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1. INTRODUCTION

The origins of fracture toughness of metals can be analyzed by
focusing on cne Or more of the & distinct regions that surround the crack
cip (see Figure la):

The highly distorted lattice (s 10-7 cm). In this region which is

analogous to the dislocation core, large elastic strains, € 2 10*1, are
encountered and the linear elastic compliances cease to be meaningful.
Among the important gtructural features are the electron structure {re-
sponsible for the interatomic forces), lattice symmetry, and such defects
se vacancies, the free surface, and solute atoms.

The region of large plastic stretch (o~ 0.001 cm). In this region,

which sustains plastic strains 1 < €p < 10'1,the microscopic heterogene~
ities, such as gecond phase particles, inclusions, lecal plastic insta-
bilities, aond ruptured jnterfaces enterw in an important way. Of parti-
cular interest is the interaction of these heterogeneities with the

crack tip.

The plastic zone (~ 0.1 cm). In the largest part of the plastic

zone plastic strains are moderate €4 < 10-1, and it is possible to con~
gider the material as an isotropic homogeneous continuum. Micro-
structural features play an indirect role, either through their in-
fiuence on such macroscopic quaniities as yield strength and work

hardening rate or by getting the stage for subsequent instabilities.

The elastically strained region (> 0.1 cm). The region beyond the

: . g . =2 ;
plastic zone experiences modest elastic strains € < 10 © which are
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review of these indexes is given in Reference 3.
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TABLE 1. FRACTURE TOUGHNESS OF SELECTED METALS AND ALLOYS

T G K

Material Mode of Crack Y, ¢ Ie
Extension (J/m) (J/mz) :~’¢Jm'3’/2 Reference
Erittle Single Crystals
Tungsten (-196°C) Cleavage 5.8% 8-12 1.8-2.2 6,7,8
-8-2. 7y
Molybdenum (-~269°C) Clea B
Cleavage 3.8 ]
(-196°C) Cleavage 12 }.(5) 9ié0
Fe-3Si {~269°C) Cleavage 3.13-3.817 4.5-9 0.8-1.1 11,12
J8-1. #12
Beryllium (-192°C) Cleavage 2.0¢ 45 1.1-1.2 13,14
Zine (-196°C) Cleavage 1.s¢ 0.2 0.2 15,16
-2 ,
Polycrystalline Alloys
Low~to-Medium Strength Steels Cleavage 600-100,000 10-150 17
1 ¢ . 10-15 7
Fibrous 200,000-1,000,000 200-500 18
High Strength Aluminum=-B: 2 5,0 |
) 4 num-Base Fibrous 5,000~20,000 20-40 19
High Stremgth Tit ~Base L
;11,0;.-3 2 anium~Base Fibrous 10,000-40,000 30~120 20
High Strength Steels Fibrous 5,000~130,000 30-150 21
, .30, - 21

Sur fs s energy valu
Surface energy values quoted were measured at high temperatures.

radi .
cemperature are a factor ~ 2 larger. $AITeS: appegEAnca: AL, ehis fow Fear

a. Pulsed field emission (1725°C) c. Gas bubble (725°C)

b, Ze ce
Zero creep d. Sessile drop (420°C)

o which reflects the ease of bond shear relative to bond rupture becomes

the determining factor. It should be noted that the Griffith and Orowan

energy concepts do net define n, but merely its consequences

The microstructural factors that influence the competition be-

tween bond rupture and bond shear at the crack tip are not well under-
stood. From experience: (i) that fec crystals ave generally tough,
{ii) that Group VI bce crystals tend to be more brittle than the Group V
tee, and (4ii) that brittleness is influenced by composition, we can in-
fer that ease of bond vupture relative to shear is affected by crystal
structure, the nature of the interatomic potential, and by local pertur-
bations ip the lattice. Fracture toughness values of brittle single
crvstals tend to increase vapidly above a certaip tfemperature and, as
shown in Figure 3, there is evidence that the increase coincides

with the onset of dislocation generation at the crack tip.(12—27) Pre-~

sumably, bond shear (dislocation generation) is assisted by thermal

£l ations ;
“tuctuations to a greater extent than bond rupture.
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models.

