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PROGRESS IN THE DEVELOPMENT OF FRACTURE -MECHANISM MAPS

M. F. Ashby*

ABSTRACT

paper describes the deve
e are maps wi

Lopment of elementary fFracture mechanism maps.
th stress as one axis and homologous temperaiures as the
vy 8howing fields of dominance of a given nicvomechanism of fracture:
vage, ductile fracture, re, Lntererystalline ereep fracture, and
v Superimposed on the ds are contours of constant time-to-

wure, or strain-to-fracture. The maps are more difficult to make, and
veliable, than deformation-mechanism maps [1]; and one map describes
i one stress state (simple tension, torsion, plane strain compression,
50 on).  Nevertheless, they give an overview of the micromechanisms
ich a given material may fail, and help id nttfy the one most likely
@ dominant in a given e eriment, or an engineering application. They
‘d give guidance in selecting materials for high temperature use, and
the extrapolation of ereep-rupture data.

INTRODUCTION

“aer can distinguish the fracture of a struciure from that of a volume
womiznt within the structure. Here we are concerned, at least initially,
#ifh the microscopic processes which take place within a volume element
#s it fails. To simplify the problem, we enquire how a simple cylindri-
@i sample, subjected to a uniform uniaxial tension (01) fails.
oi the temperature and on the material of which it is made, it may rupture !
¥ necking to zero cross-section; it may fail in a brittle manner by
clvavage; it may fail by transgranular ductile fracture; or (at high
temperature) by various sorts of creep fracture; some transgranular, some
*rgranular (Figure 1). But if one were to make a diagram with the
tress 0y as one axis and temperature as the other, could one mark onto

it with regions in which a given fracture mode is the dominant one?
sray [2] for instance, has used a schematic dia

o indicate the modes of failure of 316

Depending

gram of this general type
stainless steel.

Y do so with any precision requires some way of
if, for example, we could write an ex
“r the time~to-fracture as
siterial properties:

quantifying fracture.
pression for the strain-to-fracture
a function of stress, ¢, temperature, and

€

i

£ £(oy, T, Material properties)

(1)
or te = £(oy, T, Material properties)

could then compare these across the diagram, selecting as dominant the
wehanism giving the smallest strain-to-fracture or time-to-fracture.
g
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But an element is rarely subjected to such simple boundary conditions as
these; the slightest necking, for instance, produces a triaxial state

of stress; and at the tip of the crack, where volume elements are being
successively strained-to-fracture, the stress state is again a multi-
axial one. And fracture, unlike flow, does not depend on a single invar-
iant of the stress state that we might use as an axis for the diagram. In
an isotropic polycrystal, strains or times-to-fracture depend on three
tfunctions of the principal stresses. We could, then, try to express of
or tg in terms of the principal stresses, or in terms of the three invar-
iants of these. But it makes much more physical sense to take ¢;, the
maximum normal stress, (because certain mechanisms such as boundary cavi-
tation by void growth depend on this): T, the Von Mises equivalent shear
stress, (because any mechanism of fracture that requires plasticity de-
pends on this); and p, the hydrostatic pressure, because the growth by
plasticity of a hole depends on this and on T.

At first sight, our diagram has now become unmanageable; three stress
variables, plus the temperature, is too much to depict in any simple
manner. But most of the time, we are concerned with a few straight-
forward stress states; uniaxial tension, equal biaxial tension, pure shear
(torsion), and so on. For any one of these, the three stresses o,, T, and
p are proportional (Table 1) and we need take only one of them as an in-
dependent variable.

Lf, then, we can formulate €¢ or tg as a function of the three stresses
g1, T and p, we can compute a diagram of the sort described above, with

Op as one axis and T the other, for a given set of boundary conditions -
uniaxial tension, for example; or torsion. If the stress state changes,
the diagram will change also; but with this formulation, we should be able
to compute its new form.

Our broad aim, then, is
(a) to formulate for each micromechanism of fracture, an equation of the
form
Cf = £(0y, T, p, T, Material properties)
(2)
or tf = £(o3, T, p, T, Material properties)

(b) to evaluate these for simple tension, and compare the results with
experimental data. In this way the form of the equation can be
checked, and wunknown or arbitrary constants in them can be matched
to experimental data.

