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ABSTRACT

A variety of fracture modes can be modelled as processes of cumulative
damage. A quantitative comparison of the model and the experimental data

is given for ductile fracture under a wide variety of superimposed pressure.
Failure maps have been constructed which permit the competition between
fracture modes for various stress states to be described in a simple diagram.
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INTRODUCTION

Fracture is the end point of the plastic strain history. In the case of
ductile fracture, for example, a sequence of events consisting of void
nucleation, hole growth and coalescence occur, which can be regarded as a
process of damage accumulation (occurring concomitantly with the process

of strain hardening) leading to final failure. The evolution of the damage
depends on local microstructural features such as the strength of interphase
interfaces, grain boundaries etc., the operative state of stress and the
stability and distribution of plastic strain in the material. Other fracture
mechanisms such as cleavage, shear fracture, etc. follow similar progressions.

Thus in attempting to evaluate fracture criteria it is important to consider
the competition between fracture modes in relation to the current level of
flow stress in the material (and hence its detailed microstructure), and
both the operative state of stress and the strain history of the material.
In order to describe and quantify the competition between fracture modes

as a function of stress state and specifically the level of the hydrostatic
stress component, Oy, it is useful to divide the problem into two steps.

The first involves developing a cumulative damage model capable of
describing the individual stages of void nucleation, growth and coalescence,
together with quantitative criteria for the alternative failure modes. The
second step is in essence a descriptive one but is important in achieving a
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pictorial representation of the occurrence of the various fracture modes in
relation to the processes of initial plastic flow and strain hardening.

This involves the development of failure maps using a variety of co-ordinate
systems (Teirlinck, 1983). The experimental work described in this system
deals with axisymmetric deformation modes. However, failure maps can be
developed for a variety of other stress states and in the final portion of
this paper examples are given of the application of failure maps to other
loading paths. In the failure naps the various possible fracture processes
are represented by separate loci. However as stated earlier, we can con-
sider that at large strains the material strain hardens concomitantly with
the development of microstructural damage; then contours can be drawn within
the failure surface, indicating level of damage accumulated at a given
stress state. In this way a damage contour map can be drawn to indicate the
relative rates of damage accumulated along various loading paths.

DUCTILE FRACTURE

The processes of void nucleation, growth and coalescence have been considered
in a quantitative manner by several authors (Thomason, 1968; McClintock,1968;
Brown and Embury, 1973). A variety of models can be used to predict prop-
erties such as the tensile strain to failure as a function of the volume
fraction of second phase particles. There are, however, some detailed
physical processes which are inaccessible in models of this type because of
the simplifying assumptions such as the existence of a unique nucleation
strain at which void growth starts, or the importance of a geometrical con-
dition (Brown and Embury, 1973) for void linkage which constitutes failure.

In the present study, axisymmetric tensile tests have been performed at a
variety of superimposed hydrostatic pressures for a 1045 spheroidized steel
and the damage process monitored by quantitative metallography in order to
count the number of void sites and measure the total area fraction of voids
as functions of strain (Brownrigg and co-workers). In accord with previous
work (Palmer and Smith, 1966; Fisher and Gurland, 1981) it has been found
that void nucleation depends on the size of the carbide particles, the larger
particles cavitating first. Therefore nucleation does not occur at a unique
strain, but can be considered as a front which travels through the particle
size distribution at a rate dependent on imposed strain and hydrostatic
stress, as shown schematically in Fig. 1.
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Fig. 1. Schematic diagram showing the movement of a void nucleation

front through the particle size distribution.
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The damage accumulation data have been analyzed by using this cig;g§t TE:y
nucleation criterion used has been taken from Goods and Brown (fu ction ne
have shown that the nucleation strain eN can.be expr?ssed as ath 2 on
the hydrostatic stress component Oy and the interfacial streng 1 3

(€Y)
ey = Hlop - o

where H is a constant depending on the size and volume fraction of ;2? .
second phase particles. This equation can be use@ to determine O] "
given system, €N, being taken as the strain at whlc@ the curves g1v1t§tes
the number of voids N as a function of strain for different stress s
extrapolates to zero.

