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MICRO-MECHANISMS OF FRACTURE AND THE FRACTURE TOUGHNESS
OF ENGINEERING ALLOYS

J. F. Knott*

ABSTRACT

s micro-mechanisms of cleavage and fibrous fractures in steels and alwmi-
t alloys are reviewed and it is shoun how local fracture parameters re-
ite to macroscopic toughness values. For cleavage, emphasie is placed on
w local tensile stress, 0f, requived to spread crack nuclei. The plastic
< term ig discussed, with respect to crack tip fracturing processes, wnd
relationship between op and Kre Zs developed. For fibrous processes,
teention is paid to the orack opening displacement (C.0.D.) at initiation,
and it is shown that localized shear fractures in the matriz can reduce
values of 8; that would be expected from void growth models. Finally,
oceurrence of cleavage and fibvous fractures during fatigue crack pro-
ation is deseribed.

P%TRODUCTION

fhe integrity of any engineering structure depends ultimately on the mechan-
iual properties of the material of which it is made, and this paper is con-
rned with the extent to which it is possible to relate macroscopic mea-
rements of fracture toughness in steels and aluminum alloys to the local
#icro-mechanisms of fracture. It proves convenient to divide the micro-
sechanisms into two main types: eracking processes, which include trans-
anular and intergranular cleavage, and rupture processes, which include
transgranular and intergranular fibrous fractures.

A material's plane-strain fracture toughness, ch, is conventionally mea-
sured as a critical value of the intensity, Ky, of the crack tip stress
field in a thick, deeply-cracked testpiece sugjected to mode I loading;
see e.g., [1]. For the quasi-elastic fractures encountered when testing
structural metals, local plastic flow around the tip of the precrack pre-
cedes fracture, but the value of Ky characterizes the crack-tip stress-
snd displacement-field, provided that the extent of plasticity is small,
compared with specimen dimensions. Under such small scale yielding con-
ditions, a critical value, KIC’ may be equated to a critical value of
plastic-zone size or of crack-tip opening displacement (C.0.D.). For an
infinite body in plane-strain, the plastic zone has the form of two lobes,
~hose maximum extent, Ryax, lies at an angle of + 70.5° to the line of
erack extension, and whose minimum extent, Rmin,—is along this line [2].
In terms of Ky, Ry, is given by:

Rooe = 0.155 5 (D
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and Rmin is given by:
% trirical Tensile Stress Criterion
R = g.04{ L z . ; o . N
min - o (2) ure may be considered to be nucleated when a critical value of effec-
Y war stress is attained: this corresponding to a critically potent

of newly-created slip dislocations, which serves to fracture car-
cither by the stress induced at the end of a pile-up [7] or by plas-
straining the matrix and producing sufficient stress transfer to

The crack-tip opening displacement, &, is given by:

K. 2
S ~ 0.5 _IF. (3) the particle by a fibre-loading mechanism [8]. The nucleus propagates
Ok 4 tensile stress, assisted by the local stress fields of the dislo-

For steels which are air-cooled (normalized) or furnace-cooled,
tive shear stress is independent of temperature, until such a low
spernture 1s attained that plastic deformation occurs by twinning, rather
by slip [9]. 1Im the Petch equation, written in terms of shear stress:

where oy is the uniaxial yield stress and E is Young's modulus. Critical
valqgshof Ky are then equivalent to critical values of Rpax> Rpins or 6.
lp finite testpieces, the ratio of the in-plane stresses near the crack
tip may modify the shapes of the plastic zones [3] and alter the numerical
constants in equations (1) - (3), but the same geheral forms hold.

L k;: 4" vz 4)
in terms of the micro-mechanisms of fracture, it is often physically ap-
pealing to interpret critical values of Ky (or of the equivalent values
Of potential energy release rate, G, or of contour integral, J) as a cri-
tlcal-zone size or critical COD. For cracking processes, the plastic zone
Must increase in size until sufficient local stress has been generated to
Propagate a crack nucleus formed in some microstructural featare: for
flbr9us processes, the coalescence of voids formed around second-phase
particles implies a critical crack tip displacement. The basic parameter
represented by a Kyc toughness measurement may then differ for different
fracture mechanisms. For pieces which fracture after amounts of plastic
flow greater than that specified in the standard Kj¢ test procedure, (such
that small-scale yielding approximations no longer hold) choice of a suitu-
ble toughngss parameter, such as §. or Jyc, should be based on a clear
understanding of the nature of the material's local fracture processes to
enable effects of changes in geometry and stress-state to be properly ex-
plained.

¢ Ty is the shear yield stress, T; is the friction stress, and d is the

diameter, the term k? is independent of temperature, at moderately
mperatures, unless the steel has been lightly quench-aged or strain-

consider the variation of plastic zone size at fracture in notched
“imens at two low temperatures. At both temperatures, the effective
@ar sliress component,

k? d- vz,

tdentical but the cracks nucleated at the lower temperature propagate

% the plastic zone size is small, whereas those nucleated at the higher
«ature do not. The reason for this is that fracture is propagation-
»wiled and depends on the level of the local tensile stress. At low
atures, a crack nucleus can propagate when the plastic zone is small,
¢ the yield stress is high (the friction stress, 13, increases

ly with decrease in temperature)} and little elevation by constraint
wn necessary to satisfy the local propagation condition. At higher
srature, the yield strength is smaller and so a higher hydrostatic
sonent must be developed to achieve the critical propagation value for
sile stress: this requires a larger plastic zone to produce the
;ary constraint.

CRACKING PROCESSES

Transgranular Cleavage

th transgranular cleavage fracture of low strength steel is a problem of
major impoertance to the safe use of a wide variety of engineering struc-
tures.' Plastic flow is necessary to produce crack nuclei [4] but, particu
larly in a structure, cracks may initiate and propagate at véry low macro-
scopic strain, because the initial flow is usuually localized to the region
around a stress concentrator. Cleavage is favoured by low temperatures
apd high strain-rates, which increase the uniaxial yield stress, and by
hlgh tr?axialities, which produce a high tensile stress for a given uni-
axial yield stress. The metallurgical features which promote cleavage
are those which increase the yield strength, whilst keeping the heatf
trca;ed microstructure unchanged: irradiation damage, pre-strain and
strain-ageing. Refinement of grain-size increases the yield strength,

Put also improves a steel's resistance to cleavage fracture, conventionally
because dislocation pile-ups are shorter, and hence less capable of initi-
ating ?gd a?sisting the propagation of cracks, in fine-grained material,
e.g., |5, 6].

ciues of the critical stress, oOf, required to propagate nuclei in notched
2o ot mild steel have been obtained, employing stress analyses based on
~line field theory [10, 11], (assuming rigid/perfectly plastic material)
‘inite element techniques [12, 13}, (for elastic/plastic material). For
initiated cleavage fractures, op is found to be only slightly tempera-
dependent. It is assumed that fracture begins to propagate below the
i root, at, or just behind, the plastic/elastic interface, where the
tile stress has a maximum value, (Figure 1).

iy micro-mechanical models of propagation-controlled, slip-initiated,

age fracture treated the propagation, either of a nucleus, formed

thie interaction of slip dislocations [10, 14], or of a small crack

«l in a grain boundary carbide [15]. The former model could not then
fain effects of carbide width on fracture: the latter did not properly
iude the effects of stresses from local dislocation arrays on propaga-
ian Currently, the most satisfactory model is one [7] which includes

otk features, giving, as an expression for the critical fracture stress, Ogs

Afd@talled understanding of the role of microstructural features in deter-
mining the clgavuge resistance of low strength steel derives from studies
made on testpieces containing blunt notches.
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a )€ eff m\d Teer | — m(1-v2)d

where Co is the thickness of a grain boundary carbide,

. S g-l2

Tope = ¥ O
is the effective shear stress, and Yy, is a surface energy or plastic wor
term. An equivalent expression has also been derived by Almond et al. |
The critical event is taken to be the propagation 0? a cracg nucleu§,
formed in a grain boundary carbide, into the adjoining feyrlte @atrlx.
Figure 2 illustrates the process. Here, the microcrack formed in the
(slanting) grain boundary carbide was just unable to propagate,‘whereas
the microcrack formed in a thicker part of the carbide, and subjected to
a marginally higher tensile stress, was able to propagate across the gra
Much more usually, particularly at low temperatures, arrest.at the graln
boundary does not occur and Of then corresponds to the carbide/ferrite
propagation assumed in the model.