A first approximation to the quantitative description of the
shear-rupture competition has heen obtained from linear elastic
(28) . : 5 . : -
More detailed approaches, involving the interaction of
glide dislocations and the crack tip stress field have been carried
(29,30) . s : 5 P P o 5
out but these are still linear elastic and have limited predic=

ive value, GComputer simulation offers a means of treating the crack

a9

cip as a reglon of discrete atoms and nonlinear interactions. Usin

+his technique, Gehlen, et al have modsled dislocation genaration and

(31}>.

ack extension (see Figure 1 of their paper at this conference

Further studies of these computer models are expected to clarify the
contributiocns of the lattice structure, dafects, the interatomic poten~
rial and thermal fluctuations to the fracture toughness, and the
transition temperature of crystals.

2,2 Polycrystalline Materials

Polycrystalline materials, particularly structural steels,
slso display the transitions from the low-toughness-level cleavage mode
of crack extension to higher toughness levels associated with fibrous

However, the fracture energy values for cleavage in polycrystal-

MGAa 3

iine materials are 3 to & orders of magnitude larger than 2y (see Figure
3y. The implication is that many dislocations are generated in the pro-
cess of cleaving polycrystalline aggregates. Metallographic sections of
the profiles of rapidly rumning brittle fractures, such as tuwe one in
Figure 4, reveal that the plastic deformation is not uaniformly distri-
buted. Such sections show that the crack extends gy relatively brittle
cleavage, and that some isolated grains or groups of graias, which fail
to cleave at the crack front, are left behind, and act as ligaments. 2)
The plastic stretching and rupture of these ligaments behind the crack

(32)

front appears to be the major energy absorbing process.
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Two viewpoints have thus emerged about the mechanism of crack
extension by cleavage in polycrystals. One is, that the production of
isolated cleavage cracks is relatively easy and that the onset of crack
(33)

extension is controlled by the intervening ligaments., Krafft first

formulated the toughness in this case; an improved approximation has
since been derived with the aid of the Dugdale model(32);

Kpo ~ & fEOyY (6)

Ie R Y

where v and R are the average width and spacing of the ligaments, Oy and
v the yield strength and maximum stretch of the ligament, and E is the
elastic wodulus of the matrix. Large changes in KIc for ostensibly 100%
cleavage fractures near the transition temperature (see Figure 3) seem
to arise both from changes in the number and size of the ligaments and
in the ligament stretch(Bz). The influence of microsiructure on the
iigaments has not yet been studied directly. However, there is an em~
pirical correlation between fracture toughness measurements and ve-notch
Charpy energy<34) at the lower end of the transition range. Conse-
quently, the well-known effects of grain size, carbide morphology, and
aickel content on Charpy energy values in the transition temperature
range(35) may be connected with the mechanisms by which these elements
of the microstructure influence the ligawments. However, quantitative
relations between microstructure and ligament formation are not yat
available.

The other viewpoint is that crack extension is controlled by
the nucleation of isolated clsavage cracks and that ligament rupture
follows easily. This view derives support from correlations betwen KIc
and g%, the cleavage fracture stress displayed by unnotched bars. Ex-

periments show that the ratio of g/o* > 1 (0 is the maximum normal stress

near the crack tip: g = 2.5 gY) and increases systematically with de-

creasing plastic zome size. These correlations are qualitatively con-
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sistent with a modified Weibull statistical analysis(36), which velates
the probability of finding a favorable cleavage=~crack initiation~site, to
the stressed {plastic zone) volume. Effects of microstructure on ch are
through g% and Ty which depend on grain size, carbide morphology,
etc., (32-38) The approach has proven useful for rationalizing tewmper-
ature and strain rate effecta on KIC(Bg), but more work is needed to
egtablish that it is soundly based.
3. CRACK EXTENSION BY THE FIBROUS MODE

Crack extension in commercial alloys proceeds more commonly by
the "ductile” of “fibrous" mode which digplays characteristic "dimples"
at high magnification (see Figure 5b). The term "ductile" is sometimes
a misnomer because "fibrous" crack extension can proceed with fracture
toughness values below the levels encountered for cleavage (see Table 1),

