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THEORY AND BACKGROUND OF FRACTURE MECHANICS

Earl R. Parker

Introduction

Fracture is a complex problem having many facets. It is highly
likely that a compléte understanding of fracture processes in ductile

materials can only be acquired by combining .the atomistic viewpoint with

the mathematical theory of plasticity. Both concepts will be considered

herein, and at times they will become intermixed, although it is fair to

. say at the outset that there. is not a satisfactory solution to any fracture

problem.

Nature of Fracture Processes

Of the many different kinds of fractures, only those cha?acteristic
of materials that flow plastically prior to failure will be considered
herein. IFracture'is’a two-stage process (not a single event, as it has
often been treated) consisting of (;) a crack nuéleation stage and (2) a

growth pefiod wherein the crack ehlarges. Even with ductile materials the

.fracture problem is complicated because of the fact that there are two

common modes of separation, namely shear and cleavage. Furthermore, the

stress state has a marked effect, particularly upon the growth stage. Under

hydrostatic pressure growth is suppressed, whereas- it is accentuated by an

increase of the triaxial component of tensile stress. Various other factors,

such as temperature and strain rate, also markedly affect fracture behavior.

These féctors, when combined with the complications caused by the
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presence of a sharp notch, make an unambiguous, comprehensive analysis

¢

very difficulf, Before attempting to describe interactions of the important

parameters, each variable will be discuséed.sepafately. ' )

Tensile-FTacture of Ductile Metals. Cup-coné fractures of cylindrical v
tensile specimens of materials such as copper and alumimm involve the

' formation and growth of microcraéks within the central portion of the necked-

down part of the speciﬁen.(l’g) Fractures of this kind have a rough;

irreguler surface, called the "cup," approximately ﬁerpendicular t0 the

tensile axis, and a '"'cone, " which isfa smoother portion intersecting the

outer sﬁrface of the SPecimen at.an éngie of about-45° to the tensile

axis. Ixperimental evidence.indicates rather clearly that cavities are

generally nucleafed by plastic flow around foreign particles. vMany small

cavities appear simultaneously, as is shown in Fig. l.(l) Eac% cavity

grows outward in all directions as>straining éontinues, and eventually

- cavities join to become part of the large transverse crack forming the

Jeup" portion of the fracture. The fewer the foreign particlés, the greater
the reduction in-areé beforé separation finally occurs. For example, an
oxygen~free high-purity copﬁer will continue to deform plastically unﬁil the
remgining cross—sectipnal area is less than ten percent of the original- |
value. High—purity'aiuminum behaves in a similar ménnér, whereas
commercial grades often break with only about 30% redﬁction in area. in 3 P
ductile metéls,'little Eslands of material beﬁwéen cévities beéome thinherv
.with contiﬁﬁed straining, until local separation finally_occurs. A |
. macroscopic "ecrack" foims across the central portion of a tensile

specimen as voids grow together, and the resulﬁing maﬁroécopic

" crack spreads radially outward until it a?proaches the external
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'surface. The last portion to fail separateé on' a surface making an angle

of appioximately 45° with the specimen axis. A detailed exeminatioh of
ductile materials during this final sfage indicates rather clearly tﬂat
there‘is no basic change in the mechanism éf the fracﬁure, but only that
the-stress state becomes simpler aé the créck nears cdmpletion.and the
fracture can terminate on a single 45° surface; (This region is identical

in nature to the shear lip on a fractured plate specimen.) A closer

" examination of the rough area perpéndicular to the tensile axis shows that
in this region the fracture surface is not planer but that it follows a

. zig-zag path, with each step making an angle of 4%5° or less to the

specimen'axis. On each inclined plane passing through or near the axis
of the specimen in the necked section, there is a steep stress gradient,

with a maximum shear stress existing only near the region of minimum

' diameter. Cracks forming in this necked section cease to propagate after

' they ‘have grown a short distance because of the steep shear stress gradient. -

The actual "cup" area thus consists of a series of very short inclined
segmentg joinéd together to form the rough céntrél portionvéf the frdcture.
The "cone" region is similar in nature. However, near the outer surféce

a 45° crack can becomg longer because of £he nearly uniform shear sﬁress.