=

The critical tensile stress, Ogp, and associated parameters in quqtion &
will be discussed in three contexts in the following sections. Flrst%y,
experimental values of of will be examined, to try to establ}sh its micre
styuctural significance; secondly, some comments on the‘meanlng of yg wi
be made; finally, the use of 0f to predict Ki¢ values will be demonstrated

Microstructural Significance of 9¢

Figure 3 shows results, obtained by a number of authors, giving_values of
og, in a variety of mild steels, as a function of the reciprocal square
yoot of grain size. This parameter strict}y has its baSLS on}y in a theo
of propagation of a nucleus initiated by dislocation interaction [103 14},
but might generally be held to represent the gffect of dlslgcatmogzp1lenﬁ
length. It is clear that o¢ does increase quite markedly with d4-%*, alt
the scatter is large at high d™Y? values. A variation in the temperature
at which og¢ was measured exists for most of the results, although the ef
is small. Additionally, the results of Curry and Knott [17J, wblch are

constant temperature (-120°C) follow the common trend. It is of interest
to note that some points pertain to irradiated samples and that these do
not differ significantly from those for non-irradiated specimens [18].

A problem arises if attempts are made to explain the d~*? dependence usin
equation (5). Substituting

S -2
kY d

for T £F° the equation becomes:
eff

. 1 - Ti 2 4 E y)
Co)s 2w (k)2 a5+ 2 € | 2 ——F— (6)
43 % L K m(1-v2)d

and the grain-size parameters cancel, leaving a relationship whose only
microstructural parameter is carbide width, C,. Ip hqs been suggested
[19] that a possible reason for the apparent anomqu is that the deve@op-
ment of microstructure by cooling from the austenitising temperature is

such as to maintain the ratio of Co/d constant, since both C, and d depend.
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similar diffusion phenomena. Curry has recently surveyed data on this
¢+ and has shown that there is a strong positive relationship between
wo parameters although it is not quite linear. Using these (average)
and equation (5) he is able to construct a predicted failure line
schematically in Figure 4) whose precise position depends on Yp and
the percentile of the carbide thickness distribution chosen to repre-
ecqually critical crack nuclei, i.e., the choice between for example,
£ the carbides, having thicknesses of greater than 3um' or "5%,
thicknesses greater than 4um”. The scatter in Figure 3 is then
iily attributable to differences in carbon, or other alloy, content, of
iteels, oy to variations in heat-treatment. This point is reinforced
ults obtained by Saunders {[20] on a number of Zow (0.01) carbon,
wod, Fe-Cr and Fe-Ni alloys, which lie consistently just above the

af the scatter-band for the mild steels (Figure 4). The appropriate

o of Yp throughout is taken as 14 Jm~ 2.

strength of the dislocation contribution to the propagation criterion
function of the ratio of Co to d [7]. For thin carbides, the crack

icus does not extend far from the tip of the pile-up and so the dislo-

s have an important effect. For ratios in the range 0.1 - 0.15,

as found in a number of structural mild steels, the dislocation
are of secondary importance, and the situation reduces virtually

+ that of the Griffith propagation of a crack of length equal to the grain

wiindary carbide thickness.

«ntly, Curry has extended the model to cover low- and medium-carbon

, heat-treated to produce spheroidal carbides. Again, the critical

1t appears to be the propagation of a nucleus, formed in the spheroidal
yide, into the ferrite matrix and a value of y, equal to 14 Jm™? is appro-
The dislocation contribution to propagation is ignored, because

ups as such do not occur. The dislocations tangle around carbides and

t to form a cell structure, whose dimensions depend on X612, where Xg is
inter-particle spacing, rather than on d™%. The crack nucleus is taken
e penny-shaped, since it forms in a spheroidal particle, so that the
pression for op is given by:

TE Y\ v
= B .
g 2 Co (7)

4 %18 2

» Co is the carbide diameter. Taking Co at the 95th percentile of a
s2iven carbide distribution and spheroidal intra-granular carbides, the pre-
isz value of vy, inferred from og depends on an a priori assumption as to
size of the carbide from which the final crack propagated. This relates
the probability of finding a carbide of sufficient thickness in the region
figh tensile stress ahead of the notch, which, in turn, depends on the
ipe of the carbide-size distribution function. Assuming that v, is con-
it, a given distribution of (o values will produce a distribution of og
ions (5) or (7) multiplied by the probability of
ing the appropriate carbide thickness in the appropriate region. The
th percentile (Y, = 14 Jm~?) may be an overestimate, but results for the
~-like and spheroidal carbides are clearly consistent in that the same
e of v, is obtained, assuming a mode I plane strain stress intensity

%he former case and a '‘penny-shaped" factor in the latter. A reduc-
1 in the percentile figure chosen clearly brings a pro rata reduction in
inferred value of y,. Possible reasons for Yy, (up to 14 Jm~?) being
s#eater than the elastic work to fracture, 2yg, (2 Jm“g) will be presented
in the following section.

in addition to the presence of carbide particles, high strength is imparted
ts steels by highly-dislocated martensitic substructures which, in low




J. F. Knott

Fracture 1977, Volume 1

carbon steels, divide the grains into "packets” oy bundles of laths. A
lath width is typically 0.2 - 2um, and seems not to vary much with prior
austenite grain size, although it does depend on the transformation tem-
perature (low temperature martensite having narrow iaths and higher tempe
ture bainite having wider laths). The diameter of a packet (= lath lengti
ay be an orvder of magnitude larger than the lath width and large misoricn
tations owccur across packet boundaries.

Work on the cleavage fracture of low carbon bainites and lath martensites
huas established that the microstructural feature controlling the resis-
tance to crack propagation is the packet size [21, 22, 23]. Large devia-
tions in the direction of propagation must occur at packet boundaries,
(Figure 5), so that, if a crack begins in propagate in a single, favour-
ably oriented packet, extra work must be done to allow it to propagate
through an adjoining packet. Brozzo al [22] consider that this is the
critical event, provided that the packet size is sufficiently small. The

results are presented in Figure 4, together with a line representing a
fracture criterion based on packet size:
4By 2
5
op = | b (8)

{1~V )d
{ )‘p

where dp is the packet diameter. The value of Yp inferred from these
results is 120 Jm™2,

it is of interest to note that a single value for of obtained by Green [
for a bainitic AS33B steel of oum packet size lies very close to the res:
of Brozzo et al. These results imply that there are two microstructural
features which control cleavage resistance. In the mild steel fervite/
carbide type of microstructure, the carbides are of prime importance: in
low carbon bainitic steels, packet size predominates. The importance of
the dislocation substructure as compared with alloying elements in
solution may be appreciated by cont sting the results of Brozzo et al
with those obtained by Saunders on Fe-Ni and Fe-Cr ualloys, having equiaxed
grain structures (Figure 4). Values of Of in these alloys are superior
to those in the mild st els, due to the low C content, but are inferi
to those in the bainitic allovs, even though the total alloy content is
similar. The relative importance of carbide distribution und packet size
treated also by Kotilainan and T3rronen {76].

