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ABSTRACT

The in%lucncc of superimposed pressure on the damage accumulation
processes leading to various tensile fracture modes has been studied on
axisymmetric samplchof different materials.

For ductile fracturiﬁ,damagc accumulated in both smooth and
notched tensile samples has been charactcri:cdlﬁn a variety of spheroi-
dized steels tested under superimposed pressures ranging from 0.1 MPa
to 1100 MPa by counting the number of voids existing at the cementite-
iron interfaces and measuring their area fraction. A quantitati%e
model accounting for thc-sizé dependence of void nucleation has been
developed to describe these results.

The shear fracture mode has been investigated by performing
tcnsilé tests on.an A% - Zn - Mg alloy under superimposed pressures
up to 1100 MPa. The pressure does not affect the onset of shear bands,
but changes their growth as it opposés any dilational damage created in
the bands. Titis allows the occurrence of the further plastic deformation
process to take place. The mic¢roscopic ébscrvation of the shear bands *
has revealed that they are created by structural softening events, and
that they involve a complex spatial correlation of crystallographic
slip events over the entire cross-section. RS

Brittle fracture has been studied in both‘Ai-Cu and Fe-P alloys,
displaying intergranular fracture and transgranular cleavage. The pattern

of microcrack development and the changes in fracture modes have been

characterized for these two alloys.

(1ii)
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Finally, two types oflfracturc maps in stress space are prcsentqd,
-where the various fracture mechanisms are represented by lines, and
which can also be uscd. as damage c_or?tour maps. These maps are constructed
either by considering a complete model of damage accumulation and frac-
fure yriterion, or simplified analytical relationships to express

damage development and occurrence of failure.
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CHAPTER 1

INTRODUCTION

When reviewing the different modes of failure occurring
in a wide range of materials including metals, alloys, rocks and
some polymers, it appears that a common feature of all these modes
is the accumulation of some form of microstructural damage in the
material, prior to the occurrence of failure. This damage develops
during the deformation of the material at a ;ate which is related
to the stress state and the strain history. Damage can be charac-
terized at a macroscopic level, for example as cracks, or at a micro-
scopic level, related to the microstructure of thelmaterial. More
precisely, damage can be defined as any kind of change in the structure
of a material, or in its mechanical properties, which leads to a
decrease of its load-bearing capacity. This definition includes the
variation in the volume of a material when voids are opened due to
the presence of hard second phase particles which do not deform like
the matrix material, It also accounts for-the occurrence of micro-
.cracks in brittle metals, either within a grain or at grain boundaries,
and in rocks. It also can be extended to the occurrence of localization
of the deformation into a narrow band, as this event is very often

) 4

-
associated with the presence of voids -or microcracks. It should be

noticed, however, that it is not obvious to know what is the critical



event, fhat is to say whether the existenée of-voids triggers the
localization, -or the reverse process.

To summarize, it appears thaF damage is in general associated
with a change in the volume of a material.

As long as the material is incompressible, the plasticity
theory applies to describe its behaviour. The material deforms by
shear under the action of the deviatoric part of the stress tensor.

If a change in the volume occurs, the yield griterion has to be

modified to taRe into accoﬁnt this porosity durson, 19773). In~

this ﬁdée, fhe work done to break a specimen has two components:

one is the plastic work term, the other is aséociatif with the

variation in volume dV and the "hydrostatic" stress, or ﬁore exactly

the mean stress compoﬂent of the stress tensor, a. It appears then

that this last component is/a very important parameter in the fracture
. -

behaviour of dilatant mater?® Oyane, 1972).

To examine the influence of the ﬁean stress component, it is
necessary to be able to vary its value over a wide range. This can
be done in two different ways. The first one is related to the
occurrence of a neck during-the tensile deformation of ductile materials.
This neck creates a triaxial state of stress, and the value of o is
altered. The second possibility is to superimpose either an hydro-
static pressure or an hydrostatic tension., The first case is realized
when the material is tested in a container filled with a fluid at a
certain préssure, and it has been appl&ed to a number of -materials

following the work of Bridgman in 1945. The second case involves the

machining of a notch of a certain geometry beforg testing the material.



hR
Using these two alternatives, it is possible to look at a wide range
-

of fracture strains and mean stress values T and, therefore, to
study quantitatively the develoﬁmcnt of damage prior to failure.

In this studf, two types of fracture have been investigated
with relation t;ﬂhamage: ductile fracture and brittle fracture.
The fibrous mode of ductile fracture has been studied in the iron-
cementite system, and the shear mode in an heat-treatable, high-
strength aluminum alley. Brittle fracture has been investigated in
two experimental alloys, an iron-phosphorus alloy giving both trans-
granular cleavage and intergranular failﬁre, and an aluminum-copper
alloy giving only intergranular failure.

Throughout the study, and for all the materials investié;?éd,

the procedure has been the following:

- to determine the fracture characteristics of a given material
at atmospheric pressure. .

- to examine the changes in fracture méde ;hen the stress state
is changed by superimposing an hydrostatic pressure, or machining
a notch.

- to perform a metallographic examination of the samples to
characterize quantitatively the damage and to relate it to the
corresponding stress state and strain level.

- to det?rmine, if necessary and if possible, a quantitative

fracture criterion and, if possible, to determine a model

describing the effect of stress state on damage accumulation,

.

(2]
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The final stage in this study was to find a convenient way
* of representing the effett of stress state on the fracture mode. The
concept of fracture surface or limiting surface of rupture (McAdam,
1945), plotted in a gtress space, appears to be the easiest way to
repfesent on a map or a diagram the different regions where a fracture
mode is dominant. The choice of the coordinates depends on the variables
needed in the model of the fracture surfaces. For example, Gandhi and
Ashby (1979) have drawn fracture maps with normalized stress-normalized
temperature as coordinates. The interests. of these maps are multiple.
They are first a useful pedagogical help in presenting the different
fracture ﬁodes occurring in a material with a given microstructure.
They also represent and normalize on a unique plot a great deal of
data, available in the literature. Further; they may be of engineering
utility. | . _ e

This study is organized as follows. After a general literature
review describing the work already done on the influence of stress state
on the two fracture modes considered, and describing the work done in
the field of mapping different physical events, the fdllowing chapters
present the results obtained and, if ﬁecessary, thc models proposed
concerning the influence of a superiéposed hydrostatic stress on ductile
fracture, in both the fibrous mode and the shear mode, a;d on brittle
fracture. The last chapter describes the construction of fracture maps
both from the results obtained in this work and, in a more general way,

from the existing fracture data in the literature.

1



CHAPTER II

LITERATURE REVIEW

In this review, the characteristics of each fracture mode
considered are given, together with the quantitative models which

have been proposed to describe it. Then, the previous results

‘concerning the influence of a superimposed. hydrostatic stress on

the behaviour of different materials are reviewed. Finally, a

survey of the mapping of physical events in different coordinates,
!

is presented,

IT - 1 The Ductile Fracture

II-1-1 Introduction

This portion of the review is concerned with the fibrous
mode of ductile fracture, which is observed typically in the center
part of the fracture surface of a broken round tensile specimen.

It is well known (Puttick, 1959; Rogers, 1960} that this
mode occurs by the nucleation, growtﬁ and coalescence of voids inside

the material, generally associated with heterogeneities of the micro-

o

L

structure (e.g. the presence of second phase particles).

Th? first two steps generally occur simultaneously, that
is to say some yoids are nucleated while previously created ones are
simultanecusly growing by plastic deformation of the matrix. The
coalescence step is rather critical, and the strain associated with

it is negligible.

-



For the sake of clarity, each of these steps is examined
]
separately.

II-1-2 Nucleation of Voids

It has been previously shown (Blum and Morrisey, 19?@;
Palmer and Smith, 1966) that inclusions and second phase particles
are responsible for the occurrence of cavitation. The voids are
produced because the particle and the matrix do not deform in the
same way during strgining of the material. This plastic heterogeneity
(Ashby, 1970) iffds to the opening of voids in two ways:
- cracking of brittle second fhase particles,
- decohesion at the particle-matrix interface.
In generai, the first case is associated with irregularly shaped
particles or those having large aspects ratios-(e.g. manganese
sulfides or oxides stringers).,, and the second case with approximately
spherical particles. Before presenting the models of nucleation, the
concept of nucleation strain and some experimental results related

to this concept will be introduced,

IT -1 -2 -1 Nucleation Strain K -

. Lindley et. al. (1970) have shown that it is not the
magnitude of tBe applied stress which determines cavity initiation,
but rather the local state of deformation. This can be characterized-,
by a critical strain at which nucleation occurs. The existence of
such a nucleation strain has been experimentally supported and must

exist as nucleation is a process involving both stress and strain
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energy release, so that there exists a threshold value of the far
field strain below which there is either insufficient stress to

break the interface (or fracture the particle itself), or insufficient
elastic strain energy to create new surfaces.

The experimental determination of the nucleation strain, EN’
can be made using various techniques such as aptical microscopy;
scanning and transmission electron microscopy, or density measurements.
Obviously, the value of €y ;ill depend upon the sensitivity of the
technique uséd.

The experimental observations found in the literature are

as follows:

'
- the\Y?lue of ey depends on the system under consideration, and

can take values from 0 to 1.
- Cavity formation by interfacial separation is sensitive to the

cohesive energy of the interface. Therefore, €, is altered by

N
impurity levels o; solute additions which can segregate at the
interface (Hippsley and Druce, 1983). The addition of solute
can also lower the stacking fault energy, producing coarse
planar glip,\?esulting in high local stress concentrations.

- There }s.a variation of €N with the particle size.‘ The majorify
of authors find that larger particles nucleate first (Palmer and
Smith, 1966; Leroy, 1978; Fisher and Curland, 1981). However,

- .
there is some conflicting evidence in the literaturf (Atkinson,

1 ; Rogers, 1968).



- The volume fraction fV of second phase particles has a very small

influence on e_,: a slight decrease of ¢

z with increasing fV is

N
expected if fv is high enough.

- A superimposed hydrostatic pressure delays nucleation (French and
Weinrich, 1974a; Brownrigg, 1982) and an hydrostatic tension reduces

.

it (Argon and Im, 1975).
- Particle cracking, or cavitation, is related to the attainment of _
a critical value of local tensile stresses (Gurland, 1972).

II -1 -2 - 2 Models

Two conditions have to be fulfilled in order to nucleatc a
void: the first one is an energy balance condition, the second one
is the building of a critical stress at the interface.

The first necessary condition can be expressed as follows:
the elastic energy relecased by removing the stress from the particle

must be at least equal to the surface energy created, that is:

BE,, + BW < 0 (11 - 1)

where Aﬁel is the internal elastic energy in the particle, and AW

is the energy increase in forming the cavity. Gurland and Plateau

“w

(1963) have cobtained:

AE_, = 1Ee® x 4w R ®

el
2 3 (I1 - 2)

_ 2
AW = 4m R0 Y

where E is the elastic modulus, assumed to be the same for the particle
and the matrix, Ro is the particle radius and v is the work of separation

of the interface (Rosenfield, 1968).

K‘ | | '



Equation (II - 1) leads to the value of g

4

>
w28 (11 - 3)
ER,

Taking some typical values of vy, E and Ro’ this relationship gives
EN = 0.05, which is consistent with most experimental results,
although quite low. Brown and Stobbs (1976) have used a combined

continuum and microstructural approach, and have obtained:

N - * 3 *2
AEel %}ﬂ M RO Ep

(I1 - 4)
AW = 4 T R02 Y

Here, e*p is the unrelaxed strain, i.e. a measure of the incompatibility
<~ -

between the matrix and particle deformation; u* is the shear modulus

of the particle. If there is no plastic relaxation or other stress

relief mechanism, then E*p = Ep, where ep is the symmetrical shear
strain producing the shape change. If plastic relaxation occurs, by
secondafy slip of dislocations, then E*p = [:Eﬁgg' s , where b is
the Burgers vector.
The equation (II - 1) gives then: .
ey 2 3y (I1 - 5)
p* b

This value of ey is independent of the particle size.: In fact,

there must exist a variation with Ry, as secondary slip is more

likely to occur when R0 is large. A more detailed calculation in

an earlier paper (Brown and Stobbs, 1971) shows that £, is proportional

N

1
to Roi, thus’ the dependence is quite weak. The sense of this dependence

N A
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is also contrary to that observed experimentally. Recently, Goods
and Brown {;;79) have improved this treatment by taking into account
\
the fact that cavities form over small regions of the particle surface,

giving "caps" along the teﬁéile axis (fig. II - 1). The energy criterion

(IT - 1) so corrected gives:

£

En > 1 - cos@ 3y
4 sin<B u*b

(I1 - 6)

¥

\

where 6 is defined in fig. IT - 1. B
Tanaka et al. (1970) have also proposed an energy criterion based
on a strain energy calculation in and adjacent to the particles. They

find that the nucleation strain is of the form: -

B T .
] ey 2 [R ] ar-n .
0

where B is a constant depending on the elastic properties of both

- phases. FPEquation (II - 7) shows a inverse variation of €y with Ro'

in accord with most experimental observations.

Fisher and Gurland (1981) have calculated the energy release for the
.y

-

particle, AE as the sum of three terms:
,

el’ :

- the elastic energy release associatalwith the applied load;
it is calculated using linear elastic fracture mechanics.

- the stored energy éssociated with unrelaxed plastic §MCompatibility.

- the interaction energy between the stress field of thgimelusion

« and the applied stress fi€ld,

They also examine the influence of the grain boundaries, where particles

gi



Fig.

II-1

.J

 Z
’-—"""""-—._
8 r
o
o e = ™
Y
: Schematic representation of cavity nucleation.

Cavities have formed as '"caps" at the particle
poles in the direction of the maximum tensile
stress {(after Goods and Brown, 1979).
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are located which cavitate first; in this case, the plastic zone
around a particle is affected, then modifying the relaxation process,
thus the value of the unrelaxed plastic strain. The condition

(II - 1) has to be solved numerically because of the large number of
non-analytical equations involved. Finally it must be noted that
this eﬁcrgy requirement is only a necessary condition, i.e. the
critical stress criterion has to be fulfilled simultaneously to
nucleate a void. Tanaka et. al. (1970) have shown that the energy
requirement is fulfilled upon yielding for all particles whose radius
is larger than 25am. It appears then that the local stress ¢riterion
is the most critical one, as the particle radii considered are generally
larger than 25 nm. v

The local stress criterion is very simple: the stress at the
particle-matrix interface must be at least equal to the interfacial
strength Oy which is a characteristic of a system particle-matrix
in a given condition. The problem is then to calculate the local
stress at the interface using realistic models of the plastic zones
surrounding the particles.

The first approach to be considered is the continuum plasticity
one, proposed by Argon et al. (1975) fér large farticlcs. The
maximum interfacial stress resulting from a pure shear loading is
found to be nearly equal to the strain-dependent flow stress o% the
matrix in tension. If, however, a hydrostatic stress OT is existing
in the far deformation field, it has to be included in the calculation

of the stress, which becomes: .



= =P _ -
Gloe = YED) + 0 (IT - 8)

where Y(ép) is the flow stress in tension, and O is the hydrostatic
or mean stress component of the stress field, thus including any
superimposed hydrostatic pressure or tension. )
The second type of aﬁproach deals with a description in
terms of dislocations of the deformation around a particle.
]
Ashby (1966) considers a model of plastic relaxation by punching out

dislocation loops. These loops form reverse pile-ups and can build

up increasing interfacial stress. The local stress is then:

g = a £Rg (II - 9)

where a is a constant and k is the length of the stack of dislocation

loops, i.e. roughly half the interparticle spacing. The nucleation

strain is given by:

gy > 2kb (I1 - 10)

s

N

e

This equation gives the right variation of ¢  with particle size.

N

Brown and Stobbs (1976} consider that plastic relaxation oceurs by
secondary slip, and is accompanied by strong work hardening around

the particle, making subscquent relaxation more difficult. They

use an extremum analysis to obtain the local stress at the interfgce

% oc and the dislocation density Py aréund the particle. Their results
are:

W
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o] = 4.2 g, - (IT - 11)
where UE is the flow stress which is related to the dislocation

density by:

02 = aubyv Py (IT - 12)

where o is a constant equal to 1/7 and u the shear modulus of the

matrix. The dislocation density is found to be:

pg = 1.7 _= . (I1 - 13)

Ry b

Using equations (II - 11) to (IT - 13), the nucleation strain is:

ey > _L o % Ro (IT - 14)

30 ( oy ) b

Finally, the nucleation strain is sensitive to any hydrostatic
stress which is superimposed. In order to take this into account in
the microscopic approach, Goods and Brown (1979) determine the relation-
ship between £y° and the stress state by considering all the étress
terms contributing to the decohesion:

the flow stress O

- the local stress O
loc

any applied hydrostatic stress O
Brown and Stobbs (1976) have expressed 0 as a function of micro-
structural parameters and of the strain. It is however generally

negligible in comparison of the local sgress % oc given by rewriting

-equation (II - 14}:

9 oc = 5.4 a i ( EE b )% ~ (1T - 15)

: s
at the occurrence of nucleation.

-



A

The nucleation conditioq is then:

o, = d *+ oy (IT - 16}

combining equations (II - 15) and (IT - 16) leads to the following

equation:

(11 - 17)

/EN = H (OI -

)
where H can be calculated for a given volume fraction and particle

size. It should be noticed that equation (II - 17) differs from
equation {II - 8) in the fact that the former dges not include the
hydrostatic component of the applied tensile stfess, i.e. the flow
stress itself, 'This component has however to be considered so that
equation (LI - 8) is more rigorous. However, Goods and Brown find

a good agreement of eq:ation (IT - 17) with experimental data. They
.determine an interfacial strength for the system Fe - Fe3C of 2000 MPa,
which is close to the value of 1700 MRg\?ptained by Argon and Im (1975).
Leroy (1978) has used the more rigorous \equation (IT - 8) on the same
system and found a value of 1200 MPa. These values of interfacial
strengths are, however, quite close and it can be concluded that the
interface between Fe and FesC breaks at a critical stress of about

¢

u/50. 7

IT -1 -2 -3 Conclusions \

To conclude this portion of the review concerning the nucleation

of voids, two points need to be emphasized:
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- the dependence of £, on particle size is not unambiguously given

N
from the experimentél evidence. It could vary from one system to
another, and shou}d be examined with care. In relation to this,
it is worth mentioning tﬁat Fisher and Gurland (1981) have proposed
£o use the particle size distribution to describe the progressive
nucleation, of voids: every increment of plastic strain corresponds to
an increment in the critical radius to cavitate, whish can in turn
be related to an increase in the percentage of cavitated particles
through the particle size distribution.

- the second point‘is related to the relationship between, the nucleation
strain and the local stress. When large strains are involved, the
relaxation mechanisms around the particles are affected. Some
recovery processes can occur and even lead to recrystallization

(Humphreys, 1979). Therefore, the relationships between EN’ Py

and ¢ have to be modified.
loc

IT - 1 -3 Growth of Voids

Oﬂcc the cavities have nucleated, they grow during further
Plastic deformatién of the matrix.

Several experimental methods have been ﬁsed to determine
theigrowth of damage; they generally involve the observation of
longitudinal sections of deformed or broken specimens (Leroy, 1978;

Fisﬁer and Gurland, 1981), but other methods such as density measure-

ments are sometimes used (Schmitt and Jalinier, 1982). &



Fig. II-2 : Schematic diagram representing cylindrical holes
{after McClintock, 1968a).
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The purposefﬁfdihese measurcments is to produce a relationship
between the value of damage, expressed as an area or volume fraction
of voids, or a variation in density, and the axial strain. {%ese
results are subsequently compared with predictions from theoretical
models. Several treatments have been proposed, which are using the
methods of continuum plasticity, and are dealing with the expansion
of a pre-existing void under a particular state of stress.

The first model has been proposed by McClintock (1568a).

Hé considers the growth of long cylindrical holes parallel to the
tensile axis and having an initial spacing Ao and diameter D0
(fig. IT - 2). The integration of the growth law gives for the

fracture strain :

. in Ff
€g = - - : (11 - 18)
V3 . sinh ( V3 Or/ (Uz - Ur))

where Ff is the relative growth factor given by :

P
| 3

(11 - 1)

o !

at the onset of coalescence.