The shear stress on inclined planes in this region does not decrease as

‘rapildly with increasing distance from the minimum section as does the stress

on planes near the axis. These details are indicated s¢hematically in Fig. 2.

More plastic deformation always occurs at the neck of the tensile

'specimen when hydrostatic pressure is superimposed upon the tensile load.

External pressure tends to close the cavities and thus in effect it
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counteracts in part the lateral growth tendency impartedvto the cavitieé

- by the tensiie load. This effect mighf be visualized by consideriﬁg thel
case.of a tensile specimen strained until numerousivoids had formed

in the volume comprising the necked region. "If.the tensile load were
removed from such a specimen and a radial pressure applied, the neéking"
wouid continue but the voids would be squeezed closed by the préssuré.,

| The growth characteriétics of a crack thus depend_upon the nature of the
stress system. Tehsile.stfesses normally tend'to open cracks, whereas"

compressive stresses tend to close them.

Cleavage Fracture of Ductile Metals. 1In materials that fail aféer small

émounts of ﬁlastic flow, the fracturg process is aifferent, In such
cases, Cracks nucleafe because of highvlocél sfress cdnceétrations
generated by dislocétions piled up because of bérriers at the ends of slip
bands. Examination of theoretical models shows that there are several ways
in which glide dislocations Eaﬁ become united to form microcracks. The
- simplest process is that of edge disloéations being pushed together by
the applied stress to form a microcrack. This is illustrated schematically
in Fig. 3, and Fig. 4 is a photograph showinglactual éracks of this type
- in a magnesium-oxide crystal. In ductile metals like copper and ;luminum,
dislocations do not form pile-ups because easy cross-slip permits aisloca-
tions to move out of active slip planes wherever high local stresses
occux. Piie-ups or local céncentrations of dislocations.lafge enough to
create microcracks can oﬁly form in materials wherein cross-slip does not
occur readily. This seems to be the case with virtually a1l body centered

cubic and hexagonal closé-packed metals at low temperatures. At high

temperatures, dislocations can cross-slip readily in almost all metals and,
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consequently, microcraéks are not‘nﬁcleaféd b& dislocatidns.  These
points will be discussed ﬁore combletely in a later paragraph, after
other importaﬁt factors have been coﬁsidered. |
Dislocations on intersecting slip bands may cause mlerocracks to form

by the process'showh in Fig. 5, and the photograph in Fig. & shows an

- example of such. crack formation. Also, cracks can form where a slip band
intersects a grain boundary. The stress concentration effect arising

from such an event is dramatically illustrated by the polarized light

picture in Fig. T,'whéie slip lines are terminated at a grain boundary.

Figures 8 and 9 are photographs showing cracks that had formed in MgO as

‘a result of such stress concentrations. Low(3) has shown that the

‘brittle fracture stress in’ unnotched specimens is exactly equal to the

yvield strength in compression, and that the larger the grain size, the
lower the brittle fractufé stress (i.e., the larger.the grain size, éhe
higher the stress concentration at the ends of a slip band). His results
are reproduced in Fig. 10.

There have been very few direét observations 6f cracks being nugleafed
by dislocations in metals. Hull(k) and'ﬁonda(S) and Hornbogen(6> all
observed microcracks at the intersections df twins invsiliéon;iron or
phosphorus~-iron single crystals. Honda<5) also found microcracks férming

parallel to the specimen axis in crystals wherein slip occurred on two

interéecting systems.. Although the direct evidence that dislocation pile-

ups can nucleate cracks in metals is meager, there is little room to doubt_.

that such cracking does occur quite freQuently in body'centered cubic

metals at low temperatﬁres. There is convincing indirect evidence that
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small amounts of impﬁrities can have profound effecté upon crack nucleation
by dislocations. Zone.refined iron was found by Smith and Rutherford(Y) to
be ductile (with 90% reduction in area) at liquid helium temperature; a

few thousandths of one percént of carbon or nitrogen are known to have a
markedldeleterious effect upon ductilitj. As Mott, Stroh, and others have
pointed out, metals with yield drops (duevto carbon or nitrogen) are more
likely +to be suscéptibleto crack nucleation and brittle fracture. In such
metals, large avalanches of dislocations are formed suddenly when'yielding
occurs and high local stress‘concentrations result.