Mgch progress has been made recently in the intexpretation of op in terms
of critical events in a metallurgical microstructure, even thou;h the
mathematical relationships between Ug and yielding and miurostrauturai
parameters are not yet fully developed. So far, events have been studied

quantitatively in the more straightforward microstructures: forrite plus

grain-boundary carbide; ferrite plus s

> heroidal carbide; and, virtually,
.rbon»#ree lath martensites and bainites, Generally, regions of coarse
microstructure are to be avoided, particalarly if they are embedded in a
harder matrix, because the higher yield sty 5 of the matrix then increas
Ehe_t;13i1@ stress level in the coarser, ifter, region by constraint. Th
(:‘Ombj_n; cion of high volume fraction of carbide ruqc{her with a hi;'l{ trans-
formation dislocation density, as found in most qﬁenched and tomp&rcd for
Steels, has yvet to be examined to decide which propagation proce is cri
?Acal‘ It is of interest to note that an increased disloc;tion densitcy
induced by prestrain, does produce higher values of Teoin wmild steel (Fém
1100 MPa to 1500 MPa for 252 strain at d- Y = 7Y, but simultancously in-
creases the matrix flow stress to a level such that the transition rem-
perature also increases [25].

2§ nott
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lastic Work Term

ue of vy, which appears to give ''reasonable' agreement between carbide
ain size and og, on the basis of equation (5) is 14 Jm™ %, although
wure could be lowered if a different view of the critical carbide
were taken. The value of 2yg, the clastic work to fracture, is 2 Jm™
diverepancy exists in other micro-mechanical models, but little con-
§ on has been given to the reasons for it. The situation which must
zzamined in the present instance 1s one in which the critical event is
ropagation of a crack nucleus from a grain-boundary carbide into the
rrite matrix.

o

2

fraucture to be propagation-controlled, it is essential that the value
¢ increases, at some polot, as the crack increases in length: if vy

15 constant, fracture must be nucleation-controlled. A cementite

¢ particle has higher modulus and, presumably, higher #rue surface

¥ than ferrite, so that "y" would not be expected to increase, unless
of the applied potential energy were dissipated as plastic work before
nucleus started to propagate through the ferrite. An identical reason
swid be given to explain high values of vy, for the propagation of sharp
¢k nuclei in a completely ferritic matrix. This "explanation', of
astic work", does, however, beg the question of why it should be

ssary to produce plasticity before a crack will propagate.

s a2 crack to propagate, the highly strained bond at its tip must fracture.
s usual to derive the force-displacement law for this crack-tip bond
imple differentiation of the curve of interatomic (or interionic) po-
iol energy vs. displacement. The situation is modelled as a linear

v of two atoms, for which the energy exhibits a minimum at the rest
ition (the force is zero) and increases, to approach zero, as the atoms
separated to infinity. The maximum in the force-displacement curve

at the point of inflection at the energy-displacement curve, which
a dispiacement of some 0.2 - 0.6 b,, where b, is the separation at
rest position, depending on the form of the bonding (metallic, ionic,
valent) [26].  Force may be converted to stress by dividing by appro-
ite lattice spacings, and if the resultant stress-displacement curve is
roximated to half a sine-wave, the expression for the maximum stress

a2

rs
¥

£

(9)

2Ys, the area wnder the curve, is taken as the energy per unit area
ired to separate the two atomic planes, or the elastic work to frac-

v d.e., twice the energy per unit area of free surface, if it does
re-structure.  The sine wave approximation may produce errors in detail,
ause it a mes a finite cut-off on the displacement axis, but in an

i lattice, screening potentials cause oscillations of the energy about

v at displacements of order bg.

of crack-tip bond separation are generally based on the attain-
itical stress, gy, whose magnitude is derived from improved

5 of equation (9). For typical values of Yg and by, Othp is approxi-
tely E/10, although, for the specific case of the cleavage of iron
swross {100} planes, a figure of Eyo/3 has been quoted, where Eypg s
sured in the [100] divection {27f. Materials generally have been
tivided into brittle or ductile types, depending on whether O¢p 1S attained
tension at the crack tip before sufficient shear stress is developed to

&7
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nucleate dislocations which can glide away from the tip on slip planes
and produce blunting. A first approximation [27] gave the value of the
necessary stress as Tpp * 0.1p in iron, where u is the shear modulus, bu
the energies involved in creating a dislocation loop which can expand

under the influence of a shear stress, against lattice friction and ima
forces, have recently been ve-examined [28]. The conclusions are consi
tent, on both approaches. Solids such as covalently bonded diamond, po
sessing high resistance to dislocation motion, are brittle; f.c.c. metal
in which slip occurs easily, are ductile; b.c.c. iron is a borderline c:

For this borderline se, it is pertinent to examine the initial assump
i.e., that the crack-tip bond "fractures'" when the stress on that bond &
comes equal to Ugp.  This is clearly a necessary condition, and would al
be sufficient for the model of a linear chain of two atoms: once at the
position of maximum force, any increase in displacement would cause th
atoms to separate catastrophically to infinity if the system were subje
to constant force (just as catastrophic failure occurs at the U.T.5. in
load-controlled testing machine).

The crack-tip environment does not, however, correspond to a load-contrao
system. Once the displacement at og has been exceeded, the crack-tip
has negative stiffness, whilst every other bond ''ahead" of, and "around" .
has positive stiffness The system is then much more akin to that of f:
in a very "hard" (almost rigid) testing machine, where a critical displs
ment must he achieved. This displacement might be taken as ~ b, in the
present case, and this would then represent the sufficient condition.

It is of interest to speculate on the events that might occur at crack-t
bond displacements between 0.5b, (corresponding to the stress O first
being obtained) and b, (“"fracture'). Since, in iron, the balance betwes
achieving a stress of Urp in tension and a stress of T¢p is so fine, it
not inconceivable that Ty might be attained at the sides of the crack ¢
during this further stretching of the bond. Dislocations could be creat
and glide a distance equal to a few Burgers vectors, sufficient to redu
somewhat the stiffness of the crack-tip environment, but not exceeding t
saddle-point configuration, beyond which large-scale motion and blunting
would occur. We might contemplate two dislocations (one on cach side of
the crack) each moving, say, three Burgers vectors, which may be equated
roughly to three lattice spacings. If the stress acting on these were
0.1y, the force per unit length on the dislocations would be approximatei
O,Xubo and so the total work done would be O.6uh02 per unit length in t
thickness dirvection. This extra work would have to be done to enable e
successive crack-tip bond (spaced at by) to separate, so that the work p
unit area sociated with crack advance would be 0.6ubgy = 0.24bb,.

The value for 2yg, 2 Jm~?, corresponds to about 0.05 o so that the incr
in observed work to fracture produced by this type of mechanism would be
order five-fold. The difference between Yp and 2 found experimentally

approximations.