A modification can be done to consider cylindrical holes with:ellipti-
cal cross-sections, and to take into account the strain hardening by
an extrapolation between two extreme cases (elastic-plastic n = 0, and

linear hardening n = 1). The fracture strain is then :
(1 - n) 2n Fé P

.- (11 - 20)
sinh ( (1 -n){(o1.+02) / (26 / ¥3) )

where 0; and 0; are the two unequal transverse stress components.

The ratio (o) + 02) / o characterizes triaxiality of the stress state.

\
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The second model was developed by Rice and Tracey (1969).
It describes the initial growth of an isolated spherical void of
-~ v

initial radius Ro'in a non-hardening material. The analytical

solution for Rhe rates of growth is

R = R (v &+ (2e°eT)in (11 - 21)
i o i 37573

where '

éi = growth rate in the pf;ncipal direction i

é? = remote strain rate. in that direction

¥ = amplification factor, varying between 5/3 for a strong

hardening or very low triaxiality in a non-hardening
material, and 2 for higher triaxiality in the latter case.
D is given by :

- for a non-hardening material

onm
D= 0.56 sinh (’/—g T—“l) (11 - 22)
o
where
0: = remote mean stress component *
T, = shear yleid stress -
- for a strong linear hardening material ’
/3 m
D = =~ ?; (1T - 23)

In the right handside of equation (II - 21}, the first term refers to
a.change in the sHape of a void, and the second term to a change in
its volume. This model emphasizes then the determining influence of

the stress state parameter, i.e. the ratio a_ / T,» Oon the growth

* of voids.
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Particular cases have been considered for this model :
- if the void remains spherical, the shape change term disappears,

and equation (II - 21) becomes :

tw e s N )
€7 e)T D = ED (II - 24)

j a

R/ R =¢(

(RIS

- for an uniaxial. tension test, fjj;;ion E}{\— 21) takes the simplified

form (Brown, 1976)

. Y3 m
AR/y = Ro ( 2 + 0.56 sinh ( > T ) Aep
5 (II - 25)
= . ¥3 “m
AR_L = RO (-1 + 0.56 sinh (?c-’— ) AE-p

where AEP is a plastic shear strain increment, and AR[/ and AR_L
are the parallel and transverse dimensions of the void.
- Leroy (1978) has considered the change in the amplification factor
Y in equation (If - 21).A spherical void elgngétes at a rate
which is twice that of the matrix. Therefore, in an axisymmetric
tension test, equation (II - 21) is‘written as

- Y a, « 0
Ri = Ri ( - 5>+ 0.56 sinh ( %-—%-) Y &

(11 - 26)

- ' . 3 nm
R; =R, ( Y, t 0.56 sinh ( 5 —?-) ) €3

_ Here the subscriﬁt 3 refers to the tensile d;rection, Y is the flow
stress (constant) of the rigid-plastic materiai, and Y, is the
amplification factor, decreasing froﬁ 2 for a spherical void, to 1
for a cylindrical void,

Taking : ‘

y. =1+ R0 . (I1 - 27)
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Leroy et. al. (198l) can integrate equations (ITI - 26} and they

obtain:
- s
_ - 3 - 2/3
Ry = R -exp (DE) [2 exp (7€) = 1]
. _ _ (II - 28)
R, = R, €xp (De) [2 exp (%—E) - 1] 1/3

Using the Bridgman's analysis (1952) to calcufatq the variation of
D with €, Leroy et. al. (1981j can calculate the evolution qf damage
with strain .from equations (Ii - 28), and this compares'quife‘well
with their experimental results (fig. IT - 3).

In conclugion, the models which have been reviewed describe
quité accurafely the growth of voids as long as these are isolated.

They might break down when the voids are too close to each other,

‘i,e. when there is a high volume fraction of voids, or in the late

stage of the deformation.

w11 - 1 - 4 Coalescence of Voids and Models of Ductile Fracture

The coalescence of voids which leads to final rupture
is the most difficult- step of the ductile fracture process to describe
by a model. ) ‘“i?f

From experimengal observa;ionsl it has been shown that
growing cavities can link in twoapossible ways: the first one is
by normal contact, as the‘growgh igi}imited by the interparticle
spacing (Rogers, 1960); the second one is by localization of strain

!

Smith, 1966; Bakef and Cha%les; 1971). 1If two populatioﬂ% of particles

in well-defined shear bands occurring between voids (Palmer and

with different sizes exist, localization can take place between voids

created at the larger particles, giving rise to the nucleation, growth

-
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II-4 : Onset of internal necking after Brown and Embury
{1973). When a slip line field can be drawn between
voids, ,{a),; fracture occurs by local necking (b).




and linkage of voids at the smaller particles within the shear
bands (Cox and Low, 1974), )

The;criteria and models of ductile fracture are generally
based upon a condition for localization of deformation. This

condition can be a geometric one, an energetic one or even can be

expressed from a bifurcation treatment in continuum mechanics.

IT -1 -4 -1 Geometric Models

The_method followed in these models is to find a critical
dimension of the voids at which several voids can join to form a
micéocrack leading to final- fracture.

The first model was proposed by McClintock (1968a). The
voids expand until they touch in the transverse direction: However,
this model leads to fracture strains highly over-estimated (Hancocﬁ
and MacKenzie, 1976).

Brown and Embury (1973) suggested that when the void length
parallel to the tensile axis is equal to the spacing between‘voids,
then a 45° slip line field can be drawn between the voids (fig. I : 4),
removing the plastic constraint and allowing internal necking 'ic.
linking between voids. If a void is nucleated at a particle of\

radius Ry, a fyrther strain Eg proguces voids of length 2 Ry (1 + eg).

The fracture criterion is then:

2Ry (L+e)= X (I - 29)

where A is the mean planar spacing of spherical particles whose

volume fraction 1
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f2 T - 8
X= Ry L /3E, 3 ] (11 - 30)
The fracture strain is therefore:
€. = 2 Ao = L (l.+ g, + €,)
f n = n RN o

. Af -
i.e. El = In [V—éLf - 1% % + EN] (II - Jl)
v

This equation fits the experimental results quite well ﬁsing a plot
of €¢ vs fV for different systems, if the nd&leation strain EN
is included.

Thomason (1968, 1971) has gsed a similar approach in which
the material is assumed to deform homogeneously until localized
deformation along a fracture path of veids becomes more favourable
from an energetic point of view. The material qétks\down between
foids, at such a small increase of fhe overall strain that fracture

strain is equal to the strain at the beginning of this localizatien.

1
The fracture strain €e is found to vary as fV 1

Leroy (1978) used a criterion similar to that of Brown and

Embury, to calculate the fracture strain under various stress states.

At fracture, the void r1§1us in the tensile direction is given by:

Iy

2 Rf = ¢ A
where ¢ is a constant which may be a function of the materiél tested,
and was found to be close to unity for different spheroidized steels
tested. Using the integrated growth laws (II - 28), the fracture
st’ains can be determined for.different stress conditions.

\/—\,'\
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IT -1 -4 - 2 OQOther Models‘\

Due to the complication of the various factors governing
void coalescence (material properties such as strain hardening
rate, or shape and dimension of voids), alternat;ve models to the
g;ometric ones have bedh proposed more recently.
| Melander (1980) considers a material composed of a work-
hardening matriJz and a three-dimensional regular distribution of
voids. This distribution has aifoftening effect on the material.
He assumes that crack initiatioﬁ and, therefore, fibrous fracture,
occurs when deformation becomes unstable, at the strain where the work-
hardening ability of the matrix is just counter-balanced by the
softening effects of voids (fig. iI - 5). This occurs when the eA!rgy

consumpt?s}\per unit effective strain no longer increases with effective

strain, i.e.:

dw _
IE°~ 0 (I1 - 32)
and: dW = gde-opd €nn (IT - 33)

where %n is tﬁe hydrostatic stress component and €, the macro-

scopic dilation or variation of volume. Solving equation (II - 32)

for the relevant parameters of a giﬁgn material leads to an expression
of the fracture strain as a function of volume fraction -of pdrticles
and superimposed hydrostatic stress. According to Melander, the model
agrees quite well with experiments done in the wire drawing of a copper
bar. However, in regard to the great importance that local events

have in the final linkage of voids, a macroscopic criterion such as

2
equatfgp‘(II - 32) seems to be questionable.
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ig. II-5 : Schematic representation of the criterion for ductile

fracture, after Melander (1980). Practure occurs when
work hardening of the matrix is balanced by softening
from void growth.
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Finally, it is worth considering a recent and attractive
.approach to the final coalescence of voids. It is, in fact, a part
of a more general and extensive study of the conditions under which
bifurcation to a localized mode of deformation occurs. Here, damage
-is involved not in a geometricalt*way, but as a deviation from normal
plastic behaviour. Needleman and Rice (1978) and.¥amamoto (1978)
have examined the onset of such a locaiigstion in a ductile material
containing 11 initial imperfection. This iﬁperfectioh is a
narrow band of material where the volume fraction of voids is slightly
higher than in the outside matrix. Using the cons%itutive equations
fofr porous materials (Gurson, 1977a, 1877b), they calculate incremen-
tally at what strain the deformation starts to localize within this
bagdn More recently, Saje et al. (1982) have improved this model by
introducing the possibility of nucleation and growth of voids. In
order to compare their model with experimental results, they identify
the strain at which localization occurs with the fracture strain.
Doing so, éheir model compares rathelr well with the experimentai
results of Fisher and Gurland (1981), once the relevant nucleation
parameters and magnitude of the imperfection have been adjusted.

This approach emphasizes then the importance of damage
development on the intrinsic'ﬁechanical behaviour of the material,
and despite the fact that it does not describe how the localization
takes place physically, it represents an altei?ative to the geome-

tric models.

J

N



II -1 -5 Conclusjons : (:;/
= .

- . /'
The three\btages involved in the fibrous mode of ductile

fracture, viz nucleation, growth and coalescence, have been widely

studied, and the existing models give a good description of the

different events. However, it is worthmaking two remarks:

- the drastic influence of the stress state on the nucleation
and growth of voids has emerged clearly from this review. As
porosity is created, the hydrostatic component of the stress
tensor will influence the process of damage accumulation.

- There is still some uncertainty concerning the physical process
involved in the coalescence of voids, and an unambiguous quanti-

tative criterion for the onset of fracture is still not available,

IT - 2 The Shear Fracture - -*\\\\\‘

IT - 2 - 1 Introduction

It is a commonly observed fact that in deforming ductile
materials up to sufficiently large strains in the plastic range, a
smooth and continuously varying de¢formation pattern turns into a
highly localized deformation in the form of.4 shear band. In such -
cases, two possibilities are observed: either\the shear bands persist
and support almost all the subséquent non-uniform deformation, or
their formation leads directly to failure, i.e. the onset of localization
means the occurrence of fracture.

‘'These phenomena have been observed in. a wide-range of materials,

from single crystals {Price and Kelly, 1964; Chang and Asaro, 1580;

A



Spitzig, 1981) to pelycrystals (Chung et al., 1977; Tanaka and
Spretnak, 1973; Anand and Spitzig, 1982), and are very often a
problem in rolling processes (Lloyd, 1982; Korbel et al., 1982).J
The fracture surfgées obtained after final separation along
the shear bands are covered with characteristic shallow elongated
dimples. These dimples are associated with the existence of some
form of damage within the bands, such as voids opened at second phase
particles. The question then arises to know whether localization
of déformation is responsible for the creation of voids, due to
the large strains‘reached into the bands, or if localizationrﬁccurs
because of the existence of an array of voids created by prior plastic
deformation. Obviously, the latter is happening in the outer part
of the ”cuﬁ’and cone' fracture surface, and the former could be
happening in the creation of veoids at smaller particles within a
band of localized flow created between voids opened at larger
particles (Cox and Low, 1974).
After a short review of the main characteristics of shear
bands, the two attempts made to answer the question previously
‘asked will be presented. The first one deals with structural reasons

and parameters, while the second one is based on a continuum mechanics

bifurcation analysis.

IT - 2 - 2 Characteristics of the Sheér Bands

‘The purpose of this part is to present some common features
found experimentally about shear bands. Recently some comprehensive

reviews have been published (Hatherly, 1982; Gil-Sevillano et al.; !
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1980; Chandra-Holm and Embury, 1982; Pierce et al., 1982), from

where the following points are taken.

Shear bands are a form of plastic instability. They are

initially confined to a single grain_or a-group of grains, and they-
: A
become really macroscopic at higher strains,\that is to say they

¢
i
—

spread through the entire specimen, crosging the grain boundaries with-

out deviation. /

J

They have no crystallographic appearance: their shear systems
(plane § direction) do.not coincide with crystallographic slip systems
of the matrix. .

Some transmission electron micros€opic observations show that
inside a shear baﬂh, the lg#tice is rotated with respect to the matrix
one.

Shear bands are generally thin and contain elongated sub-

grains aligned with the shear plane. Indeed, very large strains can

. be reached inside shear bands, so that recrystallization can occur.

Inside the shear bands, there is some evidence that deformation
occurs by multiple slip, and boundafies between matrix and bands are
grain boundaries.

In the case of ductile single crystals, shear bands océur while
the waterigl is strain hardening. It appears that in stronger crystals
with lower” strain hardening rates (or-with rates decreasing rapidly
with strain}, lﬁcalized shear can be quite abrupt, leading to rapid
shear fracture. On the contrary, in higher hardening materials, or

in softer ones, necking is more pronounced, and shear bands form

gradually with strain.



For rolled products, assuming that the boundary planes of
the bands are parallel to the shéar plane, then the shear bands are at
+ 35° to the main strain axis. However, some important deviations
can occur. | ’
Therefore, it appears that over a wide range of deformation
paths and materials, shear bands have some important common character-
istics. This leads then to think about a unique mechanism for the
creation of these bands, i.e. for the occurrence of localized

deformation.

II - 2 - 3 The Classical Approach ‘ -

.This approach emphasizes the s:ructural reasons in the
occurrence of localization. The principle of tﬁis is the following:
strain localization occurs through a local softening process, which
can be of two.types.

.The first type is a geometrical softening, whose struct:ral
cause is a rotation of the lattice within a band, leading to a
saftening which competes with the work hardening of the material to
reduce the stiffﬁess‘of the material. However, the reasons for this
softening are not well understood at a microscopic scale. Macro-
scopically, a model has been proposed by Gil-Sevilliano et al. (1980),
using the Taylor and Bishop-Hill theories. The condition for local-

»

ization is the achievement of an ideal plastic state, i.e.:

(=9
Qi

1
g - ( )

™

The flow stress O is giveh by:

)

&
.
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g =M 1.0 ) (IT - 35)

where T, is the eritical shear stress of a given\slip system, and is
dependiqg only on I',.the total slip accumulatcd in" the in. M is the

Taylor factor. Therefore

do dt .
do _ M v T (II - 36)
de C de dr
dt
Considering a linear hardening law TC(F) within a small range where § = —&
: ‘ dr
can be regarded as a material constant, equation (II -36) becomes
do dM 2 o
-‘E = TC dE + M° @ (II - 37) .

M? 8 is the contripution of work hardening, Te gg is the contribution of
geométrical softening or hardening. If dM/de is sufficiently negative, i.e.
if a local softening process occurs, it can overcome the wo;k hardening
term and fulfill equation (IT - 34)}. For a polycrystal, the equations must
be averaged over all the.grains, so that the development of a texture is
of great importance in the occurrence of localizat}p%.

The .second type of softening,is a structural softening, which is
temperature and strain rate dependent. It can take different forms such as
‘adiabatic shearing (Chin et al., 1964), rapid recovery or in-situ recrystal-
lization. -These evenfs are related to the existence of'high strain rates
inside the sﬁcar bands. Therefore, they may not trigger localization and
shear band formation, but rather be a consequence’ of the development of a
shear band, It is very difficult to give a definitive answer to this
qﬁestion. The condition for growth of a band of localized‘flow can be
macroscopically expressed by the decrease in the load bearing capacitx,n@’///F

the material : -

dF <0 and F=o0A (IT - 38)
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where F is ‘the load and A the cross-sectional area. Using a constitutive

relationship for the flow s?tess of the form :
g=3G(, &, T) (II - 39)
where T is the absolute temperature and € the strain rate, the condition

(I - 38)'becomes

e+ & 4T <o (11 - 40)
g,T £, 4
{

Unfortunately, a constitutive law such as (I1 - 39) does not exist over

6= (& a2
o € L[>

»T

a large enough range of conditions to be used in equation (II - 40).
Chung et al. (1977) have altered this treatment by expressing the change

in elastic energy during straining. They find the following condition
&% g+ &% ae <o (11 - 41
de .E> .

i.e. either a strain softening or a negative st;ain Tate sensitivity are
required for strain localization.

Therefore, for both these two types of softening, it can be con-
cluded that their micréscopic causes are not well established, ;nd that
their macroscopic description is not complete.

it is wotth now gzésenting thq/models which‘have been ﬁ;oposed to
explain the relationship between the existence of voids and the creation

of shear bands. Berg (1962) emphasized that localized flow could occur in

porous materials, ASsuming that a shear band exists prior to the occur-

rdnce of any porosity, McClintock et al. (1966) have developed a theory
to €xplain subsequent void growth in the shear band. The voids of initial
radius R, are considered to be\io;ated in elements of material of longi-

tudinal dimension L£ and transverse dimension Lt with respect to the
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shear band. Fracture is occurring when the voids grow to touch an
element boundary. The resulting approximate equation for the ratio of

longitudinal cell size to void diameter LE/ZRO in terms of the shear

-

strain vy is : »

Li g AT Y g - mo )
Zn 2R0 gn Y1 + ¥° + TR sinh = (I1 - 42)

Similarly, for the transverse dimension, the equation is
o

- -

L -
T - Y . (1 - m)g _
in ZRO TCREED) sinh = (TI 43)

Here, n is the strain hardening'exponent, T is the principal shear stress
and ¢ the mean normal stress. French and Weinrich (1979) have applied

this theory to the shear fracture mode in sheets of spheroidized steels,

and found that the model was predicting higher shear strains to fracture

than those experimentally measured. ¢ V N cfj
The other possibility is the occurrence of a band of localized

flow between adjacent voids. Recently, Dodd and Atkins‘(1983) have shown

that data on shear strains related to flow instabilities, which are con-

siderably overestimﬁ;ed by thermoplastic theory such as equations (II - 40)

or (II1 - 41), are readily explained by isothermal ;eometric §oftening.

duq to the presence of voids.'McCIintock (1968b} has proposed an appro-

ximate analysis of the termin?@ion of ductile fracture by IOf?lized

shéar. Thé'geometry under co;sideration is shown in fig. II - 6. The

first condition fqr -a shear band to appear is that the load for shearing

be less than that for homogeneous deformation. By an upper-bound cal-

culation, McClintock obtains
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\ o
Fig., I Z6 : Shear band joining adjacent elldpsoidal holes with
/ _semi-axes a, b, c; the ¢ diz€ction is normal to 1

L34 a
Ny and lb (after McClintock, 1968b).
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This condition is a function of three independent geometrical ratios
defined in fig. II - 6, but is independent of the %frain hardening
rate. The second condition is that the maximum load has been
attained for the localized mode. Considering thaf the shear band

is thin enough compared to the voids so that it m3y ﬁe considered
to shear them withoufﬂbroducing any other deformafion, McClintock.
gives an upper-bound estimate of the condition. The area of the

voids increases by shearing by:

T
~,
'

cUAN L . .
"\ - o - - a -
where du is the displacement and 2¢ is the void dimension normal

- d Av = 2 ¢ du (IT - 45)

to the-plane of fig. II - 6, (b

c). The shear displacemen% is
" given by: |

‘ du= tdyanddy = vV 3 de
where t 1s the thickness of the band.
The net area of an element surrounding a siﬁgie void, A;, is the
gross area At less the area of the void intercepted by the slip

~

plane, A ; and is given by: . =

A, = V2 1 1 - ®be VZ(I7bZ + 1) (11 - 46)

) when localization occurs, the load is decreasing, so that:

dF= tdA +A dt < 0O (I1 - 47)
’ \ n n
The final condition is then: . !ﬂ:?& .
1 do ' - - ‘
3 & < v 6 ct / 1b 1c (II - 48)

D
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or, taking t of the dfger of vaZ + h? ,

G-
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(IT - 49)

2 7
v 6 cva + b¢ [/ 1b 1C

This condition then expresses that localization will occur as soon

as the strain hardening rate wi]i fall below a certain value given-
by the geometrical distribution of voids in the material. This

will happen if two conditions are met: first, a low. strain hard-
ening rate must be reached; this will be.the case if large strains
are obtained; secondly, the voids will have to-develop enough but not
coalesce or link, which would give a fibrous fracture mode. As it
will be seen later in this review, these two conditions are met

when aﬁ;;?¥igient1y high hydrostatic pressure 1is superimpoéed during

the PEnsile ddformation of a ductile material,

II - 2 - 4 The Continuum Mechanics Approach >

This type of model has already been mentioned for the final
coalescence of voird€ in fibrous ductile fracture. Flow localization
was created in this case due to deviations from the normal plﬁstic
behaviour occurring in the material becayse of the presence of voids.
The occurrence of shear bands similarly stems from deviatioé:\from
normal behaviour in the material. Rice (1976) and Needleman ;n
Rice (1978) have given the general procedure to be followed:

- first, determine thé eonstitutive equations explaining the
pre—locaiization behaviour of the material, taking intovaccount
any non-normality effects,

- secondly, determine some physical parameters which must reach

- »~
a critical value for the bifurcation to a non-uniform deformation

pattern to occur. , ’



- finally, compare these predictions with experimental data.
Departures from the classical rate independent Prandtl Reuss equations
have to be considereq in the determination of constitutive laws,

A first type of departure is the existence of a vertex on the yield
surface. Fig. II - 7 illu;Erates the difference betwéen a smooth yileld
surface, and a yield surface with a vertex. ‘in the latter case, the

-

normality rule does not necessarily apply. These vertices are a con-
—
sequence of the discreteness of slip systems within a grain (Hill, 1967),

or in rocks, they are related to the presence of micro fissures; this

has led Rudnicki and Ridg (1975) tospropose appr&ximate modified Prandtl-
Reuss equations, _ <j/ﬁf)‘

The second type ofAdeparture is the existence of non-nﬁrmality effects,
such as a pressure-sensitive yieclding, i.e. the existence of a strength
differential effect in high strength steels (Spitzig et al., 1975, 1976)
having a yield strengtﬁ_in compression different from that in tension.