However, the constant H in equation (1) must be develgped. ¥n'0rfeie;ztion-
account for the experimental observations, the fol%ow1ng emplrzcgt -
ship between the dislocation density around a particle, Py, and 1tS s
has been taken (Teirlinck, 1983):

- ©)
DQ=AFrq
onent which has to
here A is a constant, b the Burgess vector and q an expone C
:eedztermined from experimental results. The critical radius for nucleation
r. is given by
2 1/q
(0I - oM -
re = [ —1]
H'be

where H' is a constant. If the distribution of Particle sizes can bincrement
represented by a function f(r), the number of voids nucleated in an

de of strain is:

4
dN = N, f(ro)dr, (€D

where Np is the number of particles per uniF area. It is thiriizreaﬁzsigble
to calculate incrementally the curves f9r dlffer?nt stress s a.s A
compare them with experimental observations. .Thls comparison ; s kel
Fig. 2 for the 1045 steel tested under fogr different levels ; : yobtained
The exponent q has been determined from the curve ( )1 prathe

at atmospheric pressure (0.1 MPa) and subsequently used to galc¥tacan o
curves N(€) at higher pressures. Its value was foun@ to be 8. e
seen in Fig. 2 that the model is in good agreement with the exp

results.

pressure.

Once nucleated, the voids grow and the rates of increa;e in'the digec;;oz Tf
the tensile axis (subscript 3) and in the transverse direction (subscrip
are given (Rice and Tracey, 1969) by:

3 (5)
R = (- 5 + D)de
drR, = (Y + D)de
3
Y is an amplification factor, given by (LeRoy and co-workers, 1981):
(6)

Y=1+ exp(-2.25(s—eN))
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®P:0.1 MPa
10 - o P= 345 MPa
4 P= 690 MPa
o P= 1100 MPa

NUMBER OF VOIDS PER UNIT AREA (x 10~ mm~=?)

EFFECTIVE STRAIN

Fig. 2. Comparison of the calculated number of voids per unit
area vs effective strain curves with the experimental
ones for a spheroidized 1045 steel.

The factor D describes the volume change of the voids, and is given by:

(0]
D= 0.56 sin h (% ) €)

where 0 is the flow stress of the matrix.

Introducing these equations inte the previous calculations of the curves
N(e) allows the determination of the damage in terms of the area fraction of
voids. The calculated curves (troken lines) so obtained are compared with
the experimental results (solid lines and data points) in Fig. 3. Despite
some discrepancy in the steep part of the curves, the agreement is satis-
factory, and in particular, the model accounts for the experimental

Observation that failure occurs vhen a critical amount of damage is reached
(here an area fraction of about 1%),

This latter observation can be taken as a fracture criterion. However, the
physical meaning of this critical level of damage is unclear. It may
indicate the level of damage at vhich either a macrocrack is formed in a
geometrical manner or the dilatational work attains a critical value.
Alternatively, the coalescence event could be considered as a percolation
process triggered by the attainment of the critical level of damage .

Let us now consider the abov
behaviour may be modified.
variable to consider is the

e models from the viewpoint of how the fracture
Clearly on a microstructural basis the simplest
volure fraction of second phase particles. The

regardless of the superimposed pressure.
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e P=0.1MPa
o P =345 MPa
al- oP-es0mPa
o P = 1100 MPa

AREA FRACTION OF VOIDS (%)

EFFECTIVE STRAIN

Fig. 3. Comparison of the calculated area fractio? of voids
vs effective strain curves with the experimental
ones for a spheroidized 1045 steel.

9
effect of increasing the volume fraction of Fe3zC frgm 3% toili?oznogh:he
i i in Fig. 4. However, the descripti ;
amage accumulation is shown in ; h i
guclgation growth and coalescence processes given in the prev1ousbs;ctigzr
suggest a ;ariety of more subtle ways of influencing the fracture behav .