There are two further interesting points. Firstly, the extra work would
have virtually no dependence on temperature, because the crack tip proce
are creation, and not thermally activated unpinning, of dislocations. The
model therefore applies to an initially dislocation-free crystal, because,
if sources were present near the tip, dislocation generaltion from these
would confuse the argument. Secondly, evidence of the dislocation gener:
tion would not necessarily be seen on stress-free fracture surfaces,

¥. Enotbt
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i+, once the applied shear stress had been removed by advance of the
iip, the image forces at the surface could be sufficient to pull
Jdislocation which had not reached the saddle-point.

wic stress-displacement curve has also been approximated to a recti-
Yorm, with average stress, 0y, up to a cut-off displacement, bis

A region such as this existing ahead of a crack tip is equivalent
ttrell-Bilby-Swinden model for a yielded crack, and, for very low
it is possible to write the size of the Yend region' as

R=—TE b (10)
8(1-v?) ay
: oy = 0.1 E and by = b, as reasonable values, R is found to be about

4. 50 that the dislocation movement of 3bg assumed earlier would be
ined within this autonomous end region.

smarize, it is suggested that, for iron, which is a borderline case
respect to brittle or ductile behaviour, it is necessary to consider
icoment of the crack tip bond as the full fracture criterion, and

is may be associated with creation and very limited movement of

ip dislocations which do plastic work of sufficient magnitude to
sipiain the discrepancy between Yp and 2Yg.

1

i1
3

“oisvionship Between O and Fracture Toughness

the meaning of Y, is not fully understood, it is clear, from
- 3 or Figure 4, that it is possible experimentally to measure a
w0 of 0 which characterizes the critical value of tensile stress ve-
sod to propagate a cleavage crack nucleus in a given microstructure.

‘s s notched bar, the maximum tensile stress generated at a given tempera-

and strain-rate is determined by the size of the plastic zone. A

tar situation holds, ahead of a sharp crack, with one important dif-
For a blunt notch, the maximum value of the tensile stress in-

25 as the plastic zone size increases, but, for a sharp crack, the

iute magnitude does not increase: the stress distribution extends

«r larger distances. For example, in Figure 6, the abscissa is the

1o of distance, X, to K?/oy?; this means that, as K*/oy?, or plastic

ize (equations (1, 2)) increase s0 the absolute value of distance,

increases, and a given stress level is produced at a greater distance

the crack tip.

that a particular value of Ug has been measured in a notched bar,.
+ given ferrite/grain boundary carbide microstructure fractures. This
the stress required to propagate a nucleus formed in a sufficiently
% and favourably oriented carbide. It is reasonable to suppose that
s-cracked specimen will fracture when a similar stress has been devel-
at the site of a suitable nucleus ahead of the tip of the pre-crack
sritical distance). Ritchie et al {29] applied this model to explain
temperature variation of Kyc in mild steel. Taking an experimental
for og, which was found not to vary with temperature over the range
: igated, predictions of Ky were made, assuming various fixed values
oritical distance. Results are shown in Figure 7 and it is clear that
ceneral trend is correct, although the authors pointed out that the
ilent agreement obtained for a distance of two grain diameters was
witous.

£ 7
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wism is one possible reason for the lowering of toughness in the

L tempering rangs, presumably at a point where grain boundary car-
(crack nuclei) are quite lavge, but the matrix yield strength is also
and the segregated boundary provides a low-energy path. The addition
to steels, such as 300M undercarriage forging material, retards carbide

The variati of critic: 4 vo with gy ] .
by Gurry and Knott: [17] who showed (it taears ha3 boen further studi
b &1 e Knote, [¥7] Swed that, in their mild steel, it was abe
Simes greateyr than the grain diameter above about S0um, but was appa
ently independent of grain size for finer grain size A f;wtcéuf;; £F2¥
points have been obtained by Schulze {30]. The reason fmrighls bﬁhagzéxv

;;5;?;téﬂ:tpizg;zztfgilﬁgfd-Lf thgxcafb§de dés?ri?ution i§ sg§h as to sa _'5 and shgfts the toughness minimum to higher ten@ering temperatures.

it not. Mmreuyrgjﬂg—tﬁég iZ?}iiqugflgﬁ (5)) VQ&rnus, in f_}cr grain Hinimum could aJ*o‘occur in the absenﬁ? of éegregatlon, @ue to § critical

carbide and the (firicﬁ} d{qta;zt ,O‘{& na?pigd o ently th mHche between’matrjx strength and curhld? size; alternatlvgly, lntertlgth
el odon ance ineye $ with respect to grain size. sined austenite may transform to cementite and produce brittle particles

‘ 1. Study of the fracture path is obviously an important factor in de-
ting between these wechanisms; see [77].

¢) reversible temper embrittlement, which is caused by carbide rejec-
Mmoor equilibrium segregation of impurity elements to prior austenite
4in boundaries during cooling after tempering. Interactive effects, such
those between Ni and 5b, may enhance the amount of segregation that

exnnmlg, taking Yp as 14 J » the experimental values for og, when subs
tutgd nte equation (53, give, for 12um grain size ‘a‘cfirivgi nucleﬁz :
?f fgfz over Zum and for &5um grain size, a nuclau; Sizehéf just over 63m
mérgd; g?zziz?é §xp?rxme?t?§1y that carbigﬁs of width 6um occurred muchr)
frain. qu 4.,”x§‘h5pm‘gra1ﬂ Sl?@ thQn did those of width Zum in 12um

&,hf _size, so that a larger number of prains had to be sampled in the

%dtger gase, for the precracked specimen. (In fact, for the pariicﬁlar
uaﬁ on cmntegt chosen, the 95th percentile thickness was about 0.1d, givis
S.Jug and 1.2Zum respectively, compared with the 'required" v: es of g
ol B juire values of 6um

Brours.

sch case, a segregated boundary must be held to represent a path along
the work to fracture is low, compared with that of transgranular

e {c) particularly, it is possible to develop identical
astructures in terms of prior austenite grain size, recrystallized

rite grain size and tempered carbide distribution, and to obtain a transi-
+ from cleavage to intergranular ture, with consequent decrease in
shness, simply by altering the amount of segregation by varying the

wiling rate after tempering.

ig: 3'?t%sﬁlcai treatment of plate-like grain boundary carbides is not
giciémggtigu{fx haf r@iently tended the Argument to spheroidal carbide
?..ugmurgs. The fracture toughness, Ky, and the critical distance ¢
t?en»be de§UCmd quite accurately treating the 9Sth p@rcrntilv‘aqr;ﬁe crf
tkca} cgrbide dismeter, and taking vy, i4 Jm‘z, in tefm; m? {hé$>%a§1b'x
of finding a suf iciently large carbide ahead of the c}a;k; ) prebant

a few measurements of Jp in unsegregated and segregated alloy steel

e have not been related quantitatively to the
structure.  Yor En30A (0,40, 4.25Ni, 1.5Cr), the value for an unembrit-
steel at 77K was approximately 2200 MPa: for the same steel embrittled
24h at 500°C, og dropped to approximately 1250 MPa. The former figure
similar to that for AS33B (Figure 4) and it is plausible that the recry-
liised ferrite grain size in the En30A was similar to the packet size in
L5338, For neither embrittled nor non~embrittled steel is it really possi-
hle to relate Op to Yp through equation (5), because the high volume frac-
on of tempered carbides prevents the formation of pile-ups, inherent to

s model. Assuming that the crack nuclel are the same in both cases and
ctor of two reduction
milarly embrittled

“ion in Og, to

ST A e .
;g:&?;;tg; ;é ?gﬁ ?iéilfﬁngz;tnncg {9 predict K[G has great value in the boen mede {5715 el the
: rovdded tha ;.i fa .u}o %xzt% gnﬁf@r‘large, thick, engineering compones
e }":.: :Lt( s analy is osufficiently good to give local tensile
;ié ;:nti‘iéip?i? tﬂg?u%ﬂt{ryling?guﬁ?g or decreases in constraint as pla
L {3}} Qnd‘h{‘g lfmg a?mesQ‘xs given ?Y results on A533B obtained by
el ”§i~kf?3anf4{i “tue latter fngds that the critical distanc
behaviouy‘cqé 3};; g:' ng@ﬁ ?15: but emphasizes that transeitions to ducti
: HE ©an « Cur st unyea%% tically low temperatures, because of stress
Tif?¥at}?f %?”xrt;ﬁ astic flow in small testpleces. The use of Og 1s of
?;rééiziién?nl?ﬁemt oy ec?yt? survoilla;ce sgec;mens tor neutron
P chanﬁ ttse r’ 2ot altered by irradiation, predictions of
$5 #es can be made from small specimen results.