(c) to compute maps, using these adjusted equations for any given stress
state. '

These aims are not yet achieved;
September, 1976.

this paper summarises progress up to
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PARALLEL BETWEEN THE CONSTRUCTION OF DEFORMATION MAPS AND OF FRACTURE MAPS

ietormation mechanism maps

4
e

details of the approach are best explained as an adaption, to the

gwfbiem ?f fracture, of the methods we have developed for constructing
fetormation-mechanism maps.

friefly, the deformation-map method [1,3] is as follows.
saportant material properties (slip systems, moduli,
wients, cohesive and surface energies,

tubulated for the chosen material -
tsurements of hardness, low te

First, the
diffusion coeffi-
etc.) are critically reviewed and
say nickel. Then the experimental

1) G mperature plasticity, and creep are assem-
Bied, and th? equivalent shear stress T, temperature T, shear strain-
yqrg, €, grain size etc., of each test tabulated. This data is now plott-
«i in one of a number of ways that allow us to assign a mechanism of flow
37 hlocks of data, based on the stress exponent, the activation energy,
the grain size devendence of the strain-rate, and so forth. One such data
p#lut for nickel is shown in Figure 2.

. s¢ blocks of data are now fitted to model-based rate-equations of the
rm

& = &(1, T, Material properties) (3)

he derivation of these equations is the major theoretical part of the

Jwrkz _Certain mechanisms of flow (Nabarro-Herring Creep, for example)

ive falrly well understood, and an adequate rate equation is available

i the published literature. Others - power-law creep, for instance, -
“re more complicated, and it becomes necessary to develop modified rate
“quations before data can be matched to the theory.

ho method is one that combines modelling with empiricism.
theory as far as possible

We develop
¢ thereby arriving at equatipns the form of
witich is based on physical reasoning, but which generally contain adjust-
“te parameters, which are then set to give an optimum fit to the blocks
v experimental data. These optimized rate equations are now used to
»ﬁmput? deformation maps iike that shown in Figure 3. A computing tech-
fque is used to evaluate the rate equations, select the dominant mechan-
L, plo? Fhe boundaries between fields within which a single mechanism
| p%astlclty or creep is dominant, and add the contours of constant
itrain-rate. Parts of the diagram require extrapolation beyond the range
but the equations are based on physical models

f the experimental data,
ind therefore can be extrapolated with some confidence; and the method
fut?matically replaces one mechanism by another if the'second becomes
dominant. A given map describes one alloy, in one state of heat treat-
#ent and grain-size; but, since grain size and other such properties are
wiuded %n the rate equations, it is a trivial matter to compute a map
2roany given set of values for them.

«f'hav§ found this approach to be practical and reasonably successful.
dsing it, we have produced maps for a number of common pure f.c.c., b.c.c.
snd’h.c.p metals, three steels, and for a number of oxides, carbides and
~111c§tes. They have application in the design on interpretation of
csperiments, in identifying the proper constitutive law for engineering
tgn, and in giving guidance in the extrapolation of creep data. -

[
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Application of the method to the construction of fracture maps

There are a number of obvious difficulties in applying this technique to
fracture. First, fracture mechanisms are more complicated and less well-
understood than those of plasticity and creep, so Fha? the developmen; of
adequate equations to describe them is mucﬁ more difficult. Second, frac-
ture depends on three, not one, function of the stress stgte - ?hough, (as
explained in the introduction) this does not prevent us Q1splay1pg t%e
results as useful maps. Finally, (although we have con§1dered different-~
ial formulations) the only practical form for the equations we must Qeyelop
is that of equation (2). These are equations for the integral quant}tles
or tg, rather than the differential quantity &€ of equation (3), a?d‘t?us
they describe an integral over the history of the sample, not an instan-
taneous property of it.

In spite of these difficulties, fracture-maps can be constructed: indeed,
in one regard, they are easier to make than deformation maps, becguse the
mechanisms of fracture are easier to recognize and dlstlngU}sh. To
illustrate the procedure, consider the problem of constructing a map for
nickel.