Let us consider first the nucleation process. Fracture.bgggzizugagzge
clearly be influenced by reducing Fhe strain ?eeded to ini 1d g the.
Thus if the strength of the inclusion-matrix interface 1s_re1? i; n .
strain to the onset of damage is redgced as shown scbewatlfa Z V01um§. .
This will be particularly importint 1ndsystzzzm;?2tg;ni£§s gzﬁaViour 8
fractions of second phase particles an an ) t v I aoh
els (Kot and Morris, 1979) is shown in Fig. 6. T e micrograp
g?i;rgtazioszethat(void nucleation occurs readi%y at the m;rtgnilie;fe:;izze
interface. In addition to varying the.lnterfac1a1 strengtf eit i Seyre Itue
of the nature of the second phase particle or by effech of 1oga ofg g 5
the nucleation process can also be influenced by Fhe d1§trlggti$2bUtion
particle sizes. If we alter the form of the partlcle size dis 2 dama’e
the rate of increase of both the number 9f voids ggg_the a@oun;fo . le% e
with strain can be varied. As a simple }11u§traFlon of th1§ i :Ezés
suppose that we replace the log-normal d1§tr1but10n of-parslﬁ ethe o er
observed in the spheroidized 1045 steel with that preélcte y g
Lifshitz (Rastogi and Ardell, 1971) model of coarsening.

The forms of the two distributions are shown in Fig. 7a and 7b, and they
are given by
2
(log T + B)

oy s gemp [ - ————1 62
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Fig. 4. Diagram showing the influence of the volume fraction
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Fig. 5. Diagram showing the variation of the square root of the

average nucleation strain with the hydrostatic stress
component. The dotted lines represent hypothetical
conditions for weaker interfaces.

Fig. 6. SEM micrograph showing the nucleation of voids at the

CARBIDE FRACTION (%)

martensite-ferrite interface in a dual-phase steel
tested in tension under a superimposed pressure of
345 MPa. € = .44
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Fig. 7a. Size distributions of second phase p§rticles:
log-normal law found experimentally in a
spheroidized 1045 steel.
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i iption needed is one which con-
4 i is an important one but the descr.lp ] . con-
l-':gtx;:"is!a;lllcemd;Ztriburgj.on of local volume fractions rather.tgz_in_gagil‘c’clgdzléz
. .

i to the damage: individu

1pful to think of two components T .

i;di:o?g Ic)lzs'cers D (Fig. 9); the total damage is the sum of the two
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i i i i ence of the shape of the parFicle
e D%agri?siﬁgzzirs;lgﬁ E:: :l;lizlilgle accumulation in a spheroidized
: f(l)ig steel. The solid curves refer to the 1og-n<-)};'m:1.t
e erttan whoine o il Lo ; distribution and the dotted ones to the Wagner-Lifshitz
contescancanony s T e AAAT- s ke distribution.
coalescence model .

for the log-normal distribution, and

! /
2 w /
£(P) = p"h(p) for the Wagner-Lifshitz distribution © Dtotal~a /
= 7
with g /
11/3 ! 4
7/3
3 1.5 -0 .. ! ttt
h(p) = ( ) exp(y=—) if p < 1.5 (9 Diotal /
3+p 1.5-p 1.5-p B 9 Dg // Dagg w
where p = r/;,(;’ being the average particle radius) for the Wagner-Lifshitz 9 a \ : G
distribution. The predicted variations of the area fraction of voids vs 1 / o} a
strain obtained with these two distribution functions are shown in Fig. 8. | !
|
It can be seen that the change in distribution function clearly accelerates !
the damage accumulation and reduces the fracture strain. In physical terms N €FRACTURE
this arises because more of the particles are in the high region of the STRAIN € —
distribution and clearly the effect would be even more drastic with bimodal

distributions. It should be emphasized that although the influence of size

distribution is important, it is rot necessarily the best method of

describing the problem. It is well established that local aggregation of
particles can sharply reduce the strain to failure (e.g.
tensile properties (Miyoshi and co-workers, 1974)).

Fig. 9 Diagram showing the accumulation of damage as
in through thickness single voids Dg z_md void clusters Dagg as a
The process of particle function of strain.
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For most of the life, single-void damage is dominant, but toward the end of
life, local clusters of linked voids increase in number. Tt is these void-
clusters which ultimately propagate and link to give the final fracture,
truncating the process of single-void growth, as shown in Fig. 9. It is
probably for this reason that the experimental damage accumulation curves
shown in Figs. 2 and 3 rise more steeply towards the end of l1ife than the
simple theory predicts. The damage aggregation process may be linked to the
initial clustering of particles. The incorporation of a model based on the

level must be sustained.