Griffith cracks, the approximate f
in vp implies a factor of four reduction in v,. A
steol with siightly coarvser carbides showed a further reduc
out 1150 MPa,

Intergranular Cleavage
i o 41,

ggigiggmgiie?fitggé fﬁ%ftvrg ???F ocours, paxtigularly in higher strength
tenitedvn';"é) | }9,‘“” ?hgv}@a propagation of cracks along pricr aus-
SILA Brain boundaries, which have been weakened by the accumulation of
minor Hpurity elements, especially those From grﬂubs v ‘V’énd gf‘éf the
Perlogmc fabie £32].  An example is shown in Fiéure 8, wéichbi of an a;i
g;;z;ts?e;ziglgii?nfax?{ﬂg’fatger high Mnﬁnnd P contents, Grain-boundary
bilitieq‘m' : ;’;“vwe T}oated elsewhere; for the present, several possi-
-1es may be recognized:
austeﬁ}riAwqqenvh&d embrittiement (as Figure 8) caused by segregation ip
= . oy A v . ¥ ) - - i
heat:t;é;;meig‘aume cases this may be removed by very high temperature
. » b} lack of as-quenched embrittlement, but development of intersranula
Frgcture At tempering temperatures around 350°C (500°F) - see )%;:Tmhl .
?alt and Knott [33]. Such embrittlement may be caused by ;é'eg;gtr ';
mpurity element {(presumably P) by Zrowing carhida,“fﬁd WEQ{J bif(;igf>an
temperatures, the zlement may diffuse away from thé b&uédé;v: }hi;vhxhr

“he reason for the inferred reduction in v, is by no means clear. The
final value is still greater than the alus%ic work to fracture for pure
iron.  The amount of segregated species on a boundary may approach the
wlayer level, but intergranular fracture can be obtained with much

:r coverage than this. In terms of the previous discussion of the
moaning of Yps it is unlikely that the presence of segregant will affect
the crack-tip dislocation genervation process as such, but there might be

@ strong influence on the shape of the interaction energy curve, i.e.,

+ the cohesive strength of iron-iron pairs across a boundaxry. Iron relies
for its bonding mainly on 3d electrons, a propoin sn of which are unpaired.
it is, perhaps, significant that those elements which cause embrittlement
ifrvom groups IV, V and VI) posse large numbe of electrons, in the
suter shell, which may be able to alter significantly the energy levels in
ho 3d band and effectively weaken the bonding. The details of such a
racess are not known, but it is likely that rather less crack tip dislo-
ttion movement would then be necessary to allow the crack tip bond to

Y
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fracture. \th the stretch-zone-width being the length of new surface along the
ad svac i "kni = gl i i

Critical distance values of one or two grain diameters have been derive .?&lduk s, OB ¥ Ehe kniforedger separation point a2l
intergranular fractures [37], but the interpretation of such figures,
on a statistical basis, is, as yet, lacking. Generally, such fracture ;
cesses need to be studied in much more detail, with the aim particulari
of assessing the effect that a given impurity element content has on ta
ness. Recycling trends are leading to a gradual increase in impurity
in steels and it is of prime importance to be able to predict whether su
higher levels will have significant deleterious consequences with respes
to the integrity of engineering components.

imental points for model metallurgical systems, which correspond to
itial assumptions, are shown in the same figure and agreement is obvi-
quite close. These points are for steels of fairly high hardening

itv and the specimens have been cut in the transverse orientation to
ineiusions which are long in the thickness direction and have nearly

4r cross-sections (for details, see [43, 44]). The agreement is

s#e near so good when a wider variety of steels and configurations is
ed, Figure 13. Here, two main features are evident. On the one
spescimens cut in the longitudinal orientation, where inclusions are
.ated normal to the line of crack advance, show high values of &;. The
occurs because it is necessary to spread high strains longitudinally
the ends of the inclusion. On the other hand, a number of struc-
:1s, either as rolled plate or as castings, show values of §j

w+ then that predicted by the model, which assumed continuing hardening

RUPTURE PROCESSES

Transgranular Fibrous Fracture

At moderately high temperatures, for steels, and generally, for aluminuws
alioys, cracks do not propagate by a brittle cleavage mechanism, but by
the linkage of voids, formed around cond~phase particles. If particl
are bonded strongly to the matrix, it is necessary to nucleate voids by
subjecting the particles to high stresses from dislocations tangling ar
them. Nucleation then depends on a critical dislocation dcnsit} or shes
;train. For most non-metallic inclusions in steel, however, the bondin
is so weak that voids form at almost zero strain. In some aluminum all
intermetallic particles, although reasonably well bonded, are inherently
weak, and may crack, to form void nuclei. It is not clear whether such
process depends simply on the tensile stress level or whether particles
fibre~loaded by matrix plastic strain.

.+ senson for this is that many steels lose their capacity for continued

% hardening at high strains and flow begins to localize, eventually

<ing shear fracture along localized flow bands. If hardening capacity
susted at a stage where the void has begun to expand and the crack

s blunted significantly, the flow localizes in the same manner as it
ahead of a semi-circular notch in a rigid/plastic material. Decohe-
. sceurs along the slip-lines, which have the form of logarithmic spirals.
14 shows the situation ahead of a crack tip in HY 80 [45] and

15 to 17 show analogous decohesion ahead of machined notches of
sisr root radii in a 3Cr/Mo alloy steel, in a peak-aged Al4wzZn2yzMg
and in a 15% prestrained mild steel. In each case, hardening capa-

« has been exhausted and the material behaves as if it were plastic/

i, with a specific fracture (shear) strain. A similar conclusion has
ceached by Spretnak [46] who has related the critical shear strain to
yonal fracture strains.

Once initiated, voids grow under the influence of an applied tensile str
bgt a lateral stress seems also to be necessary if the voids are to grow
sideways as well as lengthways. Under such conditions, the fracture duc
tility may be calculated as a function of the volume fraction of voids,
assuming either that they grow until they touch [38] or that they appro
so closely that localized flow is set up between them [39, 40]. The l¢
that the stress needs to attain to give lateral growth‘need not be very
high, as shown by Figure 9, where voi are growing close to the notch
root surface, or by the fact that voids can grow sideways in only gently
necked tensile specimens. ’ ‘

d strength increases, hardening capacity tends to decrease, and many
strength materials have toughnesses limited by this shear decohesion,
.y than by void growth. The reasons for shear decohesion are not clear
.wed further investigation, but what is likely to happen in tempered
ecel is that dislocations in the localized shear band tangle around
e particles until such a density is reached that the interfaces
ohere and resistance to flow decreases catastrophically. The whole

4 then "unzips' and fractures [45]. One experiment to test the effect
:1d be to examine the shear fracture process in steels containing dif-
ent volume fractions of carbide particles, but similar non-metallic

ion contents. It may also be possible to lower interface cohesion
sregation of impurity elements.