In single crystals, deviations from the Schmid law can appear due to the
occurrénce of cross slip (Asaro and Rice, 1977).

As an example of this type ofj£reatmentf/;he results obtained by Asaro -
(1979) and Chang and Asaro (1980) for the occurrence of shear bands in
single'crystals of Al - 3% Cu are prcse;ted. Their theoretical model
assumes an idealized symmetric double crystalline slip as shown in

fig. II - 8, where m(!»?) 1.2 the

-~

arc the slip plane normals and s
: N3
slip vectors. Assuming that yielding on the slip systems a = 1, 2

oﬁcu;; according to the Schmid law with (haB) being the hafdening matrix,
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Fig. II-7 : Schematic representation of the difference between
a smooth yield surface and a yield surface with a
vertex,
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Fig. I1I-8 : Geometry for idealized symmetric double grystallidﬁ
slip (after Asaro, 1979).
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and taking an orthotropic, incoz%;assible and pressure insensitive material,

the constitutive laws can be determined in terms of the Jauman rate of the

Cauchy stress defined by: ’

v

g c-Q.c-c.s‘zT

-

, (IT - 50)

where g is the material rate of change of the Cauchy stress temsor O, i is

. T . .
the rate of rotation and Q its transpose. Asaro obtains:

v v
G - g.. = 2 G (h + hy) (Dz2z - D11} (II -/51)
22 11 (h + h1) 2G sinz 2¢
v . '
gi12 = 2G (h - h; + 0 cos 2¢) Dy2 (II - 52)
h - h; + 2G cos? 2¢ '
D11 + Dzz = 0 i (II - 53)

D is the rate of deformation tensor,,G the elastic shear mdgzlus and

the hardening matrix is taken as:

h .

hiy; hz2

hiz = hz2:

h,y

hi expresses the existence of latent hardening.

Two remarks can be made about these constitutive laws. First;.ihe term

2G cos? 2¢ in the denominator of equation (IT - 52) is in fact a vertex

on the yield surface, as the veffective" shear modulus is no more G, but.G
cos? 2¢. Secondly the term O cos® 2¢ in the numerator of equation (11 - 52)
gives an accouﬁt of the geomefrical softening due to the rotations of the

crystal lattice in the stress field.

/
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The next step is to analyze the bifurcation by looking at conditions
under which deformation concentrates into a narrow band, which is shown
schematically in fig. JI - 9. Within this band, incremental field
quantities are allowed to take values different from their values outside
ﬁhe band, with.an homogeneous deformation state presumed to prevail both
inside and outside the band. Then two conditions have to be Fulfilled:
- the velocity gradient field vy 3 inside the band differs from that

outside v? ; only by an expression of the form:

v. . - V. . = g.n, , (II -~ 54)

- it muSy have a continuing equilibrium across the band, so that:

-

n. &.. -n, 8. = 0 (IT - 55)
i 73] i 7ij 1

where éij and U?j are the stress rates within and outside the band
‘ \
respectively.
Writing the constitutive laws in the form:
- S

. = C,.
555 ijk2 Vk,2

and assuming that the coefficients Cijkﬂ apply both insiqé-and outside the
band, the two requirements (II - 54) and (II - 55) are séfisfied simul -
taneously if: -

det (n.C.n)= 0 (IT - 56)
From this analysis, Hill and Hutchinson (1975) have shown that a shear .

band can form on a plané with normal {n,, n,) if the following equation

has real roots in (njy/n;)?2: ) _ -

- -
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Fig. 1I-9

Fig. II-10 :

p

: Schematic representation of of the band where

localized deformation takes place.

&
Geometry of the shear band with respect to the
slip planes {after Asaro, 1979). -
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r :
1 4 . 2 2 1 4
(z - 5-0) np + 2 (2u* - W) n;®p,2 4+ (Wo+ E-O) nz = 0 (II - 57)
where : ( .
u o= 2G(h + hp)
: (h + hi) + 2G sin?® 2¢
_ 2G (h - hy + 0 cos 2¢)
HOE h - hy + 2G cosz 2¢
Taking ¢ = 350, which is commonly found in f.c.c. materials, this

gives u > 2pu*, and the roots are positive if the hardening rate is

such that:
cos 2¢ + sin 4¢ N
hlx< v2 (L+ k) . 2
(5)_ Z (k + Cos 40) sin” 29 (IT - 58)
where
k = hi/h
This gives: 7
0.064 if k

/

0.040 if k

]

( 2 ) 1
crit
0.028 if k= 2

It is necessary to know the specific orientation of the band;
indeed the band can have an orientation 8 different from that ¢ of
»
the slip system as shown in fig. II - 10. 1In this case, the critical

 hardening rate is:

(h) _ cos 28 = cos’ 28 /cos 2¢ I - 5o
o] .7 TT - ¥ cosz 267 cos? 26 + (1 + K) sinZ 26/sinZ 2¢ (11 - 59)
crit - ]

Taking k = 0 and ¢ = 350, the maximum of (h/c)Crit is reached for

6 = 40°, Thercfore, the bands are predicted to rotate from the slip

planes by several degrees away from the tensile axis.
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The experimental results of Chang and Asaro (1980) are very
consistent with the predictions of the model. For an Al - 3% Cu alloy,
they find that, regardless the microstructure of the initial orientation,

the c¢ritical hardening rate is:

)

The .angle between the tensile axis and the slip traces is about 300, while

¢

0.035

——
alz
1
]

crit

that between the macroscopic band and the tensile axis is about 40°.

To conclude this section, the.bifurcation analysis seems to provide
a good description of the onset of localized deformation in different
materials. In particular, it shows that shear bands can be formed for a
positive value of the strain hardening rate, i.e: prior to the achievement
oflan"ideal" plastic state. Howéver, this analysis does not give answers

———

L I AT
about the qlcrostr&ctural events which trigger localization.

I - 2 - 5 Conclusions

The occurrence of localized deformation is a common feature of the
deformation of materials. Thik-phenomenon cap be described by a sequence
of nucleatioﬁ\?f/a shear band and its subsequent growth through the
material. The nucleation event has some microstructural reasons related
to the slip behaviour, the dis}ocation substructure, ;ndlor the distribution
of damage in the form of voids or microcracks. It can, however, be described
quite accurately by a continuum plasticity model of bifurcation which does

not take into account the physical reasons for bifurcation.
"y )
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Shear band fermation is closely related to damage. In particular,
-]

if damage follows the creation of a shear band, any mears of delaying damage

growth should bring the opportunity of delaying final catastrophic failure
. .
/

and, therefore,fthe possibility of studying the shear bands in detail.

rd

/
Hﬁ -JS The Brittle Fracture ‘<
!

II - 3 -1 Introduction

The brittle fracture involves the nucleation and growth of micro-
structural damage prior to final failure. 1In this case, damage takes the
 form of microcracks which are propagating at very h;gh speed through the
material, wiFh little associated plastic deformation.

Brittle fractu;e is the usual mode of failure of rocks and concrete,
but it can also appear in a wide range of metals when the temperature is
low enough or when the s;rain rate is high enough, or, in a §eparate form,
in ?ctals which have been grain boundary embrittled.

The-microéracks can appear and propagate in two ways::’iither trans-
granularly or intergranularly. In the first case, referred to as cleavage
fracture, the cracks are nucleated in a grain, and cross the boundaries to
spread through the adjacent grains., In the second case, the c¢racks nuclealte
angd propagate along the grain boundaries: this is the intergranular fracture.

In this section the two forms of brittle fracture will be reviewed‘
briefly intorder to see how they can be influenced by the stress state.

The review will also include some information concerning the deformation

i
and fracture of rocks. ‘ ¥

"
HY
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IT - 3 - 2 Intergranular Fracture

This mode involves the propagation of cracks along grain boundaries
which € been weakened either by the accumulation of impurity elements
Z; by the presence of a continuous film of a brittle phase. Another pos-

ibility is for the fracture to have an intergranular path, but to progress
™

by the linkage of voids created around second phase particles existing on

the grain boundaries: - it is, therefore, a ductile fracture which follows

the grain boundarigs.
Intergranular fracture in steels and iron alleys has been reviewed

by Briant and.Panerji (1978). They have concluded that tﬁgxkact that grain

boundaries are the lowest energy paths for fracture is quite often related

to their chemical composition. In some cases, the weakness‘of the grain !

boundaries is due to the presencé of an extensive secénd phase precip;tated

at the boundhry, such as ALN in a\sigﬁ cooled aluminum-killed steeI‘fﬁright

and Quarrel, 1962), titanium carbonitfidss in thermally embrittled maraging .

steels (Spaeder, 1970}, or MnS precipitates in overheated steeis (Brammer,

1963). Very often, the boﬁndaries are wlakened because of.the segregation

of certain solutes elements. Such a segregation has been widely studied in

low alloy steels in which the most common grain boundary embrittling agent ‘:\\_

are from groups IV B to VI B in the periodic table of elemenfs. The segregation

is also strongly influenced by the presence of alloying elements ikw;teels,

such as Ni, Cr, Mo (Low et al,, 1968; Marcus et al., 1972; Mulford et al.,

1976; Dumoulin et al,, 1980). Experimentally, the most widely used tech-

nique is Auger qlectron spectroscopf. An example of this is given by

Palmberg and Marcus (1969) who studied the segregation of Sb and P in

pure iron. The degree of embrittlement is measured by the increase in the

1
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ductile-brittle transition temperature, and/or in the appearance transition

- ’

~—temperature. Theoretical treatments deal with the thermodynamics*and the
kinetics of segregation, and with the influence of segregated elements bn
the cohesive strength of grain boundaries.

McLean (1957) first derived an expression for the equilibrium segregation,
with the help of statistical mechanics assuming that the grain boundary is
a %hndom ideal solid solution without any inte;actions.between segregated
elements and alloying ones. This last assumption'was found to be wrong,

and recently Guttman (1975, 1979, 1983) developed a model taking into account

. r

these inEenQFtions.
The'Ki;;%Ecs gf segregatioﬁ has also been analyzed by McLeQﬁL assuming local
equilibrium between 3 boundary layer and the neighboufing bulk materidl, and
using a diffusional analysis. Tyson (1978} proposed a modei ﬁsiné a computer

simulation, and has obtained a faster segregation than that predicted by

McLean.

The influence of segregation on fracture behaviour involves two
concepts: 2 .
-« first, the local modification of the bO;EEﬁg and subsequent energy

to fracture;

~

- secondly, the modification of the local dislocations-boundary inter-
actions, and hence the ability to spread gz§§gic deformation at the
grain boundary.

The ideallwork of fracture per unit area of grain boundary is given by:

1
;q\.'_‘_"‘-

Ye -, (II - 60)

47
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where Y is the surface energy and Yy, is the grain boundary energy. This
equation can only be used for the equilibrium process, as Yo and Yy, refer

to equilibrium values. As fracture is essentially an irreversible process,

then equilibrium thermodynamics.gennot be applied. However, Low {1954)
obtained a value for y of 3500 ergg{cmz in a decar;:;ized low carbo# steel <
containing oxygen, which agrees quite well with the value of 3120 ergs/cm?
calculated from equationJE}H - 60) using Y = 1950 erg/cm? }Linford, 1973),
and vy, = 780 erg/cm® (Hirth and Lothe, 1968). This idealowork v is, however, r
insufficient when explaining theoretically microcrack propagation (anté?‘1977).
As proven experimentally, for example, by the broadening of X-ray lines in .
diffraction studies‘of fracture surfaces (Felbeck and Orowan, 1955), some
plastic deformation, i.e. dislocation activify accompanies crack propagation,
Therefore; another term, Yp’ or local ;Easiic work, must be added to the
ideal work vy to give *the actﬁal work at fracture. McMahon and Vitek (1979)
have develgped a qualitative model of microcrack propagation, ‘arguing that
the plastic work Yp dép;nds on the ideal work y, and that a small change
in y, due to segregation, leads to a large change in Yp' They have- ~
extended this mdde; quantitatively later (Jokl et al., 1980). These later
authors also propose some tentative ideas about the physical nature of
the embrittlement phenomenon. }
. Other examples of intergranular fracture occur in aluminum alloeys.
Very often, they are of the type referred to earlier, in which fracture
occurs by coalescence of voids formed at particles present at the boﬁndaries.
In this case, the fracture surface, which has a typic;T %aceted appearance;,

shows on each facetsmany small dimples, proof of a ductile type of process,

iMN. the existence of large local plastic deformations. This occurs quite

often in high purity aluminum alloys, such as AL - Zn - Mg (Ryder

- -
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and Smale, [963; Kawabata and IZumi, 1976), AL - - 51 [Evensenjif al.,

1975; Dowlin nd Martin, 1973), AL - Cu (Mgrtin, 1982)¥,Iﬁe first cause

e

f this type of failure is :&F existence of precipitate-free zones (PFZ)

adjacent to the grain boupdaries in eged alloys. These soft and ductile

layers are prone to easy pldstic flow, leading then to the nucleation,

~

growth and coalescence of voids at the particles existing on the grain
boundaries. Embury‘and Nes (1974) used a simple model of PFZ te derive
a fracture strain as a function of the areal fraction of precipitates in
the PFZ.’Kawabata.and Izumi (1976) have shown the importanée of the width
of the PFZ on the intergranular fracture of an A% - ZIn - Mg alloy.

Another important factor is the homogeneity of slip within grains;

2

N
» indeed, slip bands create stress concentrations capable of openlng cracks ‘

K7@5“gra1n.boundar1es Therefore, localization of slip w111 increase ;he

tendency to intergranular failure. This also explains why commercial
. ‘ i

purity ailoys are less likely to fail intergranularly: the existence of

small dispersoids promotes both the spread or homogeneization of slip,

-

and reduction in grain size. Assuming that.fracture occurs at a grain
Ay

boundary when a critical stress Uc is reached, Evensen et al. (1975)
express the influence of stress concentrations at the tip of a slip band .

in which precipitates exert a resistance % to plastic flow by:
. ¢

Uapp +_¢~(Uapp - oo) > 9. (IT - §1)

Here ¢ is the stress concentration factor and can be approximated as -
—————— - -

(L/W)k, where L is the length of the slip band and W its width. Equation,

(II - 61 ) gives then :

# 0> %+ (O W%)/L% | (1 - 62)

This equation relates therefore the fracture stress to the grain si

mequal to L, the length ofcfze slip band.

S
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As this type of intergranular failure is in fact a form of ductile

fracture, it will be very sensitive to the stress state; any change in the

hydrostatic stress component will affect subSejpent damage development and

may eventually change the fracture mode.

IT - 53 -3 ClcaVage Fracture

JIn_b.c:c. ferrous mate;ials, at low temperatures, fracture occurs
by transgranular cleavage or the {601} planes: invoiving the nucleigg;n‘of
a microcrack within a Isain or a second phasé particle and its propagation
in the adjacent ferrite grain leading to éatastrophic fraéture.

Low (1954) has shown that the cleavage fracture stress in tension
is always equal or éreater than the yield stress, measured in compression,
over a large range of grain sizes in a mild steel at 77°%K (fig. IT - 11).
It is, therefore, apparent that plastic flow is a necessary precursor to
cléavage,'and that yielding is involved in the nucleation of cleavage
fracture.

Zener (1948) first suggestéd that the stress_levels at phe tip of a
dislocation pile-up could be sufficient to nucleate a microcrack. Stroh
{1954) dcvgloped this idea Ey proposing that the dislocations are squeezing
together to give a éraék nucleus.- The critical stress/for crack nucleation

is:

' ' Y
T = T _-T, 2 12 uy (II - 63)
Ve eff Y i - [ T (-4 ]

where Teﬁf is the effective shear stress, Ty is the shear yield stress,
Ti the lattice friction shear stress, p the shear modulus, ¥y the surface
energy, v Poisson's ratio and d the slip band half-length. Stroh alseo

argued that nucleation would be the most difficult stage, so that cleavage
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fracture is nucleation-contrelled. However, Knott (1966) showed that
cleavage fracture in mild steels follows a critical tensile stress criterion;
since this stress governs the prﬁpagation of the microcrack, this means that
,3¥glcévage fracture is.propagation-contrqlled in mild stee}s. Cottrell (1958)
éroposed an alternative model for the nucleation of tiavage cracks in bce
metals. Two dislocations slipping on intersecting {101} planes interact

to form a pure edge dislocation, whose large Burgersvector is normal to

the cleavage plane. This reaction is accompanied by a reduction in_dis-

»

- »
locatioﬁ)encrgy so that nucleation is easier than with the previous Stroh's
model. The cleavage fracture stress is: /.
- : % |
o = 2 uy d (11 - 64)
. ks ,3 ' .
" D L
, st ' U . .
where d is the grain size and k; is the shear Hail-Petch yielding constant.

. . <
This mode1l predicts a propagation-controlled cleavage fragfare and explains

.the effect of grain size and yielding parametexs on fracturq.f_ﬂoycver, this
model does not consider the effects of microstructural inhomogengities such
as the presence of second phase particles in grain bouﬂdaries, or alternative
configurations for the dislocation pilé-up;. McMahon and Cohen (1965) showed
the inflqence-of carbide size on fr%cture: coarsé carbide particles promotéd

T S ——y .
cleavage fracture whereas fine carbide partiéfes allowed a ductile behaviour.