Let us now consider the variation in fracture behaviour which can be
produced via the void growth process. The results in the previous section
show that the growth up to the critical damage level can be retarded by

the application of hydrostatic pressure. However the volume over which the
damage is produced remains 1imited due to localized necking. For other two-
phase systems (Wilkinson and Caceres) deformed at higher temperatures and
lower strain rate, the matrix became superplastic enabling the damage
accumulation process to change in two ways. First the critical level of
damage prior to failure may be increased up to 20% (Taplin and co-workers,
1979) and secondly due to the slow rate of neck development, the damage may
be dispersed over a larger volume of the sample. To appreciate the signif-
icance of the changes in damage accumulation which can occur, it is useful
to emphasize that the description of damage accumulation should really be
coupled with a description of the variation of material properties in the
ligaments between the voids. Thus if the work hardening rate of the liga-
ments is increased, the material is able to either sustain greater levels
of damage or to distribute the damage over a different volume of the sample.
This type of approach was used by Iricibar (Iricibar, LeRoy and Embury,1980)
to increase the ductility of spheroidized steels by use of a recovery anneal
to restore the work hardening capacity of the material after some initial
damage accumulation. In Principle the changes in material properties could
be accomplished by a variety of methods such as transformation hardening in
metals or by gradual molecular alignment in polymeric systems.

The flow stress can be written as

o = 0(e)(1-D) P21

where D is a damage parameter varying from 0 to 1. Therefore

do _ 3o oD
T - EE(I—D) - o(g) T (11)
Fracture takes place when do/de = 0, thus the criterion is
90 _ 3D
52-(1—D) = o(g) 3 (12)

It is possible to relate this simple model to the criterion for ductile
fracture found for the 1045 steel tested under superimposed pressure. As
the applied pressure increases, the fracture strain increases so that the
strain hardening of the matrix 90/9¢ decreases, the flow stress o(g)
increases slightly, and the rate of damage development decreases. Therefore,
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i ure, the
if D is taken as the critical amount of damage for ductl%z gzazzn5i;tent
sun-\uncy of D with respect to superimposed pressure cou e o -
;%!ﬁ the condition (LeRoy and co-workers,t}2§il.inizlizé (strain’hardening,
i i i the quantiti :
ible to test this criterion as : v ——
j;::(qiress) refer to the local values in the matrix, whereas the exp

provides only global values.
ALTERNATIVE FRACTURE MODES

i i atic
fhus far consideration has been given to the 1nf1uen;zwziegydigztOther
ssure on damage accumulated in ductile rupture. N o s idered.
tine f the pressure dependence of the failure process must b ey
:iﬁith;Z illusgrated by the sequence of micrographs shown in Figs.

11,

In Fig. 10, it can be seen that as the superimposed hyS§Z§Za;;capfgzgure
increases, the central fibrous part of the fracture S?tion e
spheroidized steel decreases relative to thg shear So T Soke ot

t sufficiently high pressure, the shear failure mode ke o
?ns been reported by a number of other authors (Brldgman,l. d’shear sor
;ﬂd R e ingicites thatizhsr325ii)th;giisizin which stress

nted on the failure map s t
?:Z§m2§ zﬁgzeizde is competitive with the ductile failure mode.

at
This

i i indi ressure

The second series of micrographs shown in Flg: 11 1nd1§ﬁzer?g glloy o i
dependence of a brittle fracture mode. In th%s case, e e
ntpambient pressure and temperature by'a comblnaﬁ%on o H;wevef et
fracture and transgranular cleavage prior to nzc 1gg;:he materiél S ibits
increasing pressure the failure mode is changed an e o it The
the production of many isolated microcracks. Thus we ¢ e irace o
)rocess of brittle fracture involves both the productlonumu1ative e
Licrocracks and hence the microcragking is in effecz itc L i o
process in which the linkage step is pressure depenk? . Al
the presence of arrested microcracks, Fhe mlcrocricdigitgtic Dresure., -
altered by the large deformations obtglned under hy: e e oA

ion of a neck prior to failure. Indeed, i A e b
g CTeation than 90° to the tensile axis and then stablllz? > th o
e 'Tzsdeformation can rotate and align it along the leeCtlin of
Siquigiszizszxis In the neck, the hydrostatic tension can COEntiigao?nthe
;h: superimposed pressure, creating then a tenslled§treiz 2tmgdz g et
e Hen oo bt e tensile axie.” This explains the very long

he direction of the tensi .