The classical picture of fibrous crack growth is shown in Figure 10. He
a void forms around a second phase particle ahead of the grohing crack
(when sufficient shear strain, if neces 'y, has been developed at the
Particle) and the void grows in the hydrostatic tensile stress eld.
Lgternal neck is formed between the void and the crack tip and final sep
Elon occurs along a knife edge in three dimensions, to give a fracture su
taceAcomposed of cusps and dimples, centred on the second-phase particle
The importance of nucleation strain is demonstrated in Figure 11, which
shows that voids have formed arcund sulphide inclusions which are quite
remote from the crack tip, but not around carbides which are close to th
tip. A two-dimensional plane strain model of the necking process has be
dgveloped by Rice and Johnson [41}, assuming a pre-crack'which has strai
sides and whose tip is situated at one inclusion spacing, Xo, from the
nearest particle, of radius Ry . The crack tip opening at the point at
which coalescence of the blunting crack and the expanding void first
urs is the initiation C.0.D., &;. Figure 12 then shows the predicted
variation of §;/X, with Xo/Ry. The Rice und Johnson model is also consi

Hice and Johnson model [41] predicts that the minimum value of 8i/Xo is
coximately equal to 0.5, because this corresponds to the €.0.D. at which
yarithmic spiral slip-line from the semi-circular root of a blunted
first "envelops' the expanding void. However, values lower than this
he obtained, because, in a material with very low hardening capacity,
¢k tip blunting is insignificant. Imagine a sharp crack in an array of
s, representing the voids formed at almost zero strain around second-
se particles, Figure 18 and [45]. The slip bands become localized in
directions of the nearest holes ahead of the crack tip and it is possi-
for decohesion to occur by shear along these bands before the crack tip
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release rates for growing cracks containing plastic zones at their
It is of interest, however, to note that a value of §; = 0.175 mm,
red by Green [24] in AS533B steel at 20°C, gives, using equation (3)
vwine of "Ky'" equal to 180 MPam'®. This is of the same order as, al-

zh some 10-20% less than, the accepted value for Kyc at this test tem-

has blunted appreciably. The final fracture is crack-like and zig-zags
fro@ inclusion to inclusion, Figure 19. In a wrought steel, containing
equiaxed inclusions, the sense of the zig-zag is random in any given crus
section [45], but in cast weld metal [47] large 'waves' or "ridges' are
Seen, on a macroscopic scale, on the fracture surface. Similar observa-
tions have been made on marageing steel [48].

ature,

The materials' factors that affect crack-tip ductility in the fibrous f
ture process are therefore, primarily, the gross non-metallic or inter-
metallic inclusion content and the hardening capacity. To some extent,
change from plane strain to plane stress has a similar effect to that of
increasing the hardening capacity, because the strain is spread over a
wider area ahead of the crack tip and a higher C.0.D. is required to con
centrate a given amount of strain in the region between the crack tip an
the expanding void [49].

sveranular Fibrous Fracture

@

possible for fracture to progress by the linking of voids formed
soutunl second-phase particles, but to assume an intergranular fracture path.
conditions under which such behaviour occurs are relatively rare in
tomperature tests, because it is necessary to find situations in which
intergranular fibrous f{racture path is easier than a transgranular path.
#rally, this is achieved if the density of weakly-bonded particles within
grains is low, but that on the boundaries is high.

In materials which are clean from the point of view of gross inclusion e
tent,.the fracture strain, and hence 8i, is governed by the extent to wh
localization occurs, although the fracture in commercial materials will
tempered carbides or fine scale (approximately 0.2pm diameter) intermetai
in aluminum alloys [50]. A good example of a low strain localized shear
fracture in as-quenched 7075 Al-Zn-Mg alloy has recently been shown by

Embury et al [51]; another disturbing possibility is that the accumulati
of point defects in irradiated materials might give localization and low
??;}ductile fracture resistance of, for example, pressure-vessel steels

pe -

situation im which this occurs is the so-called overheating of low

fir steels. At high austenitising temperatures, the majority of the

v in a low-sulphur steel can be taken into solution, removing most
sulphide particles from within the grains. Then, if cooled at a

11 rate [54], a fine sulphide distribution precipitates preferentially
the austenite grain boundaries to provide a low-energy fibrous path,

re 20.

Here,
ively finely-spaced, incoherent precipitates are formed on grain boun-
and are separated from the age~hardened grain by a soft precipitate
wme (PFZ). To a first approximation, it may be regarded that all the

> deformation is confined to the soft PFZ vegion, so that intergranular
rous fracture automatically ensues, but PFZs, albeit smaller, arve present

The effect of hardening capacity is implicit in some of the finite elems
analyses, e.g., [41], but is brought out explicitly in a simple model di
to Hahn and Rosenfield [53]. This rests on the experimental observation
that the width of a plastic zone is proportional to n®, where n is the

work-hardening exponent. Development of the model then gives: in underaged alloys which fail in a transgranuiar manner. The situa-
# here is, however, altered by the fact that, in the underaged alloys,
KTC < ey nnvﬁy (11) snse slip bands can form and produce shear decohesion. 1f a comparison
rommercial overaged alloys is made, the latter do not show fibrous
or sranular facets, because it is quite easy to nucleate voids on the
(¢ second-phase particles which are present within the grain.
6i « e} n? (12)
- sserally, then, the occurrence of intergranular fibrous facets in low tem-

iture fracture implies a toughness lower than that which would be ob-
ined if no second-phase particles were present, but the toughness will
greater than that of a dirty material which shows a profusion of trans-
wlar dimples.

wﬁere‘ag 1s a critical fracture strain, dependent on the volume fruaction
of void nucleating particles. These forms are found to give quite good
agreement with measured values of KIC and 8§ in a range of commercial
and pure aluminum alloys [50]. ’

‘granular fibrous fractures are, of course, quite common features in
wtemperature creep fracture. The voids are, again, generally held to
asspclated with second-phase-particles, and their nucleation is attri-
ol to grain-boundary sliding, with subsequent growth under the action
the applied tensile stress. As for transgranular fibrous fracture,
sucleation criterion is one of a critical amount of shear strain,
srred to decohere the particle/matrix interface. In creep-resistant
fritic steels, it is usually assumed that the grain-boundary particles
sportance are coarsely-tempered alloy carbides, although, in some
s, particles specifically added for grain-refinement, such as aluminum
rde, will also be of significance. There is evidence of a PFZ around
irain boundary in the quenched and tempered condition, which tends to
noe grain-boundary sliding compared with matrix deformation.

fhese models help to explain the C.0.D. required to initiate a ductile
fracture gt a crack tip, and the appropriate value of §8; may be converted
Eraeriid puoncasey s acsectatns p o Sl SEUy Ciet WLl T
: sses S 4 d plasticity are embedded in an enclave
which is small compared with the dimensions of the cracked body. There
however, no guarantee that this value of Ki is representative of instabil:
in tbe body: there are situations, in marageing steels uand high strengﬂﬁ
aluminum alloys, where it seems to be; there are others, in structural
s;e?ls. where stable crack growth, under increasing K, may precede insta
b}llty. It is not clear whether the unstable initiation can be associat:
Wth a process of shear band decohesion, or, as a corollary, whether the
void growth mechanism can go unstable only by changing to the cleavage
mode. The problems are compounded by the difficulties of calculating the
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.v such that growth rates were increased. At high growth rates, the
v of the void becomes unstable with respect to random fluctuations
4, finger-like growth i observed [74]. Void growth may become so

There are two interesting points concerned with the nucleation stage: ¢
first, related to the ease of nucleating cavities around particles, the
second, related to effects of stress-state. Consider a ferritic steel. A