FRACTURE MAPS FOR NICKEL DEFORMED IN UNIAXIAL TENSION

The experimental fracture map

Figure 4 shows an assembly of the fracture data for nickel which parallels
the deformation data of Figure 2. The axes of the plot are wnormaliszed
tensile stress 01/E (where E is Young's Modulus) and hgmologous tgmpera—
ture T/Ty. A point on the plot shows the stress at whlch'n;cke£ f?actqres
at a given temperature; and it is labelled with the logarithm of the time-
to fracture: IOgLOtf'

Analysis of the data allows certain boundaries between fragtgre mechanisms
to be inserted immediately, without resorting to theory. Solid symbols
indicate that the observed fracture was intercrystalline - most, though
not all, investigators give sufficient metallographic info?mat}on to es~
tablish this. There is no doubt that, a little above 0.6 1mf‘1ntergranula
fracture is suppressed, and rupture (necking to a point or chisel edge)
becomes dominant. At low temperatures, fracture is by necklng,_followed
by internal void growth and coalescence leading to a ?ransgranu{ar,‘eup
and cone, or ductile fracture. Between this and the 1ntergr§nular fracture
field is a field of tramsgranular creep fracture: the materxal.deforms'
by power-law creep, but fails in a way t@a? resembles that observed during
low temperature (rate-independent) plasticity.

Other materials show extra fields. Ceramics, b.c.c. and h.c.p. metéls ]
exhibit a field of fracture by cleavage; other materials show a regime of
brittle intergranular fracture, both appearing at low temperatures. in
addition, there are metallographic indications of changes of‘meghanlsm
within the intergranular creep-fracture field, and perhaps WJ?hmn the
transgranular creep-fracture field. It is important to 1Qent1fy and )
characterize these mechanisms and sub-divisions of mechanisms - eac@ Qf
which will appear as a field on the diagram - because they define limits
for the safe extrapolation of creep rupture data: a change of mechanism
invalidates all empirical extrapolation procedures.
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_Construction of a Model-Based Fracture Map

next step is to attempt to model esach mechanism,
“t the form of equation (2). At this stage the models are obviously over-
iptified, but they combine to give a map which, in its broad aspects,
whes the experimental one. The comparison reveals the deficiencies
ffoour present physical models for the fracture process and gives guidance
# improving them.

deriving equations

3

1) 'leavage

th

sithough it does not appear on a map for nickel,

the discussion of fracture mechanisms. Brittle solids, will, in general
contain incipient cracks: let their length be 2ag.  In more ductile solids
racks may nucleate by slip - in wany instances, the crack thus nucleated

B a length which scales as the grain size, d. These cracks will pro-
iugate by cleavage if the normal stress acting across the crack surface
sxeveds (modified) Griffith's strength, which we shall write as

we include cleavage in

wire B is Young's modulus,
mce (its minimum value
the crack length. The

the energy absorbed per unit are of crack
s 2y, where Y« 15 the surface energy) and
equation for cleavage then takes the Fform

(da)
a = d/2 if T > Ty
te = o if oy < o,
£ £ (4b)
te = 0 if oy 2 Ve

tere Ty, 1s the yield strength, in shear, of the material. The treatment
an be” extended to describe multiaxial stresses by adapting the results

@t McClintock and Argon {4].

ib) Ductile Fracture at Low Temperature

low temperatures, plasticity is almost rate-independent. In this
sime the material, if it does not cleave, fails because holes nucleate
: inclusions; further plasticity makes them grow, and, when they are
targe enough or when the specimen itself becones mechanically unstable,
they coalesce.

t hard inclusion disturbes both the elastic and the plastic displacement
“icld in a deformed body. The disturbance concentrates stress at the
wuelusion, this stress building up as the plastic strain increases [5,6,7],
mtil the inclusion parts from the matrix or fractures. The modelling of