3i;2§c;1 cracks observed in the samples tested under 1100 MPa.

i is also
These observations indicate that the brittle fracture pro;gzis R o
pressure dependent, and can be represented by a separate

failure maps.
FAILURE MAPS OF COMPETITIVE PROCESSES

i i i ilure maps
In order to describe analytically dlffergnt fracFure Crlteri2£efalThe Strgss
the been developed which refer to an axisymmetric stress s .

coordinates chosen are the effective stress 0 given by
L
2y (13)
1 2 2 _
0 = { (0,-0))" + (0,-09)" + (05-01)7)}



P = 0.1 MPa P = 1100 MPa

Fig. 10. Macrophotographs of fractured samples of 1080 steel
tested under various pressures.

and the superimposed pressure p. The determination of the various fracture
loci, together with the plastic yielding and the onset of necking are now
presented.

1. Plastic Yielding, Necking, Plastic Failure

The flow behaviour of materials is slightly pressure dependent, and it can
be written as (Richmond and Spitzig, 1980),

o= AU+ l—gP-) (14)

where K is the bulk modulus, and n the strain hardening rate.

Plastic flow starts when o exceeds the yield stress Oy. Therefore, if o °
is the yield stress at p = 0, the relationship between ¢ and p for plastic
yielding is,

o

_ . 1op
g = oy (1 X ) (15)

Similarly, if Ono is the stress at which necking starts at p = 0, the
effective stress for necking is given by,

o=0°01 + 1% (16)

. o n
g =
with 9 An

(wﬂﬂ%

Fig.

11.
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Montages of the
Fe-1.2%P samples
tested in tension
under various
pressures.
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If no other mechanism intervenes, necking leads to plastic failure: once
the neck is created, flow localizes within the neck, and after a further
strain of order 1, the cross-section is reduced to zero. The effective
stress for plastic failure is thus,

o = A(+m)"( + l—ﬁﬂ) a”n

2. Ductile Fracture

The effective stress for ductile fracture can be determined approximately
using the growth model of Rice and Tracey (1969) and LeRoy and co-workers
(1981) together with a geometrical criterion for void coalescence (Brown

and Embury, 1973).

In its simplest form the result is,

o= o° C "a - 4P (18)
1+0.56 sinh(% e % B
. o

where C is a constant (about 2.5) and 6° is the ductile fracture stress at
p = 0.

3. Shear Fracture, or Void Sheeting

The occurrence of a band of localized deformation between adjacent voids
leading to a void sheeting failure mechanism can be analyzed using the
instability criterion of McClintock(1968) and a simplified void nucleation
model. The relationship between o and p at fracture has the general form,

1/n

2 1/n
o(c’™ _ca1 +—%) ) = o%0® -0 (19)

0! 4 . .
where 0 is the fracture stress by shear failure when p = 0, C is a
constant, and 07 is the strength of the particle-matrix interface.

4. Cleavage and Brittle Intergranular Fracture

Murrel (1983) has given a relationship between 0 and oy = 1/3 (07 + 03 + 03)
for brittle fracture as,

0
o= 24 OM o ) ) (20)

: 0 .
truncated by the line ¢ = 0 + Oy, where 0% is the fracture stress by
cleavage in simple tension with no confining pressure. oy can be approx-

imated to the superimposed pressure p, so that the effective stress for
brittle fracture is,

o=0 +p (21)
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S. Construction of the Maps

The equations given above define the locus of Points in o- p space at thihd
a given fracture mechanism results in fipal failure. These loci 2re plotte
by stepping through values of p, evaluating o at each step. The ;ac;urer
mode operating at a given pressure p is the one co?respondlng to the lowe
value of o: therefore the material fails when the inner envelope of the
fracture lines is reached. Fig.12a shows the map obtained for the 1045
spheroidized steel; the inner envelope is shaded and the fracture modes

are given on the top of the map.

The development of failure maps of the type described in the previous section
permit consideration of the influences of factors suc@ as local micro-
structural features, temperature stress state or strain path on the f§11ure
mode. Let us consider the potential use of the failure maps by a variety of
examples.