”Nor@al? resistgnce to nucleatign is provided by the strength of the car ¢ \n the lateral directions that individual intergranular facets pre-
matrix interfacial bond. If this were weakened by segregation of minor the appearance of intergranular cleavage fractures: arrest commonly
impurity elements, such as those‘which @nduce intergranular embrittlement surs oot triple points, however, and the £inal fracture of a specimen

at low tempera?ures3 the_nucleatlon resistance would drop. An effect wh ' coertain circumstances related to a Griffith-type criterion for an
could be explained in this way has been observed by Tipler et al [71] wh 4 microcrack [75]. This behaviour would again be expected to give
show that creep lives of (dirty) cqmmercial ferritic steels are much woakening. - v -
inferior to those of alloys of identical composition, with respect to t -
major additions, but made from super-pure base material. An even more
deleterious effect on creep fracture might be obtained, if the boundary
contained particles; such as non-metallic inclusions, which possessed
almost no bonding with the matrix, because then the necessity for a nuci
tion stage could be removed. This situation could occur in an overheats
steel, as described above and, in a more practical sense, it might be ps=
tinent to note that the overheating heat treatment is not markedly diffe
ent from that likely to be experienced by, for example, the coarse-grain
heat-affected zone of welded, thick-section boiler tube. 1t would be of
interest specifically to study creep void nucleation in overheated and
overheated steels, but, more generally, to observe closely the types of
particles on which voids form in commercial steels, to distinguish effe
of trace elements on carbide cohesion from those of non-metallic inclusi

not clear agreement on the relative importance of these various
with rTespect to the creep fracture of engincering alloys, mainly
the various possibilities have mnot been tested unambiguously. By
with low temperature fracture, points which need to be established

the relative importance of nucleation and growth of voids; here,
the type of nucleating particle and altering the stress state by
¢ notches should provide valuable information;
4y the relative importance of different growth mechanisms; emphasis
y placed on diffu ional growth, because other growth mechanisms
, held to be of importance only in the very final stages of frac-
dion the creep life is almost fully expended. This conclusion might,
require re-examination if the nucleation stage dominated effects
) . earch alloys, but not in commercial alloys containing non-metallic
The nucleation process dePen@S on shear strain, and therefore on the de . s or large, incoherent, grain-refining particles at the boundaries.
toric component of any triaxial stress state. If creep fracture were s e swmore, it may be possible to treat the lateral growth of voids in
gucleatlon—controlled, no?ch—streng;henlng would be expected to be obser * sighly constrained grain poundary region in terms of low-temperature

in all cases, because a higher applied stress would be necessary to achi svowth theory, with the time~-dependence of the applied s n related
the critical shear strain in the constrained region around the notch. thermally-activated glide stress. The various po ilities are
alloys do, indeed, exhibit notch-strengthening, but others, particularly Locented neatly in the deformation maps [72]: it is primarily a question
the higher strength alloys, fracture at lower stresses in notched bars ¢ ' st ing rigorously which region on the map pertains to which particular

in smooth specimens. Here, it may be deduced that the critical stage in cial alloy, under a given set of conditions.

the creep fracture process is void growth, under the influence of the h:
rensile stress that exists in the constrained region. As for transgranu
cleavage fracture, it would be expected that the voids would start to g
most rapidly some distance below the notch, but the situation may be cor
fused if more nuclei are formed, as a function of time, by the higher «
strains closer to the notch surface.

the same general principles apply to a range of creep-resisting

the example of ferritic steel has been used simply to indicate

+ pumber of metallurgical variables which may have to be considered,
creep fracture can be explained properly.

The mechanism of void growth is a function of stress and temperature. CRACK PROPAGATION AND MONOTONIC FPRACTURE
Referring to Ashby's "deformation map' representation of behaviour [72]
it may be seen that (thermally-activated) slip is likely to dominate at
low temperatures and high stress levels, whereas diffusional growth ass
importance at higher temperatures and lower stresses. The former case
presumably be modelled by conventional low-temperature void coalescence
mechanisms, although for the assumed case of voids on a boundary surrot
by a fairly narrow PFZ, it must be realized that, not only is the ten
stress raised approximately to that of the matrix by constraint (as in
soldered joint), but that this same constraint sets up high lateral
stresses, so that the voids are encouraged to grow rapidly in lateral
directions, as well as in the direction of the applied tensile stress
giving, presumably, rather shallow dimples. The diffusional growth model
has recently been treated in detail [73]; in simple terms, the stress
can do work if the specimen extends, and this provides a driving force ¢
the diffusive flux of vacancies. The shape of the growing void depends,
inter alia, on the surface energy of the void surface, and the grain bot
dary energy. It has been suggested [71] that segregation of trace impus
elements to grain boundaries might be able to modify this energy balanc:

ia1l's fracture toughness is a parameter of value, because it pro-
ithe engineer with a2 means of designing a structure to prevent the
whic propagation of any defect by fast fracture. If the structure
iected to fluctuating stresses or to a corrosive environment, how-

. it is possible for tepb-critical crack growth to occur, by fatigue

v stress-corrosion mechanisms. Under such circumstances, it is

ary to have a knowledge of crack growth rates under service stresses,
regular inspection periods can be specified, without any danger
irical conditions for catastrophic failure having been attained in
sterim. Fatigue crack propagation rates are primarily a function of
: of the applied stress, as expressed by the empirical law due to

da _ oA g™ (13)

. a/dN is the increment in crack length per cycle, AK is the alter-~
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. and the average rate, measured by the potential drop technique..

= 50 MPa-mLQ, did the rates coincide. In the range AK =

e o AK = 50 MParmY*, however, the rate was linear, with m = 4.2.

+ vlear that the basic plane strain continuum model, which predicts

2, needs to be modified at the lower AK levels (which actually comsti-
the majority of the lifetime in most structures), to take account of
wniformity of crack growth. Work on materials of different amounts
stropy and different cyclic hardening characteristics would help to
ite these processes.

nating stress intensity: AK = Kpax~Kmin, where K,y and Kpin are the
Waxxmgm and minimum values during the cycle; and C and m are constants.
hqua?1on (13) implies that, if log(da/dN} is plotted vs. log (AK), a
stralghF line of slope m should be obtained. 'Early data seemed to fit
form, with values of m = 4, although some values as high as m = 10 were
recorded.

>

More detailed measurements, over wider da/dN ranges, have shown that the
log~log plot is not simply linear, but possesses three distinct regions.,
At low values of AK, there is a threshold, below which no crack growth
can be detected; hence, da/dN = 0, log (da/dN) = -w, This is foilowed
higher AK levels, by a linear region, where m values in the range 2-4 ;
found. The transition from the first region to the second region may i
some curvature: here, the absolute growth rate, da/dN, values are low
Qut the 'm' values are high, probably because only a portion of the crgx
front advances on each cycle. Finally, at very high AK values, such th:
Kmax app{oaches Kic, high growth rates are obtained, together with high
values of the exponent, m. These various effects have led to modificat
of equation (13), one example of which is that due to McEvily [56], wr
as ’

vrour at high Kp,yx values depends on the monotonic fracture mechanisms
iead to catastrophic failure at Kyg. Ritchie and Knott [58, 59] have
# the situation with regard to transgranular and intergranular

2 in mild steel and in temper embrittled low alloy steel. In both
.. the sequence of events is similar. At relatively low Kpax values,
tad cleavage facets are visible on the fracture surface, intermixed
fatigue striations. As K., increases, the proportion of facets

is05, and they occure more as "bursts", giving rise to discontinuities
graph of a vs. N, and to consequent increases in da/dN, which tend
/¢ high apparent values of m. Ritchie and Knott were able to ration-
sifect of R-ratio (Kpin/Kpax) on growth rate and to relate the onset

AK X . : :
: (A£2~AK§h) ‘1 ® gepees (14) e cleavage burst in coarse-grained mild steel to the attainment of a
l ¢ max itress similar to the value, Of, required to give cleavage fracture

tohwed-bar tests.

where Axth is the threshold value of AK, and A is a constant.

evident that the proportion of cleavage facets increases in a smooth
with Kpax [60], but the reasons for this have not been fully inves-
Cyclic hardening increases the flow stress and can hence produce
sile stresses which are greater than those at similar K levels
cked, but normalized, specimens: on the other hand, the cyclic
sumably increases Og, in the same manner as does monotonic pre-
25}, Additionally, the cyclic frequency is likely to affect the
«f propagating a single microcrack into adjacent grains. The pro-
» would be well studied in steels possessing not only different grain
%, tmt also different degrees of texture, or grain orientation.