» process, allowing for the effect of temperature, is described else-
ere [8]. The result, at low temperature, is that a fixed strain €; is re-
wired to nucleate holes. The strain depends on the strength of the inclusion/
satrix interface and on the work hardening properties of the matrix. It
an be as small as zero (for poorly wetted inclusions) and as large as 1
foy some cavbides in steels); typically, it is about 0.2.
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Having nucleated in this way, the holes grow until they coalesce to give

a fracture path. Brown and Embury [9], building on a large body of earlier
work, demonstrate that a simple geometric condition - that the holes grow
unti] their length equals their spacing - leads to a good description* of
the experimental observations. Their result is that the strain to coal-
escence, sg, is

g = g 2
g £12

where f is the volume fraction of inclusions.
then

The strain to failure is

€ € €
£ i g

and the time to failure is (5)
£
t. = £/s
£ f/e
where € is the strain rate.
The result can be generalized to cope with the effects of multiaxial stress
stresses [4 (p.526), 10,11].

(¢) Transgrarular Creep Fracture

A material deforming by power-law creep, too, can Eai]_by the plastic
growth of holes to coalescence. If the creep rate is €, then the time to
failure is again given by equation (5). A low strain-rate exponent can in-
crease the strain to failure, ©_,, in a way that can be allowed for approx-
imately [&]. -

(d) Intergranular Creep Fracture

At high temperatures most polycrystalline materials can fail by the
nucleation of holes on grain boundaries, which grow by boundary ditffusion
and general plasticity (accellerated, under the right circumstances, by
grain boundary sliding). The nucleation of these holes [12] and their
subsequent growth [12,13,14] have been modelled in detail, though it i§
clear the models are still incomplete. At the simplest level, neglecting
the contribution of sliding to growth, the time to fracture is given by

(o)

and where t. is the nucleation time, still poorly understood; C is a
constant, k' is Boltzmann's constant, 82 Dg is the boundary thickness
times its diffusion coefficient, T is the absolute temperature, & the
atomic volume and Np the area-density of inclusions on grain boundaries.

From a theoretical point of view, at least one other mode of intergranular
fracture appears possible. If boundaries slide, as they do during power-
law creep at high temperatures, holes can nucleate and grow on inclusions
contained in them. The recent results of Crossman and Ashby [15] give a
quantitative measure of the extent of this sliding. lheir result can be

*This agreement is unexpected in that the Brown-Embury treatment does
not consider specimen stability or flow-localization.

wased approach should lead to a better one.
vitained in uniaxial tension;

. Ashby
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wsivl to calculate a time-to-fracture by hole growth in boundaries, which
includes both the effect of sliding and of general creep plasticity:

- 1
te = EAE (T - £y (73

shere vy is the radius of particles, d the grain size, and f. the "Crossman !
tactor' which measures the extent of sliding, and itself depends on strain-
rates [15].

ie) Hupture

if no other fracture mechanism intervenes, the sample, if pulled in a ten-
‘ile mode, will neck to a point or chisel edge - that is, it will rupture.
Hie resulting strain (or time) to fracture depends on the work-hardening,
ind the strain-rate sensitivity of the material, as well as on the mode of
toading [15].  For uniaxial tension I have made the assumption that if no
wther mechanism leads to failure at a true local strain of 5 or less, then
fupture intervenes. This condition is sometimes satisfied at low tempera-
tures if the material is plastic and extremely pure, because the volume
fruction of inclusions, f, is so low that the growth strain of equation (5)
eds 5. And it is sometimes satisfied at high temperatures, even when
the material is dirty, because the nucleation strain of equation (5), which
iavreases with temperature exceeds 5.

e computed fracture map

fipations (4) to (7) have been evaluated numerically, and used to calculate

¢ theoretical fracture map for nickel, shown in Figure 5. It is the parallel,
jor fracture, of the deformation map ot Figure 3. 1In constructing it, [ have

oed material data for nickel [2] and plausible values for the volume fractions .
sl sizes of inclusion, and grain size, but I have made no attempt to match
:hu.equations to the observed fracture behaviour. The Figure is merely meant @
‘o illustrate that current models for the individual fracture processes, de-
uwguped into equations of the type outlined above, and inserted into an appro-
priate comPuting scheme which chooses as dominant the mechanism giving the
shortest time-to-fracture, leads to a map which broadly resembles the experi-
sental one (Figure 4).  The main discrepancy is the field of RUPTURE which
rears on the experimental map, but not on the model-based one, because -
present - we have no good model for the effect of recrystallisation on
friacture processes.