Microcraéks can also be nucleated by the fracturing of brittle inter-
metallic compqunds, such as Fe3C, particularly if they are plate~like in
form. -Micrbcracks, once nucleated, may undergo limited growth; for
”example, across a single grain in a polycrystalline material, as shown in
Fig. ll,<3l) or thej may grow catastrophicaily and cause large-scaié "
failure. The growth.behavior of é crack is influenced by both the local
stresé condition as well as the externally applied.ioad. The main feature
of the large-scale crack growth problem is that the ehergy required for this
rprocess mist be supplied by:the'external load. 1In fruly brittle materials
only the surface energy need be provided, és was suggested by the eariy
work of Griffith.<8) In ductile materials,‘the.energy needed is often
several orders of magnitude greater than the required surface énergy
because of the work aséociated with the local plastic flow at the tip of the
advancing crack. This broblem has been considered by Irwin,(g) Orowan,(lo)
and others; it will be treated in detail in a later section.

. 11 : e . .
Gllman( ) measured the effective surface energy for crack propagation in




single.crystais,of zinc and in silicon iron at various temperatﬁres.

Using a méchanical'arrangement in which the force required to propagate an
existing cleavage crack could be measured. he obtained the results for zinc
shown in.Fig. 12. 'The surface energy for zinc was found to drop rapidly .

with decreasing temperatures; this was also the case for silicon iron.

Grain Size.‘ One of the most important ﬁetallufgical_variébles influencing
brittle behavior is grain size. With larger grain sizes, the slip distance
increases, the stress concentration at the end of the slip band becomes
larger, and the probability of crack nucleation becomes greater. This
-effect was illustrated in Fig. 10. In addition to the effect of grain

size on crack nucieation, theré is also an effect on.growth. As cléavage
cracks cross grain boundaries, showers of dislocations are created,
branching of cracks occurs, and cleavage steps are formed. All of these
events cause the energy per unit of fracture surface to increase. Thus,
small grained material, in which boundary crossing is more frequent than

in larger grained specimens, should logically be expected to absorb more

~energy.

The Effects of Strain Rate and Temperature

Strain Rate. Stress-strain curves for most metals are raised when the

strain rate is increased, but large changes in strain rate are required
to produce a significant evaluation in the stress-strain curve. The
sensitivity to strain rate wvaries widely for different materials, being

largest for body centered cubic metals such as iron and smallest for face

centered cubic metals such as copper. though strain-rate data are not
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extensive, enough information is available to indicate clearly the nature
and magnitude of the strain-rate effect. Figure 13 shows how changes in
strain rate influence the room temperature tensile properties of mild

N

steel.(lz) At low strain rates thers is little effect upon yield strength,

~buf at high strain rates the yield strength is ihcréased by 10% or more for
each factor of ten increase in strain rate. Other investigétors<l3’ 32,33)
have reported somewhat differenﬁ results, indicating that theré is a.more
uniform increase in strength with inéreasing strain rate over the entire
rénge. However, in all cases, the 10% increase in yield strength for éach'
ten-foid increase in deformation rate is a good approximation of the
strain-rate effect forimedium streﬁgth steels. In sharp contrast is tﬁe
behavior of copper, which does not exhibit any increase in yield strength
when the sfrain rate is varied by 100,000 times.(lh) The behavior of
alvninum alloys is intermediate between those of sfeel and copper. The
étrain—rate effect becomes less as the test temperature is lowered below
room temperature. |

The rate sensitivity arises from the fact tﬁét in most metals the
mobility of dislocations is temperature dependént. ‘Local stresses
produced by thermal vibrgtibn;-of the lattice play én\important_part in

(15,16)

the plastic behavior of most metals. The probability that the

thermal stress will be able to assist the load stresses in moving disloca~:

tions is greater with longer times or higher temperatures. At any given
temperature thermal energy contributes more to plastic flow when the strain
 rate 1s low because there is little time for thermal energy to affect

dislocations at high strain rates. It is for this reason-that piasfié
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stress-strain curves of ductile metals are faised by increasing the strain
rate. This effect has a very important influence on the brittle behavior
of ductile metals, particularly the body centered cubic ones. Additicnal
comments wiil be made about this subject in the subsequent discussion

related to the beshavior of notched bars and plafes.