6. Temperature Dependent Behaviour

In b.c.c. materials, a reduction in temperature produces a rapid increase
in yield stress. However, in the ductile fracture.process the.10c1 N
describing .void nucleation and final fracture are in essence 11nked.to the
yield surface. Thus, in b.c.c. materials, as the test temperature 1s
reduced all the loci involving ductile rupture are expanded outwards in
stress space together with the yield surface. The stress for cleavage
fracture is only weakly temperature dependent (Knott, 1973) and thus asf
the yield surface and damage accumulation loci are expanded g variety 3 )
stress states appear in which brittle fracture can occur,as illustrated 1n
Fig. 12b.

7. Microstructural Control

In aluminum alloys intergranular fracture can be promoted by heat treating
the material so as to both raise the level of the flow‘stress and ?romote
extensive grain boundary precipitation. 1In a higb purity Al - 3.6% CuO
alloy this can be accomplished by aging the mater}al for 4 days at 123 c
following quenching from solid solution. When tbls material is tested in
tension at atmospheric pressure the fracture is intergranular,as shown in
Fig. 13.

Tests under superimposed hydrostatic pressure modify the damage accumulation
process and eventually enable shear fracture and plast}c rupture to occur

as shown in the sequence in Fig. 14. This transi?ion in fracture behaviour
can be represented by a failure map, asshown in Fig. 153

8. Strain Path Dependence

So far in the use of failure maps we have considered the situgtlon where
the yield surface and the processes (and thus the loci) assoglated w1?h
plastic yielding are expanded outwards and intersect the loci for various
alternative fracture modes. However, all strengthening processesvcannot be
considered in terms of an isotropic expansion of the yield surface. In the
models of precipitation hardening due to Fisher, Hart and Pry (1953) apd
Brown and Stobbs (1971), rigid second phase particles can act to Polar}ze
the work hardening by producing elastic back stresses ip the matrix whlchk
oppose the local unrelaxed stresses carried by'the part1§1e§._ In t?e pig
aged Al-Cu system this type of hardening contributes a significant fraction
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Fig. 14b § c. Montages of the peak aged Al-3.6% Cu tensile
samples broken under various pressures:
b) 414 MPa, c) 690 MPa.

14b
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Fig. 15. Fracture map in o - p space for the peak aged Al-3.6% Cu.

of the total work hardening (Moan and Embury, 1979). Thus it is useful to
consider not only the expansion of the yield surface but its translation

in stress space. For simplicity we can consider that the translation occurs
in the direction of the strain vector; with this assumption we can consider
the influence of simple changes in strain path such as initial deformation
in compression or tension followed by deformation on an axis at 90° to the
initial axis of deformation. If we consider for simplicity the locus
describing intergranular fracture to be fixed in stress space, then the
yield surface can be expanded and translated relative to the locus for
intergranular fracture in the manner described in Fig. 16 for biaxial tension.

This figure is based on the experimental work of Martin (1982). Clearly,in
principle,a strain path can be devised in order to use a sequence of
incremental deformation along various axes so as to avoid contact with the
locus of intergranular fracture and thus expand the total ductility of the
material.

CONCLUSIONS

This work emphasizes two important aspects of the fracture behaviour of
materials.

First, it has been shown that the process of damage accumulation leading to
ductile fracture can be controlled in several ways: 1) by monitoring the
strength of the particle-matrix interfacial strength, together with a
control of the shape of the particle size distribution, it is possible
either to delay or accelerate the nucleation of voids; ii) by superimposing
on hydrostatic pressure during the deformation of a material, it is
possible to retard damage accumulation, and, therefore, final failure, as
this occurs when a critical amount of damage is reached.
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Fig. 16. Yield surface displacement for the peak aged Al-3.6% Cu.
Material deformed in tension A and at 90° in compression B.

Secondly, failure maps have been developed to quantify the competition
between various fracture modes when variables such as microstructure, super-
imposed pressure or testing temperature are changed. Despite the simplicity
of the models used to plot these maps, they reveal in a pictorial manner

the complex interaction between competing fracture mechanisms, and the
underlying physical origins, and can also help show how processing

variables and strain paths can change the fracture mode of a material.
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