Metallographic studies of unnotched tensile bars, whose frac-
ture surfaces also display the fibrous, dimpled appearance show that
the failure process involves the following sequence illustrated in Figure
5a: (i) plastic deformation of the matrix, (ii) the fracture of hard
particles within the ductile matrix, either by cleavage or by separation
at the particle-matrix interface, Gii)tge growth of the voids produced by
these failures, and (iv) the coalescing of voids and their joining with
the main crack front. The individual hemispherical voids surrounded by
drawn-out ligaments give the fracture the fibrous, dimplad appearance.
Several workers have treated void growth and coalescence in a contin-
(40,42 ,43)
uum - These analyses indicate that the fracture strain is a
function of the volume fraction of the initial void arfay and the tri-
axiality of stress. The same result has been obtained with experiments
on unnotched bars with varying volume fraction of particles, notably by

(45) {46=50)

Edelson and Baldwin s, and others As shown in Figure &, the

fracture strain correlates with the volume fraction of cracked particles,

PL IIT-211
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B TABLE 2. IDENTITY OF CRACKED SECOND PHASE PARTICLES
Material Cracked Phase Reference
5 { i € ion
Figure 5. Mechaniam of Fibrous Crack Extens 4340 Steel Mns 55
0.45C-NiCr~Mo Steel MnS ) 58
300M Steel MnS, CaO'éA1203, Ti(C,N) 59
PL ITI-211 200M (18Ni) Steel Ti{C,N) 55
2014~T6 Aluminum AlQCuMgSiL;, Alyg (FeMn)3 56
2024~T851 Aluminum AlgCu(Mn,Fe)3, CuAly 56
2124~77351 Aluminum AlygCug (Mn,Fe)q 56
7075-T7351 Aluminum (Fe,Mn,Cu)A16 56
7079-7651 Aluminum (Fe,Mn,Cu)Alg 56
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rather than with the total volume fraction of the second phase and three
types of particles can be distinguished:

Weakly Bonded Brittle Particles. Power metallurgy products

containing oxides and iron containing sulfides are examples of systems
that form void nuclei at the particle/matrix interface immediately at
the onset of straining because the particles are weakly bonded to the

matrix. In these systems the volume fraction of cracked particles and

the total volume fraction of second phase nearly coincide (see Figure 6).

Strongly Bonded Brittle Particles. Iron with spherodized car-

bides is a typical example. Here void nucleation is cumulative, so that
for a given volume fraction of particles, there are always fewer voids
than particles.

Strongly Bonded Tough Particles. In systems like 8 Ti-Al con-

taining deformably g Ti-Al, only a2 swall part of the total volume frac-

ture of g-particles is ever cracked.

Accordingly, a given volume fraction of second phase can be more or less
deleterious depending on the resistance of the particles to decohesicn
and cracking.

During crack extension, hole growth and coalescence must pro-
ceed in the heavily strained reglon of the plastic zone. Rice and

513 . 5 ; ;
(51) have shown that Large deformations are confined to a very

Johnson
small “region of large plastic streteh" whose extent is comparable to §,
the crack (tip) opening disciacement, which is typically an order of
magnitude smaller than rY{G} the furthest extent of the plastic zone
directly in front of the crack. As given in Reference (2),

w2

& ~ 0.5 %m;:x 17 Ty . r‘f{'()? 7
¥ E

\

Figure 1 defines the dimensions rf(j) and § and shows a plastic zone and

region of large plastic stretch revealed by 2tching.

5
4
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Beginning with Krafft(sz), various attempts have been made to
formulate the process of hole growth within the region of large plastic
stretch including detailed continuum elastic-plastic analyses by
McCiintock,(SB) Thomasson(sa), and Rice and Johnson(SI). From a metal-
lurgical point of view, the following approximate failure criterion pro-
posed by Rice and Johnson(51) is instructive: crack extension proceeds
when §, the extent of the heavily stretched region is comparable to the
width of the unbroken ligaments which ig approximated by Ac, the spacing
of cracked particles:

Ao~ 0% . ®
The quantity, 8% can be related to other toughness indices by way of
Equation (2)
K e ™ ,/?O'YE)LC 9
These relations can also be restated in terms of fc, the volume fraction
of ecracked particlesT:

@
where D is the particle diameter. Figure 7 illustrates that experimen-
tally measured KIc~vglues do tead to display a 1/6th-power dependence
on volume fraction and that the values given by Equation (10) are of rhe
right order of magnitude.ff The cracked second phase particles in these
alloys are identified in Table 2

The major shortcoming of this and similar analyses is that

they fail to predict the loss of fracture toughness with increasing

t The spacing of an array of particles is a function of £y, the volume
fraction of ths second phase. For the xdeallzed casa of ? regular
cubic array of wupiform spherical particles: and

=g 93, where D is the particle diameter.