Effect of Temperature. The yield strength of metals increases as the

temperature decreases, but the amount of the change varies for different
A : f
materials. Figure 14 shows how the %tensile properties of structural
steel change with decresasing temperature. Comparisons of different metals

have been made in Fig. 15, where the ratio of the yield strength at

various temperatures is shown as a function of yield strength at absolute

zero {corrected for differences in modulus of elasticity due to temmerature).
The temperature dependence of yield strength is related to the strain-rate
oo ‘(l)—f-) P * 3 . s . : o+ :
effect. The equivalence between chenges in strain rate and temperavure
changes, which involve rather complex dislocation concepts and analyses,

will not be discussed in detail here because it would not contribute

- significantly to the main theme of the paper. The general influences of

changes in strain rate and temperature, as discussed above, are adequate

\

background for the subsequent discussions.

The Behavior of Notched Bsrs and Plates

The Griffith Approach.. Early -in the 1920°'s Griffith devéloped'the concept
that a pre-exiétiné crack cen only extend when the»amoun£ of'eias£ic
strain energy released upoa growth of the cracxk eQuéls or exceeds the

. (8)

surface energy of the newly formed crack. - Although this concept was

restricted by Griffith te the fracture of truly brittle materials such as



-10-

glass, it has been extended to include the case of brittle fracture of
.. (28,29) e - . . . o )
netals - by substituting a plastic work term for the surface energy
term in the Griffith formula relating crack propagation stress, modulus
of elasticity, surface energy, and crack length. Because this concept is

basic in present-dey testing and evaluating of materials, its development

will be traced herein.

Griffith used the analysis developed by Inglis(lT) for thg stress
distributibn around an elliptic craék iﬂ a thin plate of infinite length
and width. Griffith considered the case whefe the ellipse was degenerated
into a fhin crack thatvcéuld extend when the_fotal”energj in'the,system
remained uhchanged as the crack grew;

The Inglis analysis provided a solution for the stress distribution

around an internal crack, with the maximum stress being given by

o} = QO‘O\j C/p

max -

where co is the_applied stress remote from:thé Créck, 2¢ is the craék
1ength,‘énd p is the;radius of curvature at, the ends of the major axis'of
‘the elliptical crack. ‘Because e canhot be detérmiﬁed without knowing
the generally unmeasurable quantity, P, Griffith de&eloped an'undlysis
based upon eénergy cdnsidefations. From the stress distribution around an
elliptical crack}'Griffith calculated the-élastié‘energy perkunit of

volume stored in the material just ahead of the crack. He obtained i

following for a plate of unit thickness

_ 2 2 '
U = #c oy /;
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vhere Ue is the elastic energy stored in the plate ahead of the crack

front, E is Young's modulus, and the other terms are the same as before.

(The solution for a surface crack of depth ¢ is approximately the same.)

The zbove expression is applicable only to thin plates where the thickness

direction stress is zero, a condition called plane stress. TIor thick
plates, wherein thickness direction stresses develop as a consequence of

non-uniform Poisson's ratio coantraction at the apex of the notch, the

thickness direction strain is.considered to be equal to zero (this state

‘when the crack extends. Thus

is called plane strain), the strein energy per unit of thickness is given by

.2, 2 o, -
U, = (1 - v7) xc ‘co /E

where v is. Poisson's ratio.

The surface energy (per unit of thickneés) of a'crack 2c in length
is given by Us = -bac where « is the surfacé enérgy per unit of area.
A crack will become unstable when the stored elastic energy is equal to

or grezter than the energy needed to cresate the new crack surface formed

102 0‘2
d a o . . -
EE(Ué +<Us) T de E - hac - 0
or
- 2grc .62 7
~— = Lo
E

vhich leads to the familiar Griffith relation
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Gy = oq —— for'plane strain .