It should be emphasized that such expressions are empirical in nature an
that a scientifically-based relationship must take account of the local
fracture processes. The generally-accepted model of the basic fatigue-
crack growth is that the erack tip opens and closes by reversed plastic
E}Ow each cycle. The reversed crack-tip opening in plane strain is then
given, from a development of equation (3), by

funl.

1 AK?
A8 = 5 - o yTE (15)

urtile steels and non-ferrous alloys, the termination of fatigue crack
+th iw a fibrous rupture, which may, or may not, occur at a Kpax value

i to Kyg. Differences may occur because, in the Kyc test, the final
pre-crack must be grown at a Ky, value }o.67 Kyc, so that effects
tic hardening or strain localization are likely to be less signifi-
than in the fatigue test, where the crack grows through progressively
sed material.

where O¢ is the flow stress of the cyclically-hardened material. The
amount of crack advance per cycle is taken as a fraction of A8, repre-
senting the proportional lack of re-welding, and da/dN would then be pre
dicted to be proportional to AK?; i.e., m = 2. However, the crack may i
pro?agate uniformly at every point along its thickness. In some places,
grains w%ll be more favourably oriented for slip, or second-phase partil
may provide local stress concentrations. At low AK values, just above.m
tbreshold, only isolated patches of the crack front may grow at any one
lee. .Suppose that, at a low AK value, AKy, only 10%, say, of the crack
front is growing. This gives a very low, average, overall rate. Locally
the region that is growing follows da/dN = C.AKZ. Now, at a higher AK
va%ue? AK2, suppose that not only is the growing region propagaﬁing morss
gulck;y, because AK,; is greater than AK;, but also that more of the fraﬁ;
is gble to grow, because the higher local stresses implied by AK, are sut
ficient to produce flow in grains which were inactive at AK;. The aver:
rate at AKy will then. lie above that extrapolated from AK;, so that a
value of m > 2 will be obtained.

e

vy, it should be realized that void expansion will begin at Knax
substantially less than Kye, so that high growth rates will be
'rized by an increasing proportion of fibrous fracture compared with
: I't should be possible to guantify the average void diameter at
ven K level using results from fibrous fracture models [41] and so cal-
#te the area and hence the amount, of crack growth due to dimples. It
tly been shown that the Kmax values which characterize the termin-
of fatigue crack growth in several cast steels corresponds to C.0.D.
+, calculated from equation (15), which are approximately equal to
spacings of void-forming particles [61].

¥, monotonic fracture modes in fatigue assume more significance at
Kpax) levels. In terms of lifetime, this is very close to final
=, because the cracks are growing rapidly. Such fractures have,

This effect is not confined to the threshold region. Pickard et al [57}
have ?hcwn thgt, in 316 stainless steel, there are discrepancies between
the microscopic growth rate, measured from striation spacings on individi

sl
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however, helped to explain effects of R-ratio, anomalously high m values,
and other causes of "scatter' [59]. Probably the most important effect i
that of intergranular fracture, due to embrittlement. Fibrous fractures
are usually associated with Kpax values very close to KLC’ but serious
deterioration of fatigue behaviour can occur if the voluwie fraction of
particles is very high or if the particles are closely spaced. Signific:
offects have been observed in overheated steels [54], where sulphides are
closely spaced on prior austenite grain boundari in aluminum alloys, |
where voids form around fine scale intermetallics; and in 316 stainless st
weld metal, [57] which contains a high volume fraction of deoidation pro
ducts. Examples of void growth here are shown in Figures 21 and 22.

A final point concerns the presence of apparent "cleavage' fracture during
fatigue in pure aluminum alloys [63]. As shown in Figure 23 cleavage-1ik
facets may be seen in pure Al-Cu alloys and detailed examination shows
that they are macroscopically on {100} planes. However, the process is
catastrophic, and there is no increase in gvowth rate with R-ratio. The
facets are, in fact, covered with very fine striations and have the appeas
ance that they do because the crack-tip opening and closing is achieved I
movement of dislocations on well-defined, intersecting {111} slip planes.
A similar effect has been seen at low AK values in 316 stainless steel

{57] and in aluminum bronze [o64]. At higher AK values, the appearance is
lost, because the plastic zone is no longer confined to single grains.

CONCLUSTONS

0Ff the various micromechanisms of fracture, understanding has progressed
most deeply with respect te transgranular cleavage. Future r carch will
be directed towards the adoption of a full statistical approach to the
fracture of sphercidite microstructures and the categorization of the
change from carbide/matrix propagation to packet/packet propagation in
highly dislocated lath microstructures. The value of of¢ leads, on the one
hand, to calculations of Y,» whose magnitude still needs detailed explana
tion, and, on the other, to Ky values. The same principles may be appli
to intevgranular fracture atthough interpretations of vy, and "critical
distance'" will here regui: very careful consideration. %ransgranular
Fibrous fracture in a matrix of high hardening capacity is readily related
to void growth mechanisms, but, in many commercial materials, the ductilit
is ultimately limited by fast shear fracture. Exhaustion of hardening
capacity, by prestrain, or by cyclic hardening, is therefore of extreme
significance to a material’s crack tip ductility.

jopefully, the paper has shown that much insight into the meaning of
toughness parameters may be gained by study of the local micro-mechanisms
of fracture. Such studies not only provide confidence in the use of
toughness measurements for the guantitative engineering design of large
wctures to resist fast fracture: they serve also to identify the
microscopic features which lead to the ecasy formation of cracks or voids,
and so make possible a guantitative metallurgical design of micro-struc-
tures which will be particularly resistant to fast fracture.
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a) Crack Tip and Inclusion

b) Envelopment of Void by Logarithmic Spiral Slip-Line

¢} Void Coalescence by Internal Necking in Hardening
Matrix

d) Development of b) to Give Shear Decohesion as in
Figure 14

e) Direction of Shear Band Towards Void in Non-Hardening
Material

£) Decohesion Along Shear Band

Fracture Surface in Overheated, As-Quenched Stee%‘
Note Dimples on Intergranular Facets, and ’Contra.st
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Figure 21 Striations and Voids in 316
Stainle Steel Weld Metal
AK = 24.6 MPa mY?, R = 0,
After {57}

Figure 22 As Figure 21, but with
AK = 33 MPa mY? | R :
(Cleaner) Plate Material
Shows Striations, but no
Voids, at These AK Levedi
After [57]

Figure 23 “Cleavage” facets in Coarse~Grained, Pure Al-Cu Alloy. QNote
Fine Striations on the Surfuce, which help to show that Process
in one of Cr sue. A Macroscopic Upening in
the {001} Dire eved by Gliding on {111} Planes.
In terms of Di

ion be achi
locations

afo01] (0o1y "3 foi1) (111) t [oi1y (if1y ¢ After [63]
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