s bracket the average 1ncrease 1n 

KIc by a factor of 1.2 1n the 1nterval between the two pa1rs of 250HS data 

po1nts. A s1m1lar argument would show a comparable change 1n KIc by 

cons1der1ng the change 1n h for the two pa1rs of data po1nts. 
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DISCUSSION 

The preced1ng analys1s shows that, 1n add1t1on to gra1n slze and shape, 

graln boundary reflections, e1ast1c an1sotropy, and d1slocat1on damp1ng are 

among factors that determ1ne the toughness of polycrystal11ne so11ds. The 

SWI, MTF, and MNM concepts seem to be supported by the currently ava11ab1e 

exper1menta1 results. 

Of course, 1t 1s not surpr1s1ng that 1n polycrysta111nes w1th mob11e 

d1s1ocat1ons local p1ast1c deformat1ons determlne toughness v1a crack b1unt1ng 

(Kannlnen and Pope1ar, 1985). The new 1nformat1on 1nferrab1e from F1gs. 9 to 

12 and from Eqs. (8) to (12) 1s that metals that are more attenuat1ng tend to 

develop larger crack b1unt1ng zones 1n the v1c1n1ty of act1ve cracks. 

Accordlng to Eqs. (11) and (12) the spec1f1c attenuat10n and the 

character1stlc length (l.e., slze of the b1untlng zone) are functlons of the 

same mlcrostructura1 factors. The extr1nslc propert1es of fracture toughness 

and stress wave attenuat10n both u1t1mately depend on d1s10cat10n denslt1es. 

Tougher metals are apparently those 1n wh1ch more stress wave energy 

transm1ss10n ls 1mpeded at gra1n boundarles by ref1ectlons and e1ast1c 

scatter1ng and then d1ss1pated 1n 10ca11zed p1ast1c deformat10n zones by 

dls10cat10n motions. 

The preced1ng observat1ons should be contrasted wlth exper1menta1 

flnd1ngs for f1ber re1nforced composltes. In flber re1nforced p1ast1cs 

greater strength (and probably toughness) correspond to less attenuat10n (Vary 

and Bowles, 1977; Vary and Lark, 1979). Many compos1tes have res1n matr1xes 

that cannot susta1n p1ast1c deformat1on although stress wave energy may be 

absorbed by matrlx craz1ng. In th1s case 1t 1s better to have prompt, 

eff'c1ent transmlsslon of stress wave energy away from crack nuc1eat'on sltes. 

In contrast w1th metals 1t ls preferable for composltes and slm'1ar 

materla1s w1th brltt1e matr1ces to exh1b1t lower attenuatlon and less 
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localized concentration of stress wave energy. This criterion would certainly 

apply to monolithic ceramics which lack plastic deformation energy absorption 

mechanisms such as dislocation production and movement mechanisms. The 

cr1terion m1ght also apply to transformat10n toughened and fiber reinforced 

composite ceramics wherein energy absorption mechanisms are likely to be 

rap1dly exhausted 1n the v1c1n1ty of crack fronts. 

Understand1ng of m1cromechan1cal processes during crack1ng 1s essent1al 

(Kann1nen and Popelar, 1985), espec1ally in the case of composite materials. 

The formulat1on of Eq. (8) depended 1n part on an 1ntu1t1ve descr1pt1on of 

stress wave energy part1t10n1ng dur1ng m1cromechan1cal fa11ure processes 1n 

polycrystal11ne so11ds (Vary, 1979a). One of the po1nts of th1s paper 1s to 

ind1cate that advancements 1n nondestruct1ve ultrason1c assessment of fracture 

toughness depend on advancements 1n fracture mechan1cs 1n the area of 

m1crocrack nucleat10n mechan1cs. 

CONCLUSION 

Three conceptual models 1nterrelat1ng ultrason1c attenuation, 

m1crostructure, and fracture toughness 1n polycrystal11ne so11ds were 

descr1bed: (1) a stress wave 1nteract1on model, (2) a m1crostructure transfer 

funct10n model, and (3) a m1crocrack nucleat10n mechan1cs model. These 

conceptual models seem to form cons1stent and va11d bases for expla1n1ng and 

pred1ct1ng the exper1mental correlat1ons found between ultrason1c attenuat10n 

and fracture toughness and also for 1dent1fy1ng m1crostructural factors that 

underly the stress wave attenuat10n and assoc1ated toughness propert1es of 

polycrystal11ne so11ds. Analys1s of the emp1r1cal correlat1ons 1nd1cated 

that, 1n add1t1on to gra1n s1ze and shape, gra1n boundary reflect1ons, elast1c 

an1sotropy, and d1s1ocat1on damp1ng are factors that underly both fracture 

toughness and ultrason1c attenuat1on. One outcome 1s that ultrason1c 

attenuat10n can pred1ct the s1ze of crack blunt1ng or process zones that 
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develop 1n the v1c1n1ty act1ve cracks 1n metals. Th1s forms a bas1s for 

ultrasonic ranking of metals according to their fracture toughness. 
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Figure 1. - Ultrasonic attenuation factor as function of toughness as measured by drop 
weight test for low carbon steel (Vary, 1982), 

Figure 2. - Ultrasonic attenuation factor as function of toughness as measured by Palmqvist 
method for cobalt cemented tungsten carbide (Vary and Hull, 1983), 
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Figure 3. - Block diagram of computer system for ultrasonic signal acquisition and process
ing for pulse-echo velocity and attenuation measurements. Probe is both transmitter and 
receiver. 
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Figure 4.- Illustration of ultrasonic signal processing procedure for attenuation measurements using 
pulse-echo method. 



Figure 5. - Diagram of concept wherein ultrasonic attenuation measures microstructural 
factors that govern stress wave propagation during microfailure events. 
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Figure 6. - Diagram illustrating stress wave interaction (SWI) model showing 
cascade effect during interactions with critical microstructural features. 
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Figure 7. - Diagram of echo system for defining the microstructure transfer 
function (MTF). 
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Figure 8. - Diagram of microcrack nucleation mechanics (MNM) model 
wherein crack nucleation in grain [j' produces crack nucleation in 
grain [fJ? via stress wave interaction. (Y/ is a geometric factor). 
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Figure 9, - Experimental results showing predicted 
correlation of ultasonic attenuation factor and 
fracture toughness (characteristic length) factor, 
(Vary, 1978; 1979a). 
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1982). (00.2' yield strength at 0. 20/. offset). 
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Figure 11. - Interdependence of the experimentally determined 
attenuation parameters c and m for two maraging steels, 
equation (7) (Vary and Kautz, 1986). 
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