Grain boundary carbides are cracked during plastic deformation, giving crack

~r e .

nuclei propagating into the surrounding ferrite as cleavage cracks, causing

complete fracture. Smith (1966) proposed a model whege grack nucleation

“within a grain boundary carbide of thickness C @eat d at Y\ti;of
r

a dislocation pile-up in the surrounding ferrite grain of d et"\ d. | The

b

change in energy requi to spread the crack from the carbi e into the

r

~os



ferrite matrix gives the criterion for the growth-controlled cleavage

fracture to occur at a stress Ufi

Coy o2+ T2 0 [ 1+ 2 Cols T3 ]2 4E'p
Dt e.ff_[a,? @ T, 2 wa-wa (-6

L

where E‘is §h§ Young's modulus and Yp 1s the effective surface energy of

ferrite. Another mechanism\{f also possible to nucleate microcracks into

- L= ~

second pﬁaSe particles: Lindley et al. (1@70) showed that a fibre loading

. v L »
mechanism could occuf.
It can also be mentioned that cleavage fracture can be initiated by deformation
twins produced at high strain rates and low temperatures {Hull, 1960; Knott
. 4

/_/7 ’

Equation (II - 65) indicates that the/only microstructural paramete>\to

and Cottrell, 1963).
4

affect the fr;cture Sﬁfffsng\t e carbide thickness. Curry and Knott (1978)
have, however; shown that it exists a relationship'between ferrite grain size
and the largest observed carbide thickness. Assuming that this‘carbi\e gives
riscjio fracture, the grain size can be introduced into equation (II - 65).
Using typical values of yieldinﬁ'ﬁérameters, Knott (1977) has found a value
of 14 J m ? for the effective surface energy q& ferrite Yp' He also quoted
an extension of this model to steels containing spheroidal cafbides,

i
A A e
by Curry. Again, the critical step is the propagation of a crack™nuclédted

done ‘

in a spheroidal carbide into the adjacent ferrite grain. Ignoring the

“‘digiocation contribution, Curry found: - -
/\/\_ § . ]
o, S (EER )Y (11~ 66)
f 2 Cp
, a N
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where Cy is the carbide diameter. Such a mechanism of fracture is consistent
with the value of 14 J m ? for Yp if the carbide diameter is taken as the
95th percentile of the carbide size distribution. Finally, to explain that
:;e effective surface energy Yp is significantly larger than the elastic.
work to fracture, about 2'J m™2, Knott (1977) suggested that it is necessary
to consider a critical displacement of the crack tip as the full atomistic

fracture criterion, so that some dislocations must be created and moved at

the crack tip, thus raising the energy for fracture.
’\._-— .
IT - 3 - 4 Deformation and Fracture of Rocks

Rocks are very brittle materials, so .that the easiest way to study

their mechanisms of deformation and fracture is to perform a compression

test with or without confining pressure.

In the former cage, the typical stress-strain behaviour of rocks

in compression is schematized in fig. II - 12 , and can be divided in

o’

four stages (Paterson, 1978):

- Stage I: the upward concavity of the curve is attributed to the
closirg of pre-existing crgpks, which are intriﬂsic to the constitution /:if;f;

of the rocks. ' Q}<: , 15' d

- Stage II: nearly perfect linear elastic behaviour. ' It involves the

elastio deformation of the grains and pores. However, hysteresis h
sometimes been detected, and attributed to some sliding of ~existing
cracks. g
- Stage III: development‘of microfracturing and dilatancf. This occurs
by the ﬁrolfferatidn and'stable propagation of microcracks distributed
fairly uniformly throughout the material. They develop parallel tp the

/7 maximum principal compressive stress. Very littleis known about whether
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Fig. II-12Z : Schematic répresentation of the load-displacement
curve of a rock in compression. The four gtages are
also indicated (after Paterson, 1978).
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v

microcracks mainly propagate from smaller ones initially present, or
whether the nucleation of new cracks is important.

. - Stage IV: localization of the microcracking development. fn some
cases, the microcracks remain predominantly axial in orientatiof, and
their linkage leads to the axial splitting type of fracture. In
other cases, an increasing proportion of microcracks comes to be of
inclined orientation or shear character, and their linkage gives a
shear type of fracture. '

When the compression test is‘Performed with a sufficiently high
confining pressure, the material can become ductile i.e. can substantially
change its shape without grosSs fracturing. The processes responsible for
this transition to a ductile behaviour will be presented in the next section
of this review. However, it is useful to recall hére'the deformation processes

which can enter into the ductile behaviour of rocks. They are of three types,

any combination of which is greatly dépendent on the conditions of pressure,
temperature and strain rate: ’

- Cataclastic Flow: this is the permanent deformation acheived by the
combination of the distributed fracturing of the material info fragments,
and the relative movement of the fragments. Two factors make this |
mechanism strongly pressure-dependeni: a) the friction between the
sliding parts, and b) the changes in volume associated with the re-
arrangement of the fragments. The microscopic physical processes }
involved in this type of flow are very {itxle understood.

- C:}étaf Plasticity: it covers the permanent deformation of crystalline

‘\mf/ﬁiterial by slip and twinning within the grains.

1)

S



- Diffusional Flow and Grain-Sliding Effects: these mechanisms are
likely to appear when the temperature is high enough as they involve
thermally activated processes.

Finally, as ductile behaviour involves a change of shape'without
significant change of volume, some geometric constraints exist, in
particular compatibility of strain between grains must be effective. When
deformation takes place by slip within the grains, it is well known that
five independent slip systems must be available (Von Mises, 1928; Groves
and Kelly, 1963). However, in rocks, such a criterion is usually not.
fulfilled (Paterson, 1969). Therefore, the question arises to know how
rocks can dqﬁprm in a ductile manner by slip in the grains. w'f‘wo pos-
sibilities exist. The first one is to take into account the heterogeneity.‘
existing at the scale of the grains: some grains may not deform, but
behave as hard inclusioys.in a mg}rix of deforming grains. The second one

is to consider that other types of deformation mechanisms can occur:

twinning, kinking are two examples. However, these two possibilities are

3
-

quite limited and generally the accommodation mechanisms will be cataclastic

ones at low temperatures, and diffusional ones at higher temperatures.

p—

I1 - 3 —‘5 Conclusions ' . ; \

To conclude this review of brittle fracture, the main points can
be recalled: |
- Brittle fracture occurs as a sequence of nucleation, growth and
propagation of microcracks, either transgranularly or intergranularly.
- The micromechanisms leading to the nucleation of microcracks generally

involve liiiijéaaspic deformation (slip or twinning).
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- The work done in brittle fracture is always larger than the ideal
elastic work. This shows that some kind of plastic deformation at the
crack tip is associated with the crack propagation.

- As clearly shown.in the case of rocks Sbut also for brittle metals,

the hydrostatic stress component has a strong influence on the fracﬁ;zg’_‘

process. -

(Y

II - 4 Influence of the Stress State on the Tensile Fracture Mechanisms

As seen in the;breceding reviews of the fracture modes, damage accu-
mulation is a prerequisite for fracture. Unlike plastic flow, it is dependent
on the hydrostatic component of the stress-tensor. A great deal of experi- Y
mental work has been carried out to investigate this dependence in different
materials such as pure metals, alloys and rocks.

Two ways of changing the hydrostatic stress component have been

N

used, The first one is to superimpose an hydrostatic pressure during the |
tensile deformation of a specimen. The second one is to create a triaxial
state of stress by machining notches in axisymmetric tensile samples.
Quantitattvely, the results of these studies have been expressed in
terms of a rklationship beéween the fracture strain e and the superimposed,
pressure P, Yome authors have also tried to find an analytiéal fracture
criterion giving the fracture stress as.aitynction of several pafameters.
Qualitatively, some authors have tried to present an oférview of

.;
the changes in fracture modes (Brandes, 1970; French and Weinrich, 1977;

Francois, 1977).
The following review presents several features of the known

experimental data for a particular type of material.



I1 - 4 - 1 Ductile Pure Metals

Investigations have been carried out on different pure metals such
f’///’;ﬁ Fe ;Yajima et al., 1970}, AL (Yajim; et al., 1970; French and Weinrichf'

1975a) and Cu (Yajima et al. 1970; French and Weinrich, 1975b, 1976). These
metals fail by the ductile "cup and cone" mechanism at atmospheric pressure,
but develop other modes as the hydrostaéic pressure is increased.

‘In‘cﬁbper, both authorz obtain a linear increase of the fracture
strain up to a pressure of 300 MPa. Above this valqg, Yajima et al. (1970)
found a slower, but stil} linear increase, whereas French and Weinrich |

- (1975b) indicate a fracture strain going to infinity as the fracture mode
become; the chisel-point mode.

In iron, Yajima et al. (1970) found a linear variation of"éf with
P up to 490 MPa, and a deviation from linearity above this pressure.

In aluminum, there are again contradictory results. Yajima et al.

(1970) obtained a continuous, linear variation of ¢ with P up to 200 MPa,

but French and Weinrich (1975a) observed a change tgp chisel-point fracture

mode between 125 and 150 MPa. These differenceﬁ may be attributed to the

degree of purity of the materials studied.

However, the genefal picture which emerge these works is -

that increasing pressure changes the fracture mode from a cup and coéne one
to a chisel-point type.

~
.

II1 - 4 - 2 Non-Ferrous Alloys

»+
-

Two types of élloys have been studied.

. The first group is composed of different Cu - Zn alloys (brasses).

Beresnev et al. (1963) found a linear increase of €¢ with P up to 300 MPa,

a—
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and a constant value of €s above 400 Méa. Yajima et al. (1970} have
reported the same type of behaviour for brasses containing 30-40 wt% of
Zn. They suggest that this change in slope occurs because the fracture
might be dominated bf the shear stress above a certai% pressure in metals
with a low stacking fault energy. French and Weinrich (1973a, 1973b, 1974b,
1977)vhave studied in detail the variation eof ef in different brasses.
The increase of Ep with P is line;;“ﬁp to 300 to 400 MPa for all the brasses
tegted, followed By 4 sharp decrease iﬁ ¢ around 400 MPa, and the achieve-
ment of an approximately constant valug above SOOIMPa. The authors relate
these variations to the changes occurring in the fracture mecﬁanism. Below
300 or 400 MPa, the fracture is a cup and cone type, the fibrous part
decreasing as the pressure incfeases. At a critical pressure of 300 or
400 MPa, the mechanism of fracture changes into the shear mode, giving a
‘constant value of €g- Up to 1100 MPa, fracture occurs on a single shear
plane after a large amount of necking. At 1200 MPa, a chisel-point fracture
takes place by the operation of shear zones containing narrow bands of
intensive shear.

¥he second group of illoys is composed of some aluminum alloys.
French and Weinrich (1975a, 1977) have studied an AL - 5.5 wt% Cu alloy
under pressures up to 1250 MPa. The fracture strain increases linearly
with pressure up to 300 MPa, and less rapidly at higher pressures. The
cup and cone fraéture occurring{atrlow ﬁfessures turns into a shear fracture
at about 350 MPa, and éhis modé;exists up to 800 MPa. Abbve fhis pressure,
crossed ‘'shear zones, characteristic of gl-point fracture, are developing.

Beresnev et al. (1963) reported a linear increase of Eg with P up to 750 MPa,

for a heat-treated AL - Cu alloy, but they could not measure €¢ at higher

v
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pressures because of the distortion §f the neck. Pugh and Green (1964-65)
found similar results on an AL - 1 wt% Si, a linear increase of ef up to
450 MPa, and a large distortion of 'the neck above 500 MPa. Finally,
,Adger and‘Francois (i974) have done some measurements of mechafical properties
and fractg;etoughness under pressure up to 600 MPa in an 7075—?651 aluminum
alloy. The frécture strain Eg was found to increase ﬂinearly with P over
the entire range of pressures investigated, ané the fracture mode was the
cup and cone one up to 600 MPa. ‘

It can, therefore, be concluded that when the pressure is incfeased
the fraéture mode of non-fgrrous élloys changes according to the following
sequence: cup and cone > shear -+ ‘chisel—point or plastic rupture. ‘“;;"}".Eb -—
IT - 4 - 3 Steels and Fqérous Alloys

- r
The first author to study the behaviour of steels under hydrostatic

pressure was Bridgman (1952). He tested different grades of steef\sand

was able to outline the common features of their behaviour under hy

rostatic

pressure.

His fi}st conclusion was that hydrostatic pressure affects slightly

-
-

the plastic flow of steels, as seen-when the strain hardening curves obtained

under various pressures are plotted. Despite small inc;eases of the yield

éirength and tensile strength when pressure ¥s increased, Bridgman assumed —
that flow is independent of hydrostatic pressure when he d%iiVed his analysis

. . '/ : L] .
*'of thé stress distribution across the neck of a tensile™specimen. Bince then,

Spitzig et al., (1975, 1976) found that yield and flow stresses were sensitive -~

to hydrostatic pressure in several steels and polymers. Richmond and Spitzig

(1980) showed that the flow stress can be written as -
o o= fg) (1 +3aP) (11 - 67)

4

-
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where a-is found to have an average value of 19 x 10 ® MPa"! for all iron-

based materials. This pressure sensitivit§ of the flow stress can be ex-

o,

plained by the small pressure dependence of the elastic moduli which appear

in most formulae in dislocation theories or, less directly, by the dilatancy
around stacking faults or a slight pressure dependence of diffusion rates
when dislocationﬁmotién is dependent on diffusion (climbing, jog-dragging).
The second result of Bridgman's work is related to fracture. He
reported that ductility was increased by pressure, and he found a linear
relationship between Es and P for all the steels he tested. He also noticed -
that the fibrous part of the fracture surface was.decreasing as P.was increased,

O~

and could even vanish at sufficiently high pressures.

Finally, he concluded that there is no universally valid criterion )
for fracture in terms of the stress only. This work has been followed by
several studies on the behaviour of steel under pressure;

Davidson and Ansell (1968) studied a series of iron-carbon alioys

in annealed ;;B’spheroidized conditions. They showed that the effect of
pressure on duct?lity is highly structure-sensitive in terms of the amount,
shﬁ?e and distribution of cementite pﬂgse. The; found a linear variation of’
€p with P in the spheroidized steels, and showed that the Latio of fibrous to

total area of tie fracture surface goes to zero at a pressure which increases

.

. o . . ) -
with indreasing tensile strength. -

Yajima et al.’ (1970) tested three miid steels, and reported a linear

- relationship between éf'énd P. Using these results and those obtained for
other materidls, they sbgyea that the slope of the lineaxiaelq;ionship . o
\H‘;}\‘/ . between ef‘and P is dependent upon the Fensile strength Ors of ‘
/ | . o
: S~ ’



“an influence on thg amount of microcracking psesent in the sample; it - f
. . L u .

\ . . N '63

the material :the_highef the strength, the smaller the slope. Finally,

these authors proposed a fracture criterion based on the constancy-of the

hydrostatic stress component at fracture. _
_French and wéinriéh {1974a) carried out the first quantitative studf

of the voiding mechanism in a spheroidized steel tested under hydrostatic p

pressure. The fracture strain-wai found to vary linearly with P; the results

conkerning nucleation have already been reported in the review of ductile

fracture. - . L
Other authors have used the triaxiality of the stress state created ~

when machining a notch in axisymmetric tensile specimens. Alpaugh quoted by

McClintock (1968b), Mackenzie é{‘al. (1977); Hancock a;d Mackenzie (1976)

have studied steels, and recently Sun Yao‘Quing et al. (1983} have iﬁ%estigated

a spheroidal cast iron. The severity of the notch, i.e. the magnitude of the

hydrostatic tension, increases as the ratib a/R increases, where a is the

radius of the minimum cross section and R the radius of curv;%ure of the N

notch root. .Two principal conclusions can be drawn from these types of

experiments:

- the ducility decreases as the sdverity of the notch incréﬁées.
& - s

- the damage is affected by the sthess state (Sun Ego Quing_et al., 1983):

the volume fraction of voids foune

- decreasing as the severity of th€ notch is incrfased.

II - 4 - 4 Brittle Materials - YA N

——

Superimposing an hydrostatic pressire during the deformation of a
britile‘material éan have two main effects, both related to the extensive e

. . A . .V -«\ .
microcracking.involved in brittle fracture. First,-tﬁ%ﬁpeessggqfwill have :
b2 . ’

. H-L? - - ) -
» ‘ [} ' '



opposes any dilatancy.” The second effect is the influence of pressure on -
the stability of existing microcracks, the pressure being able to delay
any form of unstable.localization of-flow. These effects have been s.tgglézé?’lfj
theoretically by Francois and Wilshaw (1968) for transgranular cleavage.
Considering dislocation models for the nucleation of microcracks, théy
concluded that, as superimposed pressure is small comfared with the local
stresses in the cores of dislocations, the stress for crack nucleation is
nearly ;gdependent of pressure. Two other steps, crack propagation across

a grain, and through a grain boundary, are,_howevef, pressure-dependent.
Using energy balance calculations, Francois and Wilshaw showed that as the
pressure is increased, the stress to propagate cracks across grains is also

increased; but remains at first above the stress needed to cross a grain

v

re still unstable. At higher pressufes, the

o

boundary; then the cracks

propagation across a grain boundary becomes more difficult than the pro-

pagation in a grain; .so that cracks are stabilized; d some arrested cracks
L 3 . v

can be seen within thg specimen. This typefof calculation can be extended

g of the grain boundaries; however

had ]

the influenc: of pressure on the failure of aluminum alloys showing inter-

to intergranular fracture due to weake

‘grahular de esion must be of the same naturé as the influeq;e it has

on ductile fracture, previously reviewed : pressure will delay damage

acqumulatibn at thé grain boundaries, eventually allowing another fracture

mode to take place. . - | \
Experiments have been performed %g order to determine.thq increase

in ductility, which could be ;sed fpr formiqg-purposes,“?btaiﬁed by super-

imposing pressure; Two gTroups of materials have begn invesfigateq.L h.c.p.

materials, such as‘beyykﬁium (éEEZre et al., 1971), E}nc (Pdth and Greenk'

- ) . \" ' i ) o #

- Y ’
B ““b' \\vﬂ - ¢
- . - .
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Goon het
1964-65; p%ﬁi son et al., 1966; Carpentier and Francois, 1871}, cobalt
(Davidséﬁ/;t al., 1966; Carpentier and Francois, 1971), or md nesium
{Pugh and Green, 1964-65; Davidson et al., 1966}, b.c.c. materials guch
as tungsten (Davidson et al., 1966) and molybdenum tGalli and Gibbs, 1964},
and also some brittle cast irons (Bridgman, 1952; Brandes, 1965,1967;
Crossland and Dearden, 1958; Pugh and Green, 1964-65}.

It has alsé been found fhat hydrostatic ‘pressure has an influence
on the ductile-brittle transition temperature. Galli and Gibbs (1964) have
shown that this temperature could be.lowered from 50°C to 2°C in melyb-
denum by the application of an hydrostatic pressure of about 140 MPa.

. Finally, following the work of Von Karman (1911) gﬁjﬁhrble, several
authors have studied the transition to a ductile behaviour which is achieved
in brittle rocks when they are compressed with a sufficient confining pres-
sure.(Paterson,'lgsa; Heard, 1960). They have shgwn that ductile behaviour

was characterized by a uniformly distributed deformation throughout the

specimen. The brittleiductlle transition can be simply modelled in two ways
- . 2}
as shown schematigally in fig. II - 13, taken from Patersoq}(1978).

Fig. Il - 13- a répgesents a transition to plastic flow; indeed, the frac-

—_—"

ture stress increases,ghiicker than the yield stress as-the pressure is

. L
increased. In practice} the transition will be less sharp betause of local

""{ 4
yielding effects occurring beiow the matroscopic yi#ld stress. Fig. II -
—
13 - b represents a transition to.a gataclastic flow :'here it is assumed
that the fracture stress is less depgndent on pressure than the frictional
- >

sliding stfess. These modes can occur because of the stabilization of - .
N P

microcracks, which cannot give risq:}p a ioqglizag}on into a shear baQ:I
: | : . -/ s T
for example. o P B

'y oo .

Lanma ™



Fig. 1I-13

03 -0, AT FAILURE

66

wl
a
= v
=
e
(T
-
<
5
Ly .
b
-
o

A& ' )
s LS
L BRITTLE—~/DUCTILE~

CONFINING PRESSURE 7~ ~

;\ ' (l)) o J ciz;”//77{r,f—'—*42§4;'—-“‘

: Schematic gnodels for the)\brittle-ductile transition

under Eon®ining pressure : ,
a) transition to plastic flow. L
b) transition to cataclastic flow

Aftér Paterson ({gng, o NQ§§:::=£=



A

67.