R .

,whére‘the subseript I has been added to G to distinguish the plane straim

case J’.‘rom tlmt oi‘ meG ch)

,These expressionc:cannot be applled w1thout moaificafioﬁ'to épécimené?*y'
of finite dimeﬂé*ohs;i'IrWin(lg) used a mcthod 01 analy31< de veloped by

(9) . y

for determlnlng uhe modlflcatlon needec for a opeclmen

':'o; flnlue w1dth W He obtalned the follow1ng 1elat10ash1p for thc

 energy release rate vj-77;f '~,-"'"ﬁl,}.
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illustrated by the photoelastic: pattern shown in Fig. 16. Ma

2

o oy BN
: "o o i - o 30l
g = ———— co0s 75 | 1+ sin 3 sin 5
y T 2 2 2 1
v 2r/e L - -
o] . o}
o ®) | @ ., 39 g
O, = == cos 3 i+l - sin 3 sin 5 T
v2r/é i j ’
o) . g o 39
*X = === sin 7 cos 75 cos F .
y v 2r/c
2vo

. . R : 9
vhere o, = 0 for plane stress or ¢ = v(o_ + 0.) = ;==== cos 5 for

plane strain where Gy is the stress due to the load acting perpendicular

A

to the notch, cX'is the stress due to a-load_pafallel ‘to the notch, 07
is the indgced thickness direction stress, r and © are polar_coordinates
(pased ﬁpoh the apex of the notch as the origin), rvbeing fhe disténce
to any point in the plate, and © being the angle between r aﬁd the line
of the notch. The general nature of such a étress distribution is
. ing certain'
simplifying aésumptions, Irwin.was able tobusé'the Westergeard analysis
to calculate the relativé'sizes of the plastic zones-fof plane stress and
planevsfrain states.‘.These'resulfs are rgprodﬁﬁed in Fig.:lT. 'Although
calculations of this type are not sﬁfficiently accuraté.to vermit a close
guantitative prediction of the behavior of a maﬁérial, the results do
show that the energy release rate for plane étrain.conditions is substane'
Atially.lower than that for -the plahe:stress.staie bécause.df the lafger
plastié zone aSsoéiéﬁéd with the ldtter.=' 

In addition to the energy release r”ﬁes) G and_GT, stress criteria

for failure, K and K., are often employed as measures of the notch
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toughness of materials. The relationship between the two sets of para-

meters will be demonstrated next.

Eguivalence of the Energy and buﬂeso Criteria. The cohesion bet cween aton
planes can be estimated in the following mannér; When a crystal breaks by
cleavage,'two new surfaces are formed and the energy per unit of area
requiréd to create them is 2a, where o is the sﬁrfa;e energy. The force
involved inv sepa ratldg The aﬁom planes is épposed by interatcomic attrac-
tive forces. Figure 18 shows how the atomic force per unit of area
varies with the separaﬁion distange) d, between the planes being pulled
apart. Thé Torce is zero ai thé equilibrium étomiq ;Dacing} b; it rises
to & maximun, Gm, whicﬁ is the cqhesive'streés of the meterial
falls td zero as the séparétion distance becomes large. The area under
the curve is the frachure energyvanQ_must ecual or exceed 2a. For an

-

order of magnitude estimate, Hooke's law can be assum

{_1
( D
[oF)
ot
O
Y
o]
]
o

3
ct
(o]
£

ress-value of Um. The elastic energy stored in the volume between a

4

unit area of the two planes of atoms b;lnr separated 1s thus

ct
oy
o]
U)

where b is the interatomic spacing. Assuming tha haded area is half

the total area under the curve, then

P

The cohesive strength is thus given by
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or
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A value for fhe cehesive‘stress,_om,'can also‘be‘obfained from the