POTENTTIAL USE AND EXTENSION OF THE METHOD

fstrapolation of creep-rupture data

* wmajor problem when designing against ¢reep fracture under steady stress
and temperature, is that of extrapolating data. Many structures - nuclear
reactors for instance - are designed to last for 30 years - that is, about
0,000 hours. The engineer must base his design on the extrapolation of
fata most of which has been obtained in 10,000 hours or less, The risk

i% that in this long extrapolation, new mechanisms of fracture may inter-
vene; and as the diagrams shown here illustrate, it is impossible to extra-
,?late data from one field into another. FEven if no new mechanisms appear,
the empirical formulae used for the extrapolation may be in error; a model-
Finally, most fracture data is
) the approach is potentially able to use this
fita to show, not only how the fracture strain changes under some other
stress state, but also whether a new mechanism appears.
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Qualitative insight into fracture under non-steady stresses and
temperatures

The approach, as outlined here, does not include transient behaviour and
cannot give a precise description of fracture under non-steady conditions.
But it may give qualitative insight into this very complicated problem.
stress cycle which carries the material from one field of the map into
another introduces a new sort of damage - that characteristic of the new
field. Since fracture will depend on the rates at which two (or more)
sorts of damage accumulate, and on their interaction, a simple accumula-
tion law is unlikely to work. Stress cycling within one field, on the
other hand, introduces only one sort of damage, so that a simple accumula-
tion lay may then be adequate. The same applies to temperature cycling:
cycling within one field is likely to be easier to understand than cycling
across a field boundary.

The development of fracture toughness maps

Finally, there is some hope that the approachmight be extended to pre-
dict a way in which fracture toughness varies with stress and temperature.
The fracture toughness of a material depends in a complicated way on the |
micromechanisms of plasticity and fracture occuring at the crack tip. As
a first step in producing a diagram which illustrates bow fracture tough-
ness might vary with stress and temperature, one must assemble information
on how plasticity, and the michromechanism of fracture, change with these
variables, in the way outlined here.
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Figure 1

The mechanisms by which a cylindrical tensile

specimen may fail. The upper part of the diagram refers
to low temperatures, when the sample behaves as a rate-

independent plastic solid. The lower part refers to pro-
cesses related to those shown here, occur at the crack tip,
though they are modified by the more complex state of stress
there. The corresponding values of fracture toughness and
at the bottom on the

toughness are given, very voughly,
figure.
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Figure 2 Plasticity and creep data for pure polycrystalline

nickel. Each point describes the stress and temperature of
one test, and is labelled with the logarithm, to the base 10,
of the strain rate (in units of sec !'). By plotting the data
in this way it can be divided into blocks, and each block used
to characterize one mechanism of flow. In this way the con-
stants in the theoretical rate-equations can be determined.
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A deformation-mechanism map based on theoretical

rate equations, but with constants, exponents, activation
energies and so forth, adjusted to describe the data of

Figure 2.

The figure shows fields within which a given

mechanism of plastic flow is dominant, and, superimposed

on these,

contours of constant strain rate.
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Each point described the stress and tempera-

labelled with the logarithm,
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to the base 10,
Observations of the fracture

surface all the data to be divided into four blocks or fields:
one for low-temperature ductile fracture, one for transgranular
creep fracture, one for intergranular creep fracture and one, at

high temperature, or n

ipture (necking to zero cross-section).

Body centered cubic metals, and ceramics, show a field in which

cleavage is dominant.

In all materials, sub-fields exist in

which variants of the basic mechanisms can be distinguished.
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Figure 5 A computed fracture map for nickel, based on the equations
outlined in the text. The figure shows the fields within which a given
mechanism of fracture is dominant, and superimposed on these, contours
of constant time-to-fracture.
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