IT - 5 Mapping of Competing Fracture Modes

Materials can fail by different mechanisms, the occurrence of

which depends on the values taken by a

set of variables including the stress

. L ;
o state, the temperature, microstruétural parameters, material properties -

A
and the level of microstructural damage. -

It appears that the determination andrgﬁé presentation of maps in
s

an apprij;g;p set of‘coordinateﬁ woul

-~

d be a convenient way of representing

the dominant mechanisms of deformation or fracture for a given material

under well-defined conditions.

In the section, three kinds of maps are considered, which correspond

to the main body of the mapping work t

fracture maps and formability maps.

Il - 5 -1 Deformation Mechanism Maps

o date: deformation mechanism maps,

e

—_
s

Frost and Ashby (1982) have dgweloped deformation mechanism maps

for a wide range of materials. They c

onsider five possible‘ﬁeformation

Vomm

mechani®ms, each being characterized by a rate equation such as:

. ‘ . . ] '
3= f('r., T, S;. Py

where Y is the shear strain rate, T t

T (EF absolute temperature, S; a  spt
- — J

structure, and Pj a set of variables

‘deformation, the stat

e

5; a
/

14

~

. .l('_II-si/\\' K

deviatoric part of the stress field, -

of variables characterizing tRe~micro-

iving the material propeﬂfﬁes. During

‘changing, so that another set of

\ A
equations giving gfieir rate of change can be written: —
- ] ' ‘ .
‘-H ) * d Si ' N - ? . )
: I &(t, T, 5§, Pj) (I1 - 69) .
L Ty T |
v . . .

where t is,time.gk_ ' , : N

" v . ;‘ ‘ C - 7 o N. g \
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The coupled set of equations (II - 68) and (II - 69) are the constitutive

-

- -——
laws for a medhanism. In order to simplify the gguations (IT - 69), two

355umptions’c n be made:

)

- either e a constant structure, i.e. S = Sj

- or aysume a steady stajz, i.e. dSi/dt = O
with any of these assumptibns, the constitutivelaw becomes:y

,» T) (IT - 70)

normalized stress .# herk u is the shear modulus, on one axis, and normalized

tempcrdture T/TM’ where TM.is the melting temperature, on the other axis. It

[

is divided into fieclds where a given mechanism is dominant. The boundaries

—

- .
between fields are the loci of points at which two mechanisﬂ% give the same
contribution to the overall strain rate. Also, contours of constant strain

rate are superimposed to.the fields. An example of such maps is given in
- ‘ .

fig. 11 - 14 for pure aluminum of 10 um grain size. '

L]
These maps have been plotted for all kinds of materials and have been
proven to be useful for practical and peaagogical purposes. They are of

course based qﬁ_gfgiiifi9kal data, as the paraméters in the constitutive

laws are best fitted to these data.

: / ﬁi?
11 - S<;’;h\;;hgture Maps
\g}milgzhsgn ts can be applied t%?the different fracture mechanisms: a

iagram showing the regions whé;gﬂahf?acture mechanism is dominant can be

lotted in a pd%pibular set of coordinates.

Pl

Ashby (1977), Ashby et al., (1979), Gandhi and Ashby (1979)*
" . . 1
propbﬁfi;p5ing available experimental d§E9 to plot some frijtu;; mechanism
1. . . .- . [ N '
- . ' ’ .
‘ - e i r ' :Q : » Lot
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maps with the same‘coordiggtes as the deformation mechanism maps. They
: . <

determined the maps in 2 "botanicgl" way, without quantifying anything.

More recently, Ashby (1982) proposed a formalism similar to the one used

~ L

to describe deformation mechanisms. Here, the damage and its change w1th_

A

time must be considered. This adds andther equation to the previous set:

1

CL‘Q

o = h(t,0 P, T, Si, pj)(\ 11 - 71)

where D is the damage, e the maximum normal streés and P the hydrostaiic

ressure. Assuming either a steady state or a steady structure, the remainin
P 8 . 4 Y 8

qﬁ\h‘\‘\ , equations can be integrated to give the time t¢ and the strain € to fracture:

. , te= 3T 0P T %
(11 - 72)

it

k{1, P, T)

Ef UN’

r
/ Howeve:; as damage rate equations based on ph}sical models are not yét
available, this‘approacﬁ is not préctical, and the experimental one is
preferred. Some criticisms of the concept of fracture maps have been made
. by Brandon (1980) who pointed out .that some of the fracture mechanisms are
dep\hdent on the volume and the geometry of the sample tested. Embury and
Duncan (1981) have‘%lso noticed that this concept may 1gnore 1mportant
h1story-dependent aspects of fracture modes.
Another impoftané type of map has been'previously—developed by
McAdam (1945} and Nadai (1550). They are based on the notion of limiting
suréace'of rupture, given'by a relationship such a$ f(oy, 02, 03) = 0,

where (0o, );ﬁrf;ﬁhe pr1nC1pal stress components. McAdam (1945) plotte&

such surfaces on a 2-D-.diagram for ax15ymmett1c test1ng where two stress

N

Y
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components are equal. Thisihpproach has aléo been used by Ashby and Embury
{1981y for brittle solids such as rocks and cast irons. To describe
cleavage fracture, they use the Murrell'; model (1963) which gives the

following fracture criterion :

(o1 - Oz)2 + (g2 .- 03)2 + (03 - 01)2

=24 0. (01 2 + 03) (11 - 73)
where O is the fracture stress inSsimple tension. Under axisymmetric

conditio'n.s such as g2 = Oy ’ this criterion, becomes :
< ) .
(03 - 0,)% = 12 og (03 + 2 01) (11 - 78)

.t

The cleavage fracture locus described by equation (Il - 74) 1is, on a
plot with o, and 0, asAaxcs; a parabola truncated by the lines g1 = Op L

and U3 = Tg- Includlng the y1€1d locus on thls plot, and allowing it -

" to move as temperature is changed, ‘leads to a co
e

enlent way of descrlblng

the brittle-ductile transition occurring when tepperature is raised, orT

-

when a stress component is altered. This t}pe of lmap is shown in fig. II - 15

for an axisymmetric sample of molybdenum. Unfort ately, the other fracture
modes, such as fibrous ductile fracture, or shear .fratture, are not easy to
: kY

‘chafﬁcterizelby a simple criterion such as equation (IIf- 74) . However,

. ) . - b
Leroy (1978) developed a model for fibrous ductile, whigh has already been

presented in a previous section. He plotted on a diagram With stress axes

for both axisymmetric arMl plane stress deformation the locif void nucle-

ation and ductile fracture for a 1045 spher01dized steel. —

-Finally, Shimura and SalfB‘TIQSO) have\proposed several maps in
: [ ]
3-D space with Fggative pressure (or hydrostatic ten51on),- strain -



o3 /0y(20°C)

Fig., II-15:

Fracture map for molybdenum under axisymmetric
loading, showing the increase in ductility which

‘can be achieved as the temperature is raised,

therefore, decreasing the yield stress and

setting the yield surface inside the brittle

surface (after Ashby and Embury, 1981).

A

72



ar—

temperature axes, determined experimentally for different steels and one

aluminum alloy, all these materials breaking by the gﬁbrous ductile mode. \

It must be, therefore, noticed that the fracture maps preseg}éﬁ/;:;e

\
are based on experimental data, with few exceptions. They €annot be used

in a general way as they are dependent of the set of coordinates chosen.

S —

JI - - 3 Formability Maps

The purposé of these maps is to give the limiting response of a
material to a particular forming operation. This response is dependent
both on material character15t1cs (microstructure, geometry) 'and on the . o
variables of the forming operatlgf (deformag;on path%,"loading paths).

For sheet metal forming operatloni two types of approach are found. ‘

\\\\\The first one is the determination of a forming limit curve, for a tech-:.

N

{(O'Reilly, 1983).

.nological purpose, showing in a diagram with the two principal strains in

the plane of the sheet as axes, when failure occurs. (Keeler and Backofen,

: g N '
1963) . : i i i "f N

The second approach deals with the modes of failure, either {7/
localized ﬁecking, or final fracture, represented in a Qtress space
(Glqver et al., 1977;_Embury and Leroy, 1977; Leroy and Eﬁbury, 1978)}
Embury and Duncan (1981) proposed drawing some formability maps for

bulk forming process. These maps give the limiting strain components in
N ‘

a diagram with axial strain and hoop strain as axes for a given process.

From them, it is possible to compare different friction conditiongs.or

different conditions of the s'urfaceﬁ {where failure g;nerally occurs: first) . -w

in cold-forged samples, to see the improvements which can be achieved

i



™ . CHAPTER III

~—DUCTILE FRACTURE

III - ' Introduction -

The general purpose of this portion of the study is to quéntify
experimentally and to develop a theoretical model for the damage accumu;étion
Q:furriﬁg prior e ductile fracture. In particular, ehphasis is placed
on fhe influence of changes in the stress state on one or m;ré of thei
éhree stages occurring in the ductile fracturg proceés; i.e. nucleation,
growth and coalescence of voids.

The ﬁaterials'chosen for this study were spheroid!!éd garbon steels,
in which the distribution of carbide particle size.and their- volume fraction ,

. R
were well characterized.

Variations in the stress state were cbtained by creating hydro?

static tension due tb the‘?resence of machined notches and/or pulling the
——— :
samples under a high superimposed hydrostatic pressure.

After a description.of the experimental procedures and of the

materials used, their meéhanical properties are presented and the damage
accumulatlon data are given for a wlde range of stress states. Flnally,

an atnempt is made to dev lop a comprehensive model of the process of

ductNe fracﬁﬂre : ' . — . ,

ﬁ'

111 -2 fiﬂeriment&l Procedures
< L

IIT - 2 - 1 Spécimen onfiguration and Tebting Procedure , N

Q: .Tensile specimens with a reduced diameter offs mn and a gauge length
74

-



'length was made by polishing with fine Sigjpaper.

75

of 25 mm were machined from 19 mm diameter as-rolled bar stock. In some
specimens, circular notches whose geometry is given in fig. III - 1 were

machined.
Some of/{he tensile tests were performed in an Harwood hydrostatic
pressure unit (Spitzig, 1979). This rig is described in detail in Appendix

A. The fluid pressure‘P was controlled during the tests, and the additional

tensile force L was.measured on a load cell in the pressyre chamber. An

important feature of this apparatus is the ability to photograph specimens

e

during testipg so that the neck diameter, 2a, and the radius of curvature,

R, can be recorded. This is accomplished by aligning the specimen Between®
two windows set into the pressure cylinder wall ‘and using 2 high'infensity-a

light source and mirror so that the silhouette of the spetimen can be

recorded by a camera situated outside the pressure chamber. To ensure T

U [ 4

"that necking would initiate within the field of view of the windows, a

slight reductioq;in the specimen diameter at the midpoint of the gauge

-

>
All tension tests were performed at a strain rate of 0.05 min. !,

and about 10 to 20 photographs were taken during the course of each test. ~/

For both notched and unnotched samples, tests were made at three
4 . ‘

or fouftﬁfégghres, ﬁamely one atmosphere or 0.1 MPa, 345, 690, and for
[» * _

the unnotched samples only, 1100 MPa. = ‘ -
’ -

-I11 - 2 - 2 Preparation of the Specimené for Fractography and Metallography

- L - -y
Fracture surfaces of broken specimens were mounted on a device to

-

. . [ . . ..
be examined under a scanning electron microscope. Quantitative measurements
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of dimple diameters were made on photographs taken in the centre of the
fibrous part of the fragﬁgrc surface. A minimum of four photographs at
a magnification of 5000 were used. Dimple diameters were measured by the
mean linear intercept of random lines method, and the results obtained by
averaging the values obtained for each of the four photo#raphs.
Thé\damage was examined on longitudinal sections of broken specimens.
The specimen was mounted in lucite after careful measurcment of its diameter
in the uniform region, dA’ and was afterwards polished down to the long-l
itudinal mid-plane with SiC papers. Just before reaching this plane, final
polishing with diamond paste took place to prepare the polished surface for
etching. Tﬁcetchingwas done using nital 2%. The sample was finally coated
with a thip film of gold to increase the contrast in the SEM.
The precedure during observation in the SEM was the following:
- first align correctly the sample under the beam.
- measure dA and th? diameter at fracturc df.
- at\giffprent values of z (fig II - 2), fromz = 0 cmto z = 1.5 cm,
measure dz, an@ move the beam on to the central longitudinal axis.
- take a photograph at a magnification of 2500 and 2 other ones at a
magnification of 5000 on each side of the axis, but still at the same
z value. If z is small, 1.e. when examining near the fracture surface,
up to 8 photographs at a ﬁagnification of 5000, and 3 at a magnification -
of 2500, were £aken. v
This procedure has been followed for all the samples investigated
during this study.

The strain at a certain value of z is given by:

;
s



™

3 = 2 &n (do/d:)

where d0 is the initial diameter of the sample.

At-this strain level, the number of voids is counted from the
photographs taken at a magnification of 2500, andNthe area fraction of
voids is measured on al} the pictures available by uging a graphic tablet
connected to an Apple I1 plus mini-computer, the final result being the
average of the values obtained for all the measured pictures. This
method gives therefore, a characterization of the damagé as a function
of the strain history.

The volume fraction of carbides, the mean carbide diameter, and.

the distribution of carbide sizes have been determined by using an auto-

matic image analyser in a scanning electron microscope (Lee et al., 1981).

IIT - 3 Materials

Three different carbon steels were chosen. Their chemical com-
position is given in Table TII - 1.

All the specimens were austenitized for 60 minutes at 900°C and
subscqucnfly oil-quenched. They were then spheroidized at 700°C for
periods of 27, 51 and 79 hours for the 1080, 1045 and 1018 steels respec-
tively. All the samplc; were sealed in glass tubes under vacuum during
the spheroidization treatment to avoid any decarburization, and dummy
specimens were scctioned to verify the consistency of spheroidization
throughout the cross-scction.

The microstructure of these steels consists of cementite particles
dispersed in the ferrite matrix. The carbide size distributions shown in

fig IIT - 3 were obtained from the analysis of about 1000 particles on

sections perpendicular to the tensile axis of the specimen. When plotted




Table III-1 : Chemical compositions of the steels (wt%)

Material c Mn s Si
1018 0.192 0.688 0.015 0.008
1045 0.440 0.666 0.033 0.214
1080 0.770 0.718 0.025 0.643

Table III-2 : Parameters of the carbide size distributions.

~

Material volume fraction 50% 84% mean diameter
of carbides (%) fractile fractile d (um)
: (um) }um)
1018 3.14 0.41 0.66 0.46
1045 6.62 0.45 0.76 0.52
1080 0.72 1.12 0.79

15.75

The following relationships are used { Hald, 1952)

¢g =

50% fractile

_ 84% fractile

50% fractile

= lo 41,1513 log? @
g wg . og” g,
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on logarithmic probability paper, as in fig III - 4, the linear relaticP-
ships obtained indicate that the carbide diameter distributions obey a loé\
normal law.-The parameters of these distributions are given in Table IT11 - g\
The carbide diameters were obtained from quantitative metallography proce-
dures for determining "the spatial diaﬁeter distribution of randomly dispersed
spherical particles from measurements on a plane using the chord-intercept
analysis (Cahn and Fullman, 1956; Underwood, 1970). The volume fraction was

obtained from analysis of about 5000 particles from different areas of the

section analy:zed. The values are also given in Table II1 - 2.

I[I1 - 4 Mechanical Propgrties
o

ITTI - 4 -1 Deformation and Stresses

During the tensile test, the changing radius, a, of the mfﬁimum
section along with the applied fluid pfessure P, and the applied axial load
L, are monitored. Thus, the average radial strain €,y and the average

axial stress 03av’ on the minimum section, can be determined from :

£ - n (ao/a) ' (I11 - 1)

03=IT;—82-P=T—P (111 - 2)
where a is the initial radius.
Prior to the onset of necking, the stresses and strains are nearly
uniform; thus, if the volume change is assumed to be negligible and the
flow stress independent of hydrostatic pressure, then the cffective‘strain,

€, and the effective stress, G, can be determined from equations (IIT - 1)

and (II1 - 2) to give

€ =2 &n (ao/a) (II1 - 3)
- L '
C = ;T;Z‘ =T . } (I11I - 4)
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After necking, according to Bridgman's classical analysis (Bridgman,

1952), the strains on the minimum section continue to be uniform so that

equation (ITI - 3) still applies, but the stresses beccme non-uniform, and
(111 - 5)

equation (III - 4) must be replaced by:
: - T
© = T{1 + 2ZR/a) in(1 + a/2R)
where. R is the radius of curvature of the neck at the minimum section. The
principal stress components are then: ‘
¢y, = 02 = o©fin (1 +a/2R) - P (117 - 6)
and ' .
o3 =" ¢ (1 + 2n (1 +a/2R)} -P (111 - 7)
In additjon, the mean tensile stress, o, is greatest in the center .
(I11 - 8)
LY

.of the minimum section and is given by:
+ &n (1 + a/ZR))- P

o= &%
m 3
Therefore, from a knowledge of the values of a/R during the test,

the strain and stress components are completely determined with this

«analysis,

IIT - 4 - 2 Strain-Stress’Relationships
The results are presented here for all the tests done i.e. for the
nd the notched samples

unnotched samples of 1018, 1045 and 1080 steels,

of 1045.
testing at various pressures are shown in fig. IIT - 5 - a for the unnotched

-
The values of a/R as determined from the photographs taken during
1045 sfmples;yand in fig. III - S - b for some notched 1045 samples, as

These values vary lincarly with strain,

the effective strain,

a function o



and are independent of hydrostatic pressure. The linear relationships
obtained for all the materiél tested are given in Table III - 3.

‘ The calculated strain-stress curves (J, €) using equations

(ITT - 3) and (III - 5) together with the measured values of a/R'were
determined for all the materials, and are shown in fig. IIT - 6 - a to
fig. IIIl - 6 - d for the 101§, 1045 and 1080 unnotched samples, and the

- notched 1045 samples. The flow stresses are slightly increased by hydro-
static pressure, in accord with the previous‘ﬁark of Spitzig et al.,

(1975, 1976) mentioned in the literature review. It is also possible to

~describe the flow curves according to the equation (II - 67), proposed by

Richmond and Spitzig (1980}, using a Ludvik equation for the term independent

of pressure:

= KE"(1 +3aPp) (111 - 9)

Here o was found to have an average value of 19 x 10°® MPa ! for all iron-
based alloys. The relationships obtained in this work are given in Table
and tensile strengths o... for

Y TS

each material. As expected, the flow'stresses increase and the strain

IIT - 4 together with the yield stresses o

hardening coefficient n decreases with increasing carbon content. It can
be seen from this table that the coefficient a suffers sensible départures
from the theoretical value, but these variations aré small. It should be
noticed that Bridgman's analysis is strictly g;% applicable to pressure

dependent yielding. However, equation (III - 9) is considered to be a

reasonable representation of the flow behaviour of the spheroidized steels.

Finally, fig. IIT - 7 - a and III - 7 - b show for the unnotched

1045 and notched 1045 samples respectively that the mean stress On * P in

86
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Table ITI-3 : Relationships between the neck geometry and the
A

effective strain.

Assuming a/R = ve + &, the following values of v and ¢

are obtained :

< ;
Material Y )
1018 0.643 -0.25
1045 0.865 -0.36
1080 1.028 -0.44
1045 a/R)0 = 0.5 0.285 +0.52
1045 a/R)o = 1.2 0.720 +0.53

Table IIT-4 : Mechanical properties of the 'spheroidized steels.

Assuming G = K€ " (1 + 3 a P ), the following values of

K, n and o are obtained :

o.( 1075MPa™ )

Material Oy {MPa) Org (MPa) K (MPa) n
1018 247 410 769 .29 20
1045 382 510 920 .25 19
1080 465 615 1050 .24 31
'104§ a/R), =-5 429 507 892 .20 33
1045 a/R) =1.2 473 625 839 .23 32
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N,

\\ 30
the center of the neck as calculated from equation’ (III - 8)/increases
linearly with the strain from the beginning of necking to fracture.