Inglis analysis, as was previdusly pointedleut, It is

¥

| where ¢ is the ﬁalf length:ef an internal craek, p isithe radius ofbthe
| crack tip, and cé is the applied.stress;; As indieated,by'Fig. 18, Hooke's
‘law is not obeyed for large'etrains, and when the increase-in atemie
,vlspacing approaches the ralue.of4b, the'stressfstrain eurvevflattens out.
.The assumption can thaa'be made for an eraerrof magnitudevapproximation

- that the radius of curvature approaches b as_a minimum value. Thus the

maximum stress becomes

- 20V /b

0
max . o

Equating the two wvalues for o
' s max

-éoo: J C/b: ~ \/eEa/b."j" e

',oo =~ VEa/2c o

_,'whieh differs from the Griffith equation only by'a_small numerical factor.

With a more accurate analysis the proporﬁionality constants would be in

_better agreement, but this is unimportant - the'variable terms'are

1dentlcal and to demonstrate thls 1dentity is the point of analy51s

The fact that the Grlfflth equation can be derlved from elastic -

.- theory Shows that ‘a crlterlon for fracture based on stress is as valid
«'1as the one based oh energy. A stress criterion, K, can thus be estab-

1ished Wthh is proportional to the applied stress, co.' Thus

NP
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or

or

(A more detailed analysis would show that the propoftionality constant

is mc.) Thus K = GE.

Plastic Work Texrm. The foregoing'analyses involve the application of

classical theofy of elasticity and therefor¢ apply only to isotropic
materials thét behave in a‘linear;elastic manner. In the brittle fracture
of ductile metals, some’plastic'flow always occurs neér the frécture
surface. Irwih(9)vand Orowan(lo) have éuggestéd fhat-a plasfic work term
should be added to the surface tension in the Griffith equation. The
energy ébsorbea in plastic flow'has been called by various.names such as
."plasfic'surface work" and "crack propagation‘energy," but the term
generally used is '"fracture toughness."' The symbolé used to designate
':fracture toughnegs, Gc or GIc’ are dueﬁfo_Irwin. . Experiments have
" repeatedly demonsfrated that the:Value;of'Gc ié many orders of magnitudg
larger thén the sﬁrface tensién,;a, and sbvthe'Griffith equation has been

‘reduced to the foliowing for fractures involving plasﬁic flow:
o= Jmofme

- The critical stress,:oc,'necessary to cause'anAinternal_crack of length

‘2c¢ t0'propagaté]5pontaneouslyvis'fhe aVeragé stress in the material femote

from the.crack..
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In friﬁciple, the_fracﬁure.tqughness barametef, Gc; should be a
unique valﬁe for a-given material. It could be eﬁaluated by progressively:
vloading any specimen (havingla suitable.éeometric form) untii rapid '
fracture ensues. From the éritical load applied at the onset of rapid
crack propagaetion ﬁnd‘the corresponding erack length, Gc could be
calculated. Unfortunately, however, experimental work hgs_shoWn that
: Gc is not a constant for a giveg material but varies with speciﬁen geometry.
Attempts to apply corrective terms(zc).have not beeﬁ entirely succesgsful.
Some of the reasons for this difficulty will be discussed in the following
section, although the comments méde therein éhould:not be intérpretea in
a negative manner. Fracture mechanics, as described above, has proﬁided
" the baéis for uﬁderstanding and solving éﬁch major fracture prﬁblems.as
the bursting of the de Havilland Comets, the. fracture 6f larée electric

generator rotors, and the fracture of large solid propellant rocket motor

chambers.
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Interaction of Important Factors

Characteristic Features of Plate Fractures. One of the reasons that
unigue values of Gc or KC are not found experimentally is that the nature
of the fracture changes as the crack progresses from the apex of a notch