The weak dependence of ch on D predicted by Equation {10) does not
seem to bz observed in practice.

PL IIT-211
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yield strength level which makes the highest strength structural alloys
exceedingly flaw sensitive. This is shown in Figure 7, which reveals
that KIC/J1;;§ is not independent of yield strength for constant volume
fraction and modulus (as predicted by Equation (10)), but that the high=
est strength steels digplay consistently lower toughness values. This
loss of toughness is associated with the presence of plastic instabili-
ties within the region of large plastic stretch along the line proposed
by McClintock(43) and Berg(ho). Figure 5c illustrates the concept sche=
matically: the instabilities tend to confine shear into narrow bands
and, by intensifying strain locally, accelerate the linking of voids.
They also provide a mechanism for re-sharpening the crack prior to final
fracture. Several recent studies lend weight to this idea. Cox and
Low(ss) find that the large dimples produced by the fracture of MnS in-
clusions in 4340 steel are connected by much smaller dimples associated
with the cementite particles which strengthen this steel. No small
dimples were resolved on specimeas of an 18N1-200 maraging grade which is
substantially tougher for the same volume fraction of inclusions.
Broek(ﬁu) has iaterpreted observations that dimples associated with inter-
mediate=-size dispersoids in aluminum alloys are shallow; evidence that
small voids connect by gshearing. Clausing{él) and the present authorsibé)
have found that unusually coarse deformation bands, which crack pre-
maturely, are a common feature of high strength alloys deformed under
plane strain conditions. Taken together, these studies suggest (i) the
1inking up of large voids is assisted by plastic instabilities, (ii) the
instabilities are & consequence of the siip induced breakdown of sub-
micron~size particles that strengthen the alloys, and (iii) the breakdoun
sccurs more rapidly at higher strength jevels where the particles are
smaller and more fragile. This hypothesis cannot be supported in any

41) . e
1, but it is jinteresting to note that Boyd( has obtained evidence
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of the deterioration of fine particles in a slip band (see Figure 5d).
4. CRACK EXTENSION BY CYCLIC GROWTH
The successive loading and unloading of a crack (to subcriti-
cal-K levels) can be expected to produce small forward and backward move-
ments of the crack front comparable in magnitude to 6*. Laird(63) and
McClintock( h) first suggested that fatigue crack growth is a conse-
quence of an "irreversibility” or "damage' which prevents the complete
recovery of the forward motion during the unloading cycle. The per-
da

cycle crack advance (or crack growth rate), —— can be expressed in terms
g dn P

of other material properties provided the irreversibility is proportional
to A8 (see footnote)(66’67):

8 . 4 ann 0.2580K"
Eg.©

; ()

=]

where A is the proportiopality factor. Equation (11) comes close to
describing crack growth behavior with one notable exception: crack
growth rates are insensitive to large changes in the yield strength!(ﬁg)
Lt appears that the usual microstructural alterations that affect Oy
and GYC) may also be altering the factor A,

Recent studies of Aé(eg)

and the plastic zone of a fatigue
(70,71) : i

crack lend support to the approximate description of the cyclic

strain history experience by material ahead of a fatigue crack reproduced

in Figure 9. The pattern of straining in the preyield and cyclic plastic

zone regions would be expected to produce a dipole-rich fatigue-type sub-

structure,(72) and this has been confirmed by transmission studies(73).

Other evidence suggests that the last 5-10 cycles, which involve very

+ The plastic stretch § (see Figure ia) must be accompanied by a con-

traction at the root of the crack comparable to §, because plastic

deformation proceeds at constant volume. Estimates of the magnitude

of AS and r$ , the cyclic variation of § and the cyclic plastic zone
Y(D& c o

size, can be obtained by replacing oy with 2gy-, where gy is the

cyclic yield stress 65), An example of a cyclic plastic zone revealed

by etching is given in Figure 8.
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5.2 Fibrous Crack Extension
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