2According to Bridgman's analysis and the empirical finding -that a/R is
essentially independent of pressure, so would be the valueg of oLt P.
7

\ /

However, the data show a slight pressure depéndencetfgndf{he relationships
\\\—_/

are well represented by an cquatiig/sﬂch as:
b % o +P= A+B(l+3aP) e (III - 10)

m

where a is the same coefficient as for the effective strain-effective
stress relationships. The values of the constants of equation (III - 10)

are given in Table III - 5 for all the materials.

II1 - 4 - 3 Fracture Strain and Fracture Appearance

The variations of the fracture strain €¢ defined by:

! €= 2 2n (do/df) (III - 11)
where dg¢ is the final diameter of the broken sample, are shown in . (
fig. ITI - 8 and fig. III - 9 as a function of superimposed hydrostatic‘
pressure. Fig. IIT - 8 compares the variation obtained for’the‘unnotched
samples of different carbide content, whereas fig. IIT - 9 shows the effect
of a notch for the 1045 steel. »Fracture sérain generally degreases as
carbon content increases, and in all cases, the fracture strain increases
linearly with superihposed hydrostatic pressure, in accord with all the
previous works on steels quoted in thé literature review. The linear
relaiionships obtained are given in Table III - 6.

The fracture, surfaces of all the specimens were of the same type:

a fibrous central region consisting of equiaxed dimples, surrounded by an

outer rim of slant fracture containing shear dimples. The ratio of the
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Table III-3 : Relationships between the mean stress component and

the effective strain.

Assuming o + P = A+ B (1 +3aP) £, the following values

of A, B and a are obtained :
Material A (MPa) B (MPa) a (MPa™!)
1018 58 338 20
1045 68 . 463 20
1080 137 ;‘ 444 31
1045 a/R) =0.5 341 297 33
1045 a/R) =1.2 415 298 32

Table III-6 : Rélétionships between the fracture strain and the

superimposed hydrostatic pressure.

Assuming € =Y P + 6, the following values of ¥ and § are

obtained :

Material v (Mpa™ 1) 5
1018 23.5 10”7 " “1.59
S
1045 17.65 10 1,29
1080 11.96 10" 0.89
1045 a/R) ;=0.5 19.7 10~ " 1.12
1045 a/R)o=1.2 19.3 10" 1.09

*3
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central fibrous and total frécture areas decreases as the hydro-
wstatic pressure increases (fig. IIT - 10 and fig. IIT - 11),

The equiaxed dimple size in the central region is also a
function of hydrostatic pressure. The dimple diameters, obtained
as described in SQQtjon TIT - 2 - 2, are plotted as a function
of superimposed hydrostatic pressure in fig. IIT - 12 and III + 13.
In fig. III - 12, it can be seen thﬁt at a given presSure,-the
dimple size decreases when carbon content increases. In all the
materials, the dimple size decreases linearly with pressure, and ,the
obtained relationships are given in Table III - 7. A composite
picture (fig. IiI - 14) shows the dramatic effect of superimposing
an hydrostatic pressure on the lateral growth of dimples in the
1045 steel, and fig. III --15 shows the effect of preséurc on the

macroscopic aspect of the fracture surfaces of the 1080 steel.

IIT - 5 Damage Measurements

1IT - 5 - 1 Number of Voids

Voids are created either by cracking of carbide particles
or by decchesion at the particle-matrix-interface, and it is not
possible to say which of these two mechanisms is dominant.

At a.given leve{\gj strain, i.e. for a given value of z
(fig III - 2), there is a variation in the density of voids when
méving away from the central axis of the sample. The density

—

decreases slightly as the distance from the axis increases. However, -

e

as the stress state is characterized along the sample axis, measure-

ments have been done only in this part of the samples. f
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Table III-7 : Relationships between the dimple diameter and the

superimposed pressure.

Assuming Df =y P + &, the following valfies of

are obtained :

Material Y (MPa\l) & (um)
ey
1018 -9.6 107" \\Q 2.52
- 1045 _ -8.2 107" 2.16
1080 -5.0 10° " 1.69
1045 a/R) =0.5 -8.0 107" 2.19
1045 a/R) =1.2 . -8.5 107" 2.29

“d
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Fig. III-10 : Variation of the ratio of the central fibrous and total
fracture areas as a function of hydrostatic pressure for
the unnotched samples of 1018,1045 and 1080 steels.
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Fig. III-11 : Variation of the ratio of the central.¥ibrous and total

fracture areas as a function of hydrostatic pressure for
the notched and unnotched samp&es of 1045 steel.
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Fig. III-12 : Variation of the dimple size observed on the fracture
surface as a function of hydrostatic pressure for the
unnotched samples of 1018,1045 and 1080 steeils.
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Fig. III-13 : Variation of the dimple size observed on the fracture
T surface as a function of hydrostatic pressure for the
notched and unnotched samples of 1045 steel.
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Fig. III-14

P= 690 MPA

P=1100 MPA

P————f

10 um

: Scanning electron micrographs of the central fibrous

region of the fracture surface of the 1045 unnotched
samples broken under various pressures.
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P= 0.1 MPa 5.8x P= 345 MPa 6.8x

“u

P= 690 MPa 6.8x P

1100 MPa 6.8x

Fig. III-15 : Macroscopic aspect of the 1080 samples broken in
tension under various pressures.
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For all the specimens examined, the larger particles have
g A . '
been found to nucleate voids first. It was also observed that the

most irregularly 5hape%<§articles cavitated mord readily.

—\'.-‘

The number of voids has been counted as a function of

strain and the results are shown in fig. III - 16 - a to ;;;ﬁ?716 - e

100

for the 1018, 1045 and 1080 unnotched samples, and the 1045 a/R]0=0.5,

1045 a/R]o = 1.2 notched samples, respectively. These curves show

similar trends which can be summarized as follows:

- the number of voids first increases linearly with strain, then
incre§ses more rapidly as the fracture surface is approached.

P .

- the rate of increase of the number of voids ¥er unit area with
strain is reduced by superimposing hydrostatic pressure. .
- for a given material, or specimen geometry, the number of voids
at fracture increases as the superimposed hydrostatic pressure
is increased.
- for the unnotched samples at a given pressure, the number of voids
per unit area at fracture decreases as the volume fraction of
carbide particles decreases.

- voids appear at lower strains when a notch is present in the

specimen.

III - 5 - 2 Growth of Voids'

Once nucleated, the voids grow most rapidly in the tensile
direction. For the specimens tested at atmospheric pressure, a
triaxial stress state is created in the neck, so that voids can

grow laterally after the onset of necking. A superimposed hydrostatic
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Fig. III-16 : Plot of the number of voids per unit area as a funection
~of effective strain for :
a) 1018 samples b) 1045 unnotched samples
c) 1080 samples d) 1045 a/R) = .5 notched samples
e) 1045 a/R)_=1.2 notched samples’ S
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pressure will oppose this growth until a much higher degree of neck
development; this results then in more extensive growth along khe
tensile axis, as shqwn from the comparisoﬁ of the micrographs in
fig., III - 17, ~

To provide a quantitative measure of microstructural damage,
the area fraction of voids has been measured as a function of
strain. 'This parameter is a global one, and it doe§ not account
for the drastic ghanges in the shape of the voids (fig. III - 17),
but it allows a comparison from one stress state to another, or one

material to another. The results are shown in fig. III - 18 - a

to III - 18 - e 'for the 1018, 1045 and 1080 unnotched samples, -

104

and the 1045 a/R]0 =0.5, 45 a/R]o = 1.2 notched samples, respect-

ively. The following conclusions can be drawn from these curves:

- the rate of damage development is reduced by superimposed pressure.

- for a given mafefial,:or specimen geometry, the area fraction
of voids at fracture is essentially independent of superimposed
hydrostatic pressure. " A siﬁilar result has been reported by
Oyane (1972) for compression tests under pressure.

- for the 1045 sfeel, the area fraction éf voids at fracture
is decreased when a triaxiality is created by a noich:
—

- for the unnotched specimens, the critical value of area fraction

of voids at fracture is increased as the volume fraction of carbide

L

particles %v is -increased (fig. III - 19). After a rapid increase

at low values of £,,) the critical amount of damage appears to

increase very slowly at higher values of fy; this may be



Fig. I1I-17

: Scanning electron micrographs showing the influence

of hydrostatic pressure on the shape of the voids in
the 1045 unnotched samples

a) € = 1.3

b) £ = 3.2

The tensile axis is horizontal.
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Fig. III-18-e

: Plot of the area fraction of voids as a function of

effective strain for ; A

a) 1018 samples b) 1045 unnotched samples

c) 1080 samples d) 1045 a/R) = .5 notched samples
e} 1045 a/R)0=1.2 notched samples0
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Fig. III-19 : Plot of the critical amount of damage for fracture
as a function of the carbide volume fraction.
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Fig. III-20 : Plot of the critical amount of damage for fracture
as a function of the yield stress of the corresponding
steel. ‘ )
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-

explained by the fact that the voids are interacting, and cannot . T
develop too much without overlapping. The critical amount of
damage is found to increase linearly with the yield stress of the

corresponding spheroidized steel, as shown in fig. III - 20,

IIT - 5 - 3 Conclusions

The experimental work reported here allows the correlation
between damage development and stress state during all the de-

formation of the sample.

It has also be emphasized that the nucleation of vjjids does

=

not occur at a unique strain because it depends upon the particle

size, - . )

, The mext step is to attempt to model the nucleation and
growth process to account for the experimental results and to
comment on a criterion for fracture which is necessary to give an

overall description of ductile fracture,

III - 6 Model and Discussion

- -

III - 6 - 1 Nucleation !

The experimental observations have shown the dependence of
nucleation upon the size of second-phase particles. This suggests
that the nucleation event can be considered as a reaction front
scanning through the carbide size distribution at a rate which
depends on both the stress state and the strain level. Th;s is
schematized in fig. IIT - 21. As a result of experimental observation,

the "nucleation front" moves from the right to the left, i.e. from

the largeést to the smallest particles.
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I1T - 6 - 1 - 1 Simplified Model

As seen in the literature review, the energy balance
criterion is only a necessary condition and is fulfilled for
large enough particles. The local stress criterion appears more
realistic. The deformation of the plastic matrix around a hard
particle produces dislocation tangles around the particle. This

creates a stress on the interface, called qoc,such that:

a = 4,2 ¢

loc (IIT - 12)

2

according to Brown and Stobbs (1976). The flow stress Sy is
directly related to the dislocation density around the particle

Py in the following way (Nabarro et al., 1964}:

o, = «a ub Jpl (IIT - 13

where o is a constant equal to 1/7, u is the shear modulus and b
the Burgers vector.
The stress existing at the particle-matrix interface is:

0= Oy gcm (IIT - 14)

where o is the hydrostatic or mean stress component,.-and nucleation
will take place when this stress o will reach the interfacial strength

cI, i.e.: . -

G, = @ + g (III - 15)

The next step is to relate the dislocation density to the strain,

A

+as, in fact, nucleation is a process dependent on both stress and
. . _
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Fig. III-21 : Schematic diagram showing the passage of a void nucleation
front through the particle size distribution. The front
moves to the left with increasing effective strain at a
rate dependent on the superimposed pressure. ’
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Fig. III-22 : Diagram showing the variation of the square root of the
nucleation strain with the mean stress Op obtained for
the 1018,1045 and 1080 spheroidized steels.
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strain. This can be done by modelling the plastic zone around the
particle. Assuming that thereare no recovery processes occurring
close to the particle, Brown and Stobbs (1976) have shown that o£
is proporational to the strain €. - The coefficient of proportion-
ality is subject to a variety of interpretations, and is not con-

.

sidered in detail in this simple model. Then:

Py = YE (IT1 - 16)
combining equations (III - 12} to (III - 16), the nucleation is

occurring when the following condition is fulfilled:

GI = 0.+ 5/5N

&
e = H(o; - o) (111 - 17)

or:

N

where H is a constant for‘a given material and particle size, and
€4 is the nucleation strain. Therefore, according to equation
(IIT - 17), a plot of Vgﬂ as a function of cm can give a value

for the interfacial strength o In order to obtain this value

I
for the iron-cementit% system, the nucleation strains have been
determined from the curves giving the number of voids per unit

area vs strain, by extrapolating these curves down to N = 0.

This provides, in fact, a very crude approximation of the nucleation
strains, but it allows a comparison to be made with all the experiments.
The data are plotted according to eégation (111 - 17) in fig. III - 22,
Three curvés are showq< each corresponding to one sort of steel.

The curve for the 1045 steel includes the data obtained from the ‘

notched speéfﬁens. It can be seen that the curves are straight lines,

R
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and that their intercepts with the stress axis, which give the value

114

of O are between 1200 and 1300 MPa, in good agreement with the value

of 1200 MPa obtained by Leroy (1978). The three relationships

obtained are: ’

for the 1018 steel /eN = 3,95 107"(1280 - o) (a) .
for the 1045 steel } ,/e_N = 3.7 107"(1230 - o) (b) (III - 18)
for the 1080 steel /e, = 3.05107*(1215 - o) (c)

This provides, therefore, a value of approximately 1200 MPa for the
interfacial strength of the Fe - FeiC system, which will be used in

further calculations,

IIT-- 6 - 1 - 2 Complete Model

The model described here to calculate the number of voids
as a function of strain uses the distribution of particle sizes in
an analytical form. The nucleation starts at the strain ¢.. deter-

N
mined above and goes on to the fracture strain £.. Each increment

f
of strain de leads to a change dr of the critical radius required
fo; a particle to nucleate a void. This change dr gives in turn an
increment dN of the number of voids, obtained from the particle size
distribution.
(a) The particle size distribution

It has been found to be a log-normal distribution, so that

the curves shown in fig., III - 3 can be described by a function of the

form: £ {7
f£ry = £ o [ Q‘ﬂ’*;—ﬁz] (1t - 19) ¢

o
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where B, ¥ and § are constant for a given material.
{b) The critical radius of nucleation
In order to produce a more detailed model, the relationships

existing between the local stress around the particles ¢ » the

I;C
dislocation density Py and the strain €, must be expressed in such

a way as to take into acéount the particle size dependence of the
nucleation event. Indeed, the relationships used in the simplified
model presented previously are assuming that dislocations are
accumulating around the particles without any recovery taking place;
therefore, they do not take into account the possibiiity of com-
petition between local events such as accumulation of dislocations

and recovery or recrystallization. Brown and Stobbs {1976) have

proposed the following relationship:

pg'

L

€
5 (I1I - 20)

This equation gives a variation of the nucleation strain with

particle radius (see equation II - 14) which is in disagreement with
experimental observations. In the absence of any physical model C//’WL

describing the dislocation behaviour around a particle, an empirical

relationship has been used in the present model:

r 1 (I1I - 21)

where q is a positiﬁe exponent which will have to be determined
from experimental results, and n is a constant. Combining'equatgons
(ITT - 12), (III - 13), (III - 15) and (III - 21), the critical

radius for nucleation T. is given by:

'
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(OI - o )2 1/q 1 l/q
r,s | —— — (IIT - 22)
K be -
where K' is a constant.

\\J/f\_From the experimental results presented before, the mean

stress Um is a linear function of strain

g ="Ae+ C
- . -
withr A=R(1+3aP (III - 23)
and C=y" -P

where B' and Y' are constant and characterize a given material.

-

Therefore, the critical radius for nucleation becohes :

(0, -C-A ) T /a
r = , . (II1 -24)
K e

The increment drc corresponding to an increment de. of strain is

then

2.2 2 2 L 1

Ae® - (¢, - C) {0, - ©) q

ar = %€ I L m (I11 - 25)
¢ q K 2 K €

In both equations (III - 24) and (III - ZSi, K is a constant
including the shear modulus and the Burgers vector.
(d) The number. of voids : AW

If Na is the number of particles per unit area of longi-
tudinal surface, i.e. in a plane containing the tensile axis, the
number of voids which nucleate at each strain increment is :

dN = NA f(rc) drc

Using a computer program, it is therefore possible to calculate

incrementally the curves giving the number of voids N as a function

of strain € with the simple algorithm :
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€= ¢ + de

&

Na + f(re) dre

N= N+ dN

(d) QOmp;rison with the experiments
The model has one parameter, the exponent g, which must gé\\
fitted from the experimental curves. For a given material, the fit
has been done by using the curve N(g) obtained at atmospheric pressure.
The value of q determined from this curve is then used to calculate
the curves at high superimposed pressures. Similarly, the number
‘of particles per unit area Np has been calculated from méyallographic
data. However, it has been adjusted to give the correct value of the
number of void; at fracture at atmospheric pressure. It has then been
used for the other curves. a "
For all fhe materials studied, i.e. the 1018, 1080 and
1045 (with and without notches) steels, the value of g-has been found
to be q = 8, With-minor variations from one'material to another
(from 7.75 to\8.25). The curves obtained from the model are compar¢gd
with the experimental ones in fig. III - 23 - a to III - 23 - e for
the 1018, 1045 and 1080 unnotched samples, and the 1045 a/R], = .5,
1045 a/R]0 = 1.2 notched samples, respectivelyr The agreement is
quite good, despite some discrepancies in the steep part of the
curves. This can be related to some possible errors in the way

the strain has been determined: if the surface under observation

-~

PR
is not exactly the mid-plane, the strain is, therefore, over- -

estimated (see fig, III - 2). It should also be noticed that this

model accounts for the experimental observations that the number of
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area vs effective strain curves with the experimental
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a) 1018 samples b) 1045 unnotched samples

c) 1080 samples -~ d} 1045 a/R) = .5 notched samples
e) 1045 a/R)_=1.2 notched sample$
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voids at fracture increases as the superimposed pressure is increased.
It is, therefore, thought that the model gives a good description of

the nucleation of voids during tensile deformation.

JII - 6 - 1 - 3 Discussion of the Model

The priﬁcipal point to be made about the model is the signifi-
cance of the‘exponent q.- Despite the fact that q'has been found to
be equal to 8 for a wide range of matefials, it is unlikely that
this value stems directly from a basic physical law.

In order to describe the experimental results, the particle

- size distribution f(r) must be scanned slowly, i.e. thé critical
radius of nucleation is varying slowly with strain, as shown in

fig. II1 - 24, This means that the local deformed state does not

>/_\
to occur around

I
v
the small particles as quickly as around the large ones. Despite the

allow the attainment of the interfacial strength o

fact that the deformation‘structuré at large strains around particles
is poorly understood (Humphreys, 1980), it is possible to argue that
around small parti¢les, several plastic relaxatiqa\processes can

casily take pléce to relieve the dislocaticn accumulation and delay the

» -
build-up of a local stress which is high enough to overcome o_. ' At

I
large strains, the matrix around a small particle can accomodate the
plastic heterogeneity by producing prismatic loops of ecither primary
Burgers vectors or secondary Burgers vectors, Around large particles,

the geometry of slip hﬁf been proveh to be more complicated, and

processes involving the formation of large lattice rotations can

take place (Humph;éfgj"iﬁlgg.
N
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Therefore, it can be concluded that the existence of plastic
relaxation processes occurring more.easily around small particles can
explain hualitatively the type of variation used empirically in equa-
tion (III - 21). Quantitatively, the completeness of the resuits
available here indicates that the value of q is characteristic of the
system iron-cementite. It must finally be emphasized that the dislo-.
cation density has been used here simply as a conceptional vehicle‘

to get to the interfacial strength os a continuum plasticity

N . A
treatment might have given the same type of results.

ITI - 6 - 2 Growth

The next step in the‘process of modelling damage accumulation
is to make the voids grow once they have nucleated. The work presented
here follows the treatment given by Rice and Tracey (1969) already
preseﬁted in the literature review, of the growth of aﬁ isolated void

in a plagtic™iqfinite matrix. It is the continuation of the previous

incremental modell used to describe the curves N(t£).

Using thé subscript 3 to designate the tensile axis, and the
subscript 1 for the transverse direction, the growth rates of the

void after its nucleation are given by (Rice and Tracey, 1969) :

dRj

Ry (y, + D) de
(II1 - 26)

. ) Ya
dRy = Ry (~—5 + D) de

where Yais an amplification factor describing the change in the shape

of the wvoids, and is given by (Leroy, 1978)

Y, = I + exp (-2.25 (£ - EN) ] (I1I -\f7)
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A

and D is a factor descfibing the volume change of the voids,

and is given by:
D= 0.56 sinh (3 %n) (111 - 28)

0 being the flow stress of the matrix.