2l pas described this complication in a clear and

~ across a platé. Blum
~concise manner. Figure 19, tékeﬁ from'hié work,Aillﬁstrates the various
features found on fracture surfaces. At the tip Qf.the notch a flat
.fracture (usually of the‘shear type) férms. It origiﬁatés at midthickness
and grows outward as well as inward. The-éffect of this initial crack is
twofold -~ it increases the crack.length, ¢, and brovides a analier radius,
P, at the new end of the opening. Both factors increase the siress con-
centration and tend to a;centuate brittle behavior. In steels tested ét
intermediate temperatures, these alterations in crack geometry cause the
fracture to change from shear to cleavage, and thus the energy needed to
keep the craék mpving (Gc) sﬁddenly drops to a iow value. The growth -
rate of the craék increases and, at times, apprpaches the theoretical
maximum of about 6000 feét pef second. When the pléte is thick (e.g.,

a half inch or more in thiékness) andlthe tempe;éture is low, such
behaviof ié'normal.‘ At high temperatures, howeVer;uﬁhe crack_tends to
-spread slowly across the plate. The specimen fears apart by the shear
mechanism of fallure, and the energy abso?ption is high. Aﬁ intérmediate
temperatures the fracture will be a mixture of shear and cleavage, with
an initial sheér region at the origin, a cleavage portion at the midthick-
ness, and shear liés near<thé two surfaées, as shownrin.Fig. 19. 7Ir the
_lower pérf of this figure, the'amoﬁnt of shearvlip is indicated as‘a

 function of crack extension and plate ﬁhickness; actual test data are
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shown in Fig. 20.(22)

The energy absorbed.per unlt of area at any crack p051tion is

_ prlmarlly determined by the amount of shear fracture present The state

of stress when a shear'llp forms is essentlally that of plane stress,vandi
so the G term is the approprlate one to con51der for thls portlon of

' ':the fracture area. The initial part of the fracture, at the tip of the
machined crack, 1s generally. shear in nature but 1t differs from the llp

© portion in that 1t forms under condltlons of plane straln. The term GIc

can be used to differentiate this lower energy type of shear failuref In
‘appearance, this region looks like the area of the‘fcupf‘in a hroken |
:unnotched tensile specinen, andfthedmechanism of failure is essentiallyb
.,the same. There are no new kinds of fractures to be found in notched
plate; every type observed in plates can be preduced in unnotched tensile
specimens. The fractures in plates differ.inithat mixtures of the
various types are frequently found in a single plate; and'the amounts:of
each kind oepend upon the thlckness oi the plate, the sharpnecs of the'
notch, the length of the crack, the temperature of testing, and the load-
ing rate employed.- | . |
Even with a. given klnd of fracture,'such as“shear.in a ductile
' ten51le spec1men, the amount of energy absorbed prlor to fracture can
vary over a wide range dependlng upon the stress state, as the hydrostatlc
:_.tests of Brldgeman adequately demonstrated To expect to obtaln a value
'f-;for fracture toughness (G or G ) that is. unlque for & materlal (regard—v.ﬂ
E.less of speclmen geometry or testlng condltlons) is an expectatlon that
':: cannot be realized.' It is withln the realm of pos51blllty, though to -

make a valld analy51s of the behav1or of a materlal wnlch would include o



-20-

geometry, strain rate, and temperature effects asbwell as the use of
tensile test dataf Such an analysis could lead to a quéntitative correla-
tion of thé'importantvfactors affecting‘notch.tﬁughness of materials; A
good start has been made on this complex and difficult problem by
Gerverich; (23) syediow and Gerverich, 2*) and by Krafft,(32’33) but much
work yet femains to_be déne. For the present, at leastb, the épproach

to notch toughness problems must femain qualitative, although thére is

no fundamental reason why; with sufficient effort, a Valid quantitative

analysis could not be developed.

Thick notched plates of ductile materials, such és copper and -
aluminum, also de&elop complex appearing fractures when broken. However,
this case is simpler than that of steel because cleavage failures do.not
.occur -in sucﬂ materials. Fractures in such materials consist of a flat
portion, like the area of the "cup" in an ordinary ténsile specimen, and .
a shear lip. Because of'the thickness direction sfress that develops in
thick plates, the amount of plastic flow that occurs at the midthickness
of the plate prior fo fracture can be relatively sméll, and the notch

toughness (GIé) can be very low even fof the face centered cubic metals.