It is{ therefore, possible to complete the algorithm used e
to calculate the curves N(e) and to determine the curves giving
the area fraction of voids as.;\Yune%ion of strain, A(e). fhe
dN voids created by the increment de of strain are made to grow
incrementally as deformation proceeds: at every strain increment,

their contribution to thé& area fraction is:

. dA = mdN 4€i dR, (TII - 29)

The results obtained from this model are shown in

fig. IIT - 25 - a to fig. III - 25 - e for the 1018, 1045 and 1080
unnotched specimens, and the 1045 a/R]o =0 .5, 1045 a/R]o = 1.2
notched specimens, respectively. The main conclusions from this
comparison are that the agreement is reasonable, with some expected
discrcpan;ies in the steep part of the curves, and that the area
fractions of voids at fracture calculated from the model are, as
the experimental values, essentially constant with respect to the
superimposed pressufe for 'a given material. Tﬁis very important

observation will be used later in the discussion of the coalescence

L
S

process and of the fracture criterion.
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: Comparison of the calculated area fraction of voids vs

cffective strain curves with the experimental ones for :
a) 1018 samples b) 1045 unnotched samples

¢) 1080 samples d) 1045 a/R) = .5 notched samples
e) 1045 a/R)o=1.2 notched sapples °
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III - 6 - 3 Coalescence,Model of Ductile Fracture

The last_pdrt is concerned with the linkage of voids,
leading to final failure. From this, it should be possible to
propose.a criterion for ductile fracture gf the spheroidized steels.

The microstructural observations show different poséibilities
for the linkage of voids, according to the value of the applied
pressure. At atmospheric pressure, voids can gfow perpendicular to
the tensile axis, and when two voids are impinging along this direction,
by a process of local necking, they coalesce to form a larger void
(fig. TIIT - 26). Very few arrays of larger voids are seen below
the fracture surface, and this emphasizes the highly localiz;d-and
catastrophic character of final failure. When a pressure i# applied,
even for the smallest value (345’MPa), the lateral growth of the
voids 1s almost suppressed. Instead, voids are joiniﬁg along the
tensile axis (fig.. ITI - 27 ) T'ﬁ&o 1érge or multiple voids have
been seen at high fressures below the fracture surfaces, except. in
‘the 1080 steel, in which the high volume fra;tion of carbides makes
the interparticle spacing quite small, It is worth noticing that
these few multiple voids seem to be oriented like the shear lips
of tﬁe fracture surface, i.e. at about 45° to the tensile aﬁis,
indicating that a localized shearing process between adjacent voids

_due to high superfﬁposed pressure could be responsible for their ’

co§lescence (fig. TII - 28}. o -

From these observations, it is, therefore, difficult to

.

propose a definitive mechanism of void linkage. However, a first

attempt can be made by using the geometrical model of Brown and

-



Fig. III-26 : Scanning electron micrograph showing a multiple void
in the 1045 unnotched sample broken at atmospheric
pressurc. The tensile axis is horizontal.

~

~ Fig. III-27 : Scanning electron micrograph showing the joining of ,
voids along the tensile axis (horizontal) in the 1045 .
. unnotched sample broken under 345 MPa.
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Embury (1973). The fracf%re criterion adopted is that fracture
will occur when the void dimension in the principal tensile stress
direction reaches a critical value which is determined by a micro-
structural distance X.  With the notations previously used this
can be written as: )
w""? f
' | . 2R3 = A (III - 30)
where A is assumed independent of any superimposed pressure. -
Thérefore, if Rfl is the dimension of void when no pressure is a
applied,'and if Rféislthe dimension when a pressure P is applied,
this gives: -
L Y (11T - 31)
Using equation (II - 28) from Leroy et al., (1981) and letting )
the subscript 1 refer to a, test without applied pressure and ‘
the subscript 2 to a test with an applied pressure P, this leads
to; )
- 3 -0 . ..2/3
exp (Dy €,) (2 exp (5-51) - 1) .
- . - 3 ; °
= exp (D2 €2) (2 exp (% 22) -2 aqmr.sy -
or:
- 2 ' 3" :
Dy e+ = n(2 exp (5 €,) - 1) (I11 - 33)
3 L 2 VAR 4
- 2 3 -
= Dy E2 + T In(2 exp (i-ez) - 1)
v :
Typici}IValgps for the quantities involved are: !
- 3 - .
€1 = 1.2, thus 2 exp E-E} = 15 ;
€2 = 3 , thus 2 exp-% €2 = 200 . T ~?
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Therefore, in both cases:

2 exp (%-E) >> 1.

Equation (III - 331 becomes:

Dy Ey + €; = D; €3 + Ez

i.e. . -ﬁ_\\\\\
- _ - 1 + Dl - 0
€2 = &1 {y55,) (I1T --34)

o -
where D = 0856 sinh (g'T$

~

.

The term(% %?J is small, so that the sinh term can’be approximated

to its argument:

. | .

o 2
D= 0.56 x> O B
z |

N -
\ . -

which is sniii\ijpmall quantity.

Then, equatian (ITII - 34) becomes:

€2 =€; (1 + D)) (1 - D2)

€2 = €1 (1 + Dy~ Dz)
and: Ven ' -
D, - D; = o.ssx% [3’3‘-5—(-91/ - _.Uap)]‘ .
. ~)//_/ .- /

. [
_ 1.68 [ mAo) me) , P ] -
) 2 ﬁj g g "

i.e. I

D1 - D = l'zﬂ 2 (11T - 35)

g

Therefore: . o Jﬂ\'

€z = E; [1 + l}fg g-] - (IIT - 36)

o



This calculation, starting from a simple geometric argument,

counts, thdfrefore, for the observed linear variation of the

inear variation has been found in previous studies
performed on steels and pure metals. The press;re dependence of the
fracture strain varies from one material to another due to the
variation in the strength parameter g in equation (III -. 36).

Yajima et al., (1970) reported such a variation and found that

the slope of the curves Ef(P) was inversely proportional to the
tensile strength &F the material tested. A comparison of the
experimehtal results with their theoretical values based on the
ténsile strength of various materials is given in_T;ble (IIT - 8).
This also includes thé:;iésent work. The corfesponding curves are
shown in fig. III - 29. The.agreement between calculated and
experimental ‘slopes is good, especially for the sphe?oidized steels.
1t should be noted that in deriving équatiqn (III - 36), it has been
assumed that the dominant effect is the influence of applied pressure
on void growth; however, in other materials, other factors can be-
qf importance. In particular, at large strains, both Aamage accumu-
lation and a decrease in the rate of:strain hardening occur simul-
taneously, so that other failure modes sﬁch as localized shear bands
forming between adjacent Qq;ds or even complete suppression of
damage leading.to plastic iuptu;e,\can“occur (Yajima et al., 1970;
French and Weinrtich, 1977). , ‘ | o |

N
As this geometrical model -gives a good account of the

, . v = N
variation of fracture strain with applied pressure, it 'is worth

-

4
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Fig. III-29 :

:-DAVIDSON ET AL(1968)0.40 %C SPHER. STEEL
© FRENCH ET AL(19744)0.5!1 %C SPHER. STEEL
. YAJIMA ET AL (1970) PURE Cu

: " PURE Fe

0.49 % C STEEL

0.27 % C STEEL

"

oD D o+

1000 o
HYDROSTATIC PRESSURE (MPa)

Diagram showing the linear variation of the ratio
of fracture strain under pressure € (P) to fracture
strain at 0.1 MPa as a function of superimposed

pressure, for a variety of materials (taken from
the literature). ’
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Table*III-8 : Comparison of the calculated and measured values of
the slopes of the linear relationships between fracture

strain and superimposed hydrostatic pressure.

' : ¥
: oo
. Calculated slope Experimental slope
Material ( MPa~!x 10%) ( MPa"lx 10° )
o
1018 sph. steel ( this work ) 2.35 © s 2.05 1
1045 " " t " 1.76 1.65
¥
1080 ”\o " a " 1.20 1.37
0.%30% C sph. steel N '
‘(Davidson et al., 1968) 2.13 1.97 -
0.51% C sph. steel 1.15 1.12 (j ‘
(French and Weinrich, 1974a) - : J
Pure Cu
(Yajima et al., 1970) 2.60 3.71
Pure Fe .
(Yajima et al., 1970) , 2.05 1.41
0.49% C steel
(Yajima et al., 1970) 1f0§ : 2.52
. 0.27% C steel
(Yajima et al., 1970) 1.32 2.34
SN
]
\ '

e
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pursuing in order to calculate the_lateral dimension of ithe voids
"~ at fracture, to compare it to ‘the measured dimple size on the

fracture surface.

*
L4

Using the same . notations thaq/in the der;vation of ef(P), the lateral
growth of voids is given by equation (II - 28) from Leroy et al.,
(1981): .

§1 = 8o exp (D1 £1) (2 exp (% §) - 1313 (111 - 3y

for a test without applied pressure,. and:

§2 = 8, exp (D2 €2) (2 exp (% £2) -ﬁl)’l/3 (III - 38)

Yo

>

for—a test under an applied pressure P. i

Here again, in both cases: '

\_J 2 exp (% ) >> 1

Therefore: -
I(52/61) = (D2 - %) &2 - (D - ¥ & (111 - 39)
From equation (III - 34): .
£ = & (Tpt
then: !
In(82/81) = 5 (B g0L) E :

[+
]
Nl N]w
w
17y
s ~
.o [owr] ‘
(8]
j
[}
[}

From equation (III

=

1

=i
[

"
=
o0
F-S

Qi@

then:

n(8:/61) =-1.26 & &, | (I11 - 40)
a .



v

L

£1) (I1I - 41)

‘62 51 exp (—1.26

Qi

or

$2

1}

& (1 - 1.26 g £1) (111 - 42)

Thereforc, this model gives a linear relationship between the

dimple diameter ¢ and the applied pressure P. In Table III - 9,

a comparison is made between experimenp and theory for the three

tested Sphcroidized‘steels. It can be seen that at all pressures,
-

the observed dimple size is larger than the calculated one. As the

dimple size is the result of the process of void coalescence, this

discrepancy means that the Rice and Tracey model of void growth

and the geometrical model of void linkage bécome_ inappropriate

in the final stage of void coalescence.

In all the materials testéd, failure has occurred after the
attainment of a critical amount of damage D independent of the super- L.
imﬁosed pressure. This observation can be used as a fracture cyiterion.
However, the physical meaning of this critical level of damage is
unclear. It could be considered in relation to the model of Melander

(1980). This model states that ¢rack initiation starts when the rate

of energy consumptiom per unit of effective strain.becomes'constant,

i.e.
a%y
—= =0 "(IIT - 43)
di? ,
with : _ .
dW = GdE - g D (111 - 44)
Therefore, equation (III - 43) is equivalent to : .
= do
do m dD ‘a
— -D-—=" .o == = I -45
& & " %mEi 0 g, (111 -45)
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Comparison of the calculated and the measured values

of dimple diameter for the unnotched sambles of 1018,

1045 and 1080 spheroidized steels.

The data used in the calculation of the dimple diameters are :

-

Material §1 (um)} £ g. (MPa)
- 1018 2.50 1.665 890
1045 2.20 1.30 990
1080 0.90 1030

1.70

=,

N

Using these data in equation (III-41) leads to the follow&ng

results:
Material Pressure (MPa) Calculated dimple Experimental dimple
' diameter (um) diameter (um)

1018 345 1.11 Z.21
; 690 0.50 1.86
- 1100 0.20 1.45
1045 345 1.2 1.87
690 .70 1.60
1100 0.35 1.25
1080 345 1.16 1.50
- 690 0.80 1.35
1100 0.51 1.15
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From fig. IIT - 7, it can be seen that dop/de is essentially constant

constant regardless of the applied pressure. The value of D at

[

fracture also being constant, the criterion (III - 45) becomes:

dg - dD _

%~ On g = H (II1 - 46)

jhere H is a constant independent of applied pressure. This criterion
L

as been tested with the results obtained for the 1045 unnotched

.samples, but does not seem to be correct, as the constant H varies

from 125 MPa at atmospheric predsure to 70 MPa at 1100 MPa. Another

possibility would be that, instead of occurring in a geometrical way,

e
i.e. globally, the coalescence even£xénu1d be a percolation process,
triggered by the attainment of a critical amount of damage in the

plane of the fracture surface.

Finally, it is possible to write_the flow stress as:

g= g () (1-D)
do _ 30 (1-D) - G(g) D I(m)- 47)
& =~ % g ,

The coalescence takes place when d3/dE = 0, i.e. the criterion is:

% (1-D)= o(e) D (111 - 48)

As the applied pressure increases, the strain hardening of the
matrix 30/9¢ decreases, the flow stress O(E) increases slightly,
and the rate of damage ‘development decreases. Therefore, the fact

&
that D is constant could be consistent with the condition (III - 48).

~

However, a test of this criteriop shows that it is not fulfilled

for the 1045 uﬁﬁa?ﬁhed samples. This may be due to the fact that -

. \k,.'

3E _ T3 : <



J

: 140
/.

the quantitieé'hséd are global ones, including both the matrix and

the damage, whereas equation (III - 48) mékés the distinction between

them. -~

To conclude this discussion, it can be noticed that the

'

localiiation of deformation which takes place at coalescence involves
the local spreadiné.of damage. 1In fact, the macroscopic strain
occurring after the onset of this localization is negligible.
Therefore, despite'the fact that the exact model of void coalescence
is not known, the present model of damage accumulation gives a
complete description of the ductile fracture process, because it

uses as a fracture criterion the attainment of a critical amount

of "damage, the strain at which this occurs being the fracture strain.

11T - 7 Conclusions

It is germane to restate the main features of the results
and model developed hete.

a) The mechanical properties of different spheroidized steels
teé%ed in tension under various stress states have beén
recorded through the entire straining process.

b) A quantitative description of the damage accumulation
during tensile deformation of the materialslhas been per-
formed by measqriﬁg both the number of voids and their area

) fraction as a function of the effective strain. It -has been
found that the rate of damégg:dgyeiopment is decreased by

.superimposing an hydrostatic pressure, and that the number of -

voids participating at the final coalescence event is increasing



c)

d)
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with superimposed pressure whereas the area fraction of voids

just below the fracture surface is constant regardless of the
superimposed pressure, for-a given material.

A model has been developed to account for the damage accumulation
process. [t is Based on the concept of a progressive nucleation

event spreading through the particle size distribution at a rate
dependent on the stress state and strain level. Once the voids

are nucleated, their growth is calculated using the Rice and

Tracey model. The agreement with the experiments is satisfactory,

as the model gives the main features of the experimental curves.

The fracture criterion proposed is based on the experiﬁintal ' 5
observation of a constant level of damage independenf of the
stress‘state. It is then propgsed that failure occurs catastro-

phically by localization of the d;formation occurring after a

certain critical amount of damage has been reached.

-

e b e



CHAPTER IV

%MRNMW%K

#

/

IV - 1 Introduction \}\ -

In the Shear Fracture process, deformation becomes localized
into narrow bands of material in which large strains are reached.
Several continuum plasticity models describing localized shear
failure have been presented in the literature review. However,‘
the relationship between the microstructural events and the oceur-
rence of macroscopic shear is not clear.

In particular, it has been suggested that the initiation of
shear bands is related to some form of damage. This damage can
be dilational{ or it ca?)take the form of a structural‘or-geometri;al
' softening. It is also not cleaf whether damage follows the occur-
rence of.localization, or triggers it. If the dﬁmage is dilational,
it-should be possible to change the fracture behaviour of materials
failing by shear fracture by superimposing an hydrostatic pressure
during a tensile test. Thus,.the initiation and growth of shear
bands could bé studied as a function of pressure.

For this purpose, some ténsile tests under applied hydrostatic
pressure have been performed on a 7075 aluminum alloy, which, with the
appropriate aging treatment, fails by localized shear (Chung et al.,
1977). The resul;s of these experiments are presented in this

chapter.

@
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IV - 2 Material and Testing T

IV - 2 - 1 Composition and Hegt Treatment

{ The materia} chgs®tn for this study of sﬁear fracture is

# 70&5 aluminum.alloy of commercijal pdrity. Its composition is
given in Table IV - 1. In addition Po the three principab
alloying elements Zn, Mg ;nd Cu analysed in, Table IV - 1,
the alloy also contains $i, Fe, , Cr, d Ti.

The axisymmetric tensile samples, 25 mm gauge length and
5 mm initial.diametcr, were machined from rods. They were heat-
treated at 475°C for 30 minutes, f&ilowed by water quenching and
naéural aging at room temperature to a T4 condition (Polmear, 1981).

The microstructure of the final product is chaﬁgcteristic
of the heat-treatable aluminum alloys. Several secon&\gij::

particles are present in the material, and can be classifled

~
|
according to their size as following:

a) The constituents are the largest particles (from 1 to 20 um).
They form during casting and contain Fe and Si. They are

plastic at high temperatufe so that they are elongated during

extrusion or hot rolling to férm stringers. At low temperatures

they are brittle and are cracked as soon as deformation takes

-

place. Fig. IV - 1 shows a scanning electron micrograph of these

constituents, some of them being cracked.

o -
~b) The dispersoids are of intermediate size (500.A to 0.5 um).
of trace elements such’as Cr, Zn, Mn .or Cu. They are used to
control the grain structure as they do not dissolve during

further heat. treatment.

5

They form during ingot homogequation‘ as intermetallic compounds
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Fig. IV-1

Fig.

Iv-2

: chtgingéiectron ﬁicrograph of some constituents
in t

7075 aluminum alloy used for axisymmetric

tensile tests under pressure. The tensile axis is

hor;zontal.

..:-:-u»- ore
W"‘r_-’:'-"- ..'-‘_L:s r‘\u-l-"

Sre s ek S i by - oy 2o b e

PRl TR N . SRR i

: Optical micrograph of the grain structure of the

7075 axisymmetric tensilé samples. The very small
grains are elongated along the direction of the
-rod axis. Magnification : 160x

.
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c) The precipitates are the finer second phase particles and
are formed during aging treatments. They are coherent or
A

semi-coherent precipitates involving Mg, Zn, Cu and 5i.
No detailed study has been doné in the material considered
here, but it is likely that the precipitates are ;; inter-
mediate form of MgZn, (Van Stone et al.,\1974). These
precipitates are the main cause of strengthening obtained by
heat treatment. -

The grain structure is shown in fig. IV - 2. The grains

»

are small and highly elongated in the éxtrﬁsion direction.

In addition to the axisymmetric tensile tests, some plane
strain tests have also been perforﬁgd under superimposed Rydrestatic
pressure for metallographic observation sypurposes. The samples were
~machinéd to.the geometry shown in fig. IV - 3 from a plate of 70757
‘alloy. The same “heat treatment as for'éhe round samples waé used.
The microstructure obtained is, however, slightly different, The
grains are larger and elongated in'thé rolling direction (fig. IV - 4).

te

IV - 2 - 2 Testing. Preparation for Metallography

The tensile tests have been performed in the Harwood pressure

unit, according to the procedure given in Chapter III. The pressures

> : {
chosen were one atmosphere (0.1 MPa), 380, 690 and 1100 MPa. Some
tests performed at 630 and 1100 MPa were interrupted prior to failure.
The strain rate was for all the tests 0.04 min~?,

The samples have been preparedifor optical microscopic observa-

tions in the followkiinwnner. An aging treatment of 20 hours at
© | .

J
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_. Table IV-1 : Chemical composition of the 7075 aluminum alloy (wr%)

¢

o

%

/ v
in Mg
5.02 l

2.06

Other elements ( from commercial tolerances ).

Cr Ti

Si Fe Mn .
4 Ns :
0.40 0.50 0.30 0.18-0.28 0.20

TaSle IV-2 : Mechanical data for axisymmetric tensile tests of .

the 7075 aluminum alloy.