Effect of Specimen Geometfy. The effect of plate thickness has just been
described. The plate width factor is more amenasble to rational analysis

than is the thickness effect. Data from a‘variety of sources were"

(25)

‘collected and analyzed by Jackson and coworkers, and a summary plot
taken from their work is reprdduced in Fig. 21. They found that the stress

at the onset of rapid crack propagation, oé',,decreased rapidly as the -
‘ v ' _ : o . c .. :
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- crack lengtﬁ was increasedﬂin plates_of‘constant Vidth. For example, in
one-sixteenth inch tﬁick Ey.35_inch widé plates of Z?OTSfT6 aluminum
alloy, the nominal fracture stress dropﬁed f?om 45 percent to about 15
percent of the tensile yield‘stress wheg the crack length was changed
from 3 inches to 12 inches. Furthermére, all strength values fell on a
single line for a:giVen material regardless of the width of the test |
“specimen. Thus it was pﬁssiblevto represent the width effect by a single
linélin Fig. 21, where c/co_was used as ﬁhe abscissa (with <, being taken
"as one inch). . ' S | ' . o

Eﬁep in thin plétes, part fhioﬁgh cracks ténd to develop plane-strain
cénditions because of the severe restrﬁinﬁ‘imﬁosed upon the crack. As
1llustrated in Fig. 22,la part thfough‘cfack will often exhibit two
stages of-growth. In the first the crack‘suddeﬁly propagétes through
the thickness, forming a "through" crack. This occurs at relatively
low stress level, corresponding to K c-(qr GIC)' The. final growth in

I

the ﬁidth direction ié that normal for thin plates, namely the plane-stress
type.

Part-through.cracks.in thicker plateé mayralso propagate in two
stagés,'élthough the-tendency tovard a singlé kind of growth_increases as
_ the thickhess becomes greater. 'At»intefmediaﬁe thicknesses the fracture

may be of mixed types, as indicated in the lower part of Fig. 22.

train-Rate Effeét; Although the literatufé on strain rate effects in.
vﬁnnotched specimens is exténsive,?theré are very little data for notched
.bars.' It might be~anticipated that becauge énbinc:ease'in strain rate
increaées the_jieid strengtﬂ of most matefials (i.e., ti@e is réquired

for extensive plastic flow at argiven stréss;lével) that loading rate would
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have a significant effect upon»nétch toﬁghness. The meager Iinformation
available‘indigates that notch bar strength (énd toughness) can ve markedly
. léwered by a large iﬁcrease in straiﬁ rate(32) Some materials sﬁow this
effect while others do not (for the fewvcases available for study).‘ Without
more precise information, quantitatife evaluation; are impossibie.  The
strain rate factor is, however, im?ortant and will require more detailed
investigatiog.
Summary

Ductile mgterials can exhibit several modes of transcrystalline..
fracfure, even under‘uniaxial tensile léading. Although there are only
two basic kinds of separation processes, shear and cleavage, the presence
~of notches can modify either mode so that the energy absorbed (i.e.,
~ notch toughness) prior to fracture is markedly alﬁered. Notch toughness,
- as measured by Gc_or KC, dépends upon the volume of material that has
been plastvically deformed prior to fracture. The specimen geometry, the
- temperature of testing, and the strain rate gll affect the energy
absorption. Thicker plates, sharper.notches, lower temperatures, and
higher loading rates all tend to decrease the volume of plastically
- strained material énd thus lowér‘notéh toughness.

' Fractures in plates are often of‘mixea types, with the amount of
each varying as the crack grows. This fact, as weli as others, makes it
iﬁPOSSible to establisﬁ a unigque value of G; for a given materisl. Quan-
titative mathematical approaches to this problem hQVe been attempted,
but they have met with limited success. However, the problems, while
. complex, should be éoluble. Quaﬁtitative agalyses shouldAeveﬁtually'be

" developed which would permit the prediction of notch toughness from
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, fundemental considerations such as tensile- data, specimen geometry,. .. -
temperature, and strain rate. ... ... : S e S
I}
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This report was prepared as an account of Government

» sponsored work. Neither the United States, nor the Com-
v mission, nor any person acting on behalf of the Commission:
. A. Makes any warranty or representation, expressed or

implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