[
Pressure (MPa) &, (or €) o, (or af)(npa) AL (1bs)
S .
0.1 113 660 -
380 .123 670 - -
690 .124 678 60
1100 .116 680 60
o
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36.195

—H}}—ogs

76.2

14.275

L |

J4 L

9.525 3.81

Fig. IV-3 : Geometry and dimensions (in mm} of the plane strain
- : samples for tensile tests under superimposed-pressure.

o Gl
Gt 8
¥ PR

. ‘ Fig. IV-4 : Optical micrograph of the grain structure of the
N\ . 7075-T4 aluminum alloy used for the plane strain
tensile tests under superimposed pressure. The
grains are larger than in the material used for
the axisymmetric tests.
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150°C was performed §after t;eéting\, folmd by mechanical polishing

. Pl
and etching“with Keelers reagent. The purpose of this treatment

was to decorate both the grain boundaries and the dislocatidn':A\Q

o

substructure, and(r.u\permit the shear bands to be revealed by L)

etchin; e
N '
. In addition, some thin foils ha een prepared from the .

samples ‘pulled at 690 and 1100 MPa an&(&xamin_ed in a trafnsmission
. . Ay

electron microscope (TEM) and a scannir‘g transmission electgron

.~

microscope (STEM).

IV - 3 Mechanical Propertiss—"" V'4

The values of yield stress {(0.2% offset) and tensile

strength obtained are: Z’ .
! GY = 412 MPa _ : -
’F’\A Uf = 670 MPa
for the axisymmetric samples, and
Oy = 260 MPa
G = 440 MPa
ITs _
for the plane strain samples. ™ ‘ .

For the axisymmetric samples, the tensile strength was
never reached, the samples breaking or re&cking down at the stress
called Te-
reflect the different grain structures obtainéd in each case, because
the plate and rod materials ‘are of different purities.

The results pYesented below refer to the axisymmetric samples,

as their behaviour is much affected by superimposed préssure.

The differences between the two series of tests appear to ﬁ



v

149

However, qualitatively, the same trends are observed in the plane
strain tests.

The load-extension curves obtained at low pressures
(P < 500 MPa) aﬁ@,highapressures are depicted in fig. IV - § - a
and IV - 5 - b respectively. It is seen that the material yields,
strain hardens up to an effective strain of about 0.12 in bothﬂ¢ases,
and then a sharp decrease occurs in }he load, down to zero at low
pressures, i.e. the sample breaks, and to a defined value at high
pressures. . In the latter case, at a superimposed pressure of 1100
MPa, the load decreases continuously, step by step down\to zéro,

as the specimen necks down to a chisel point. The values of the

terms defined in fig. JV - § - b.are given in Table 1¢ - 2.

i

the occurrence of n
-

pressure has a very slight influence on the flow behaviour, and the

The,EffectivE;Strain-effettive st§§§s curve obtained before h

king is‘§hown in fig. IV - 6. The hydrostatic

data can be analysed in the same way a5 for the spheroidized.steels.

Following equation (III - é), the flow curve of the 7075 - T4 alloy is:

i G = 1120 €25 [1 + 63 10°% p] (v - 1) SN
where all the stresses are in MPa. : J
. ) . +
‘ Therefore, the mechanical behaviour can be summarized in the

-

following way: \Eﬂ; material, after yielding{ unéergoes strain
hardening up to a strain of about 0.12, which corresponds t6 a
ratio of strain hardening rate over flow stress (1/0) (dd/dE) equal -
to 0.75, at all the pressure; considered. At|this strain level,
either the.mat;rial fails catastrophically or|its load-bearing

capaciiy, after a sharp decre which is conjstant with respect to
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obtained during the tensile tests of the 7075-T4 axi-
. symmetric sampleg under superimposed pressures :
r~4{ a) below 500 MPa. '

b) above 500 MPa.
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Fig. IV-6 : Effective strain-effective stress curves for the 7075

axisymmetric tensile samples tested under various
pressures.
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pressure), decreases slowly step by step up to final failure,

due to necking.
The next paragraph presents the results of the metallographic

observatioms. o

{-f.

2

IV - 4 Behaviour Under Pressure

IV - 4 - 1 Low Pressures

At 0.1 and 380 MPa, failure occurs catastrophically prior
to necking along the first macroscopic shear band which is formed.
The macroscopic appearance of the sample is shown in fig. IV - 7.

- After polishing the sample down to its mid-plane, the montage in

-
—

\\ 4". ; ! - .
fig. IV - 8 shows that the shear plane is oriented at 45° to the
A
]
tensile axis. Careful examination algo shows that some bands
exist below the fracture surface. Such a band is shown in fig.

IV - 9 - a for the axisymmetric sample tested at 0.1 MPa, and several

. [
- ' bandscan be seen in the plane strain sample pulled at 0.1 MPa
(Fig IV - 9 - b). |
- Q:sg\ .
e - The fractographic examination of these fracture surfaces
—— . ’ : =
; ' under a SEM reveals that a void sheet mechanism of failure is taking

place, giving dimples elongated in the shear direction (fig. IV - 10).

- 1V - 4 - 2 High Pressures

At superimposed pressures of 690 and 1100 MPa, the first
ghear bands do not resu;t'in fracturé. Instead, conjuéate bands
a;g fﬁrmed on inte;éecting planes at 90%, This leads to the creation
of a geometric neck in the sample, as shown in fig. IV - 11 for
an interrupted test at 1100 MPa. Two subsequent patterns of

deformation are observed:




Fig. IV-7 : Macrophotograph
of the 7075 axisymmetric
sample broken under
380 MPa.

Magnification : 10x

Fig. IV-8 : Montage showing _
the occurrence of shear
fracture prior to
necking in the axisym-
metric sample broken
under 380 MPa.
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-~ .
IV-9-a : Optical micro-
graph showing a shear band

e below the fracture surface
e i A rie in the axisymmetric sample.

- o
R T AT broken at 0.1 MPa.
Dl - ;_‘ Magnification : 160x.
.l“;:: C\b’_ at ~-

:_-__,. -.-.--J-‘-

Fig. IV{Q-b : Montage of the plane strain.sample broken at 0.1 MPa.

surface. »



Fig IV-10 : Scanning electron micrograph showing the void sheet
mechanism on the fracture surface of the axisymmetric

sample broken under 380 MPa.

1

'Fig. Iv-11 : Macrophotographs of the 7075 axisymmetric.sample
tested under 1100 MPa showing the,gefmetric neck
obtained when the test is interrupted prior to

failure. Magnification : 6.5x
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- at 690 MPa, the sa@ple breaks while the neck is still sub-
_ stantial. The two broken haives obtained ‘are shown in
fig. IV - 12; )

- at 1100 MPa, th; alternating shear process con;inues until
the complete thinning of the cross-section of the sémple;
fig, IV - 13 shows the two halves ogbtained. *

Similar process occur in the plane strain specimens.
_The metallographié observation of the specimen reveals
the shear bands formed during deformation, each band corresponding - -

-

to a small drop or step in the load-extension curve. The montage

\

obtained on t%e polished and etched §e9tion is shown in fig. IV - 14
for the axisymmetric specimen pulled under 1100 MPa. In a montage
done at higher magnification (fig. IV - 15) it can be seen that the
shear bands are oriented at 45° to the tensile axis,_and that they
Cross through the grain structure without being deviated. However, -
the offsets from each band are quite large aqd result in massive

teorientation of the existing grain structure. The bands also

create steps on the external surface of-the sample, giving a

surface oriented at about 24° to the tensile axis. A high magni-
fication micrograph shows (fig IV - 16) that many bidnds are limited &

4
to the grain diameter, whilst others cross a large number of grain

-

boundaries.

SEM observations of the surface perpendlcular to the section
shown in fig. IV - 15 was performed ﬁp order to study the structure
of the offsets. F1g IV - 17 shows the steps created on the surface
by the offsets. These macroscopic steps contain small, discontinuous

. ' | /
W
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Fig. Iv-12 : Macrophotographs of the 7075 axisymmetric sample
broken under 690 MPa. z
Magnification : 9x

—

r

Fig. IV-13 : Macrophotograph of the 7075 axisymmetric sample
broken under 1100 MPa. -
- - Magnification : 6.5x
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Fig. IV-14 : Montage showing
thinning of the axisymme-
tric sample by conjugate
shear bands when broken
under 1100 MPa.

Fig. IV-15 : High magni-
fication montage of the
axisymmetric sample
broken under 1100 MPa.

“The detasls of shear
bands and their effect
on the grain structure

. .are revealed.

LW

~_f
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Fig. IV-17

L_(;}\_/

/
¥

.

Micrograph showing the formation of shear bands

v
inside the grains in the axisymmetric sample
broken under 1100 MPa. -

Scanning-electron micrograph showing the struc-
tere of macroscopic shear steps on the fracture
surface of the axisymmetric sample broken under

1100 MPa.
.-q

-

¥
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steps with traces approximately parallel to the plane of the step,

whithdéppear to ﬁe slip steps with a spacing oé 2-5 um, indicating
ef,,then that the bands have.an interndl constitution due to some

form of cooperative crystallographic slip eﬁents:.

, The montagés of the_unbroﬁéﬁ axisymmetric ané plane strain
samples pulled under 1100 MPa are shown in fig._Iv,-A}a and |
figj v - 19 respecti€;¥}?f21n'the former; it can be seen in the
region X - Y that.failure is initiatéd as a series of linked shear
cracks lying in the bands of ‘localized shéar. SEM observatiaﬁs
weTe performed to determine whether the shear bands contain

‘_dilafional damage. This latter point is diffifult-to determine
in an unambiguous sense because of the problem of local etching,

’and the possible loss of inclusions during the preparation of the’
.sample.. However, the observations reveal two types of damage
‘associated with the shear bands., Fig. IV - éO shows damage along
the g;aiﬁ boundaries A - B, due to.the large local strains associated
with the shear bands. X - Y. " In other.regions, the fo of_failure

‘due td the linkage oﬁ>e£ongated voids lying on the boundaries of the \//’ﬁ'

shear bands could be observed as in fig. IV - 21. C

TEM and STEM observations have been perfaéped on

= .. samples by Raghunatﬁan and Xorbel (1983). ﬁ.macroscopi shear

band crossing -several grains is shown in fig., IV'- 22, ina s

A

" broken under 1100 MPa. The position of the band is indicated

. .,arrgws.' Thé foil in this case was approximately paralle-l to the
o . ‘
fracturef;;:;;Ce, and the shear bands are inclined to foil by v

about 22°. The égﬂgled arrangement of dislocatioﬁ? tends to be
-9 o~ - : L ] | . ' '.7 - : ’
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Fig. IV-18 : Montage of the
_geometric neck obtained
in the 7075 axisymmetric
sample tested under
1100 MPa and interrupted
prior to failure.

N
L -\\ /\
Fig. IVA19 tage of the
geomess c,neck ob:.ained
ih the 7075 plane strain
-.sample tested under
1100 MPa -and. 1nterrupted ,
prlor to failure. ~~ -
L
u " t i »
’ ' JENSS b
vy .
. . S ) - . ,:“\_ ) .
1 ’ - . L3 * . .
e ) .
“\ .
v\ ‘
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Fig. ?\\20 : Scanning electron micrograph showing the damage
> g

. along the grain boundary A-B due to the shear . <iS\

band X-Y, in the axisymmetric sample tested

under 1100 MPa.

| ——

: Sq&;;in: electron micrograph showing the #inkage
f

o ongated voids on the boundary of shear bands .
}Fh ' in thé axisymmetric sample tested under {jOO MPa. I
.o ) ST ey
-, o

‘ s
. . > (
§ i » N
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aligned along the length of the shear band. This can be seen more

clearly in fig. IV - 23, where a shear band produces a step in .

the grain boundary separating grain A and grain B. The band keeps

the same direction in the adjacent grains (noted B and C), in -~

.
which the position of the band is not obviously crystallographic.
Within a band, the dislocation structure is not easily

resolved: there is a large density of dislocations, whose cross- .

hatched appearance suggests operation of multiple slip systems within

a shear band.
‘uﬁ-
The plane strain samples show similar behaviour. In fig.
IV - 24, a shear band can be seen .to cross grain boundaries without

deviation. The band produces a very pronounced step at the grain
boundary. In one grain the band can be seen to*correspond to a
denuded zone without any preciéitates: this‘feature is typical d?
coarse slip bands and is due to the shearing of the particles whieh
reduce their size, resulting into their dissolution. Also shown

are some dislocatj,pns on the sides of the band which have been ¢
decorated by preC1p1tat10n durl;g natural aging sug;eéueﬁfu— o the
mechanical test1ng. It seems, therefore, that shear bands and

coarse slip band have some'é!hmon'?eatutssf Anether montage is )
shown }n fié. IV - 25. 1In grain A, the ‘trace of the,shear band

has a direction [325], comudmg with the d1rect‘on of the intex-
section of the foil plane (141) with the slip plane (111): therefore,
deformation proceeds predominantly by single ;iip in thigﬂg}ﬂiti .

The band then propagates into the adjacent grain by using a
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Fig. IVv-22

: Montage of electron micrographs of the neck region of
. the ‘axisymmetric sample tested under 1100 MPa.

Micros-

copic shear bands are crossing several grains. An

. accompanying sketch illustrates this.

——

Fig IV-23 : TEM mgcf
: natur

»

ic shear bands.

3¥zoundary eparatifg A
n of shéar band. Micrographs

ra

-

+ ~ .
ographs illustrating the crystallographic
of slip in the micrds

step seen in the grai
. is due to the propaga

The
and ‘B
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Fig. IV-24 : Montage of TEM miciogxq¥2;/92 the plane strain sample
@ tested under 1100 MPa. shear band creates a pro-

nounced step on the grain boundary.

*
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multiplicity of slip systems. Indeed, the comparison of the seieeted -
area diffraction*Patterns from the shear band in grains A and B of ?
fig. IV - 25, shows that in grain A,’g_gelatively simple pattern

is produced due to the crystallographic nature of the shear band
. | 2 '

explained- by the slip on the (11}) plane occurring in it; on the

other hand in grain B, fhe shear band region produces a well-
developed spotty r%ng Estter:?a\qhis is clear evidence for operf}ion '
of multiple slip systems as this pattern could only be producegiE;_n\
microscopic areas with 1éﬁge misorientations due to the oeeration

of multiple slips combined with lerge accumulated plastic strain -
in_the bands.' It can then be concluded that in grain B, the shear
band is non-crystallographic in forﬁ; This indicates that in
spreading through the cross-section of the sample, the shear bands
involve a spatlal distribution of regions of single slip 51m1lar
to®coarse slip bands whichiare 1nterspersedﬁ;1th regions of localized
multiple slip. Although {he constitutive shear process “involves -

crystallographlc slip, the overall macroscoplc band can be non-

. , _ e
crystallographic in form. : . i

Iv - 5 Diséussioﬁ ; ) “

" The main purpose of thiirstudy was to examine the occurrence
- L)
of shear bands. The experimental results from metallographic

observations give some impoyfant evidence concerning the nature

of the shear bands. . ° - -
. £ .
First, it was'bhgervad that the onset of band formation
»
occurs. at the same stress level and straln level regardless of
\ ' ) l' -

the magnitude of the superimposed pressure. Ho_ev1dence any
. L] .

.r . .
. ‘ -
- 4
] A
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Fig.

IvV-25 :

/ . 167

Montage of. TEM'microngphs of the plane strain sample’
ested.under 1100 MPa. The direction of shear band
coincides with the’ crystallographic direction [325]
which is the trace off the 511p plane (11i) on the
foil in grain A. A



* to know what the possible mechanisms are for this softening.
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dilational damage has been found below the fracture surface of the

- samples tested at low pressures.. This suggests, therefore, that

shear 5and formation does not depend on démage-creation, but:rather
on the stafe of the matfii. In all cases, thelformaéion of the
first macroscopic band leads to a stress drop, whose magnitude
(60 1bs. or 17.5 MPa) must involve the response of the testing
sysfem. This would be consistent with the occurrenceNpf a structural
softening at this strain lev?}. Before di;cussing the events
.responsible for the softening,‘it is worfR noting that the fir5£
macrosgépic shear band is occurring while the material is strain
hardeﬂ&ng; this observation has been préviously reportéd, as quoted
in the literature review. The ratio of tﬁe hardening rate to the
current flow stress is 0.75, which is within-a factor 2 of the
ratio determined by Chang and As#%% (1980) in another aluminum

. . '
alloy, when account is taken 6f the Taylor factor, as the 7075 -
alloy is pol}crystalline. These ob%ervations then eliminate any
possibility of geometric softening, of softening by damage aﬁcu—
mulat‘ioh. The onset:‘of l‘gmalized defor;mation is due .1;.0 structural

softening propagating in a cooperative manner. The question then is

;The' optical micrographs indicate thatdlocalization occurs

first on the scale of the grain diameter and_thén becomesfsbatiailyt
organized into macroscopic bands at 450 to the tengile;e§is. 0 \\
Examination of the bands shows that they contain a large density,

s : A '

of dislocations and that they‘are re%?&ns'of highly tijaiized .

g S
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shear over a thickness less than a um. This would indicate that\\
shear bands are due to crystallographic slip on a dominant slip system
within one graiﬁ in which a coarse slip band could be  formed, and

then they penetfaté into adjacent grains by cooperative slipf;;ents
which %3yﬁ1nvolve sever;l slip systems. Such cooperative phenomenon
may be assisted by stress concenfratisns leading to the ovércoming

of ohﬁtgclé;.such as the fine precipitatea\srovided by natural aging, .
and it involvgslthe activation of coordinated slip in the reg@bn

ahead of ;E!.growing bapd. The reason for initial léEalized ;lip

events leading to the formation of shear bands is, therefore, a

© structural goftening event such as the destruction of zones of

fine precipitates, or the hodificatign of the pre-existing dis-°
o

-
)

L
location substructure. 2

. In the experiments conducted under pressure, failure does

- not occur after the formation of the first macroscopic band, but

a geometric neck is formed. The initial bands age at 450 to the
tensile axis and the angle between the outer surface of the
sample and the tensile axis is 22° * 30.\\his value can be cal-

culated by assuming a simple geometric situation deﬁlcted in -

. fig. IV - 26. If the un£§vof shear s of a band is ‘taken equal

on the conjugate band, theén with the notations of fig. IV - 26:

tan o

= x/x +y §
x = sv2/2 ’
y = svT
— 7T 5
i.e. tan a= 1/%
. 4 /

or . a= 190



Fig. IV-26 :

3

Schematic representation of the formation of the
geometTic neck by/conjugate shearing.

~
»
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Therefofe, the measured value of 22° falls between this calculated
valoe d the value of\26.5° reported by Onat and Prager (1954)
for the case of a plane strain tensile test. :Perefore, the simple

geometric description of conjugate bands appears $o be in reasonable .
—

—
-

accord with experiments. Thus it is clear that two forms of spatial
coordination occur in the shear proceés. The first one is a coordination
of crystallographic slip events in a number of systems which leads
to the spreadiﬁg of a narrow shear band over the total cross-section
of the specimen. In addition; the lattite rotations due to the creation
of such aband triéger; an equivalent process on the conjugate band
leading to the formation of the neck. Therefore, the events are *
cooodinated both in'tho macroscopic shear plane and longitudinally
along the spccimén axis.

The last point to be examined is therpressure dependence
of the fracture behaviour. This must arise due to the creation
of damage within the shoar bands. A voio sheet mechanism where
voids are opened at' the second phase oart}ole-m%trix interface or at

. — . ) _
in boundaries gives catastrophic failure, for the voids can grow

rapidly because of the large strain and strain rate within the

&
band. If a pressure is superlmposed the latgralgrowth of voids

is slowed 50 that their coalescence is delayed. Thus, the hydro-
static pressure must e ther/EEErease the rate of damage accumulation

or even delay the onset o damagefr It muot alSo be recognized that

in examining the progress of a locallgfﬂ deform ion band towards fﬁl
fracture, both ‘the work hardenfng of the<mx;er1a tween the voids

and the accumulation of damage must be considered. Taking the ‘-B

o

- AN
-

,0\'
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e 7

damage as a parameter [, the flow behaviour can be idealized by

(see equation III'- 47) ks
g (e, D)< 0g(e) (1-D) S (Iv - 2)
t.e. . v - 3)

-

=N =%
& &

- 39 1 _py -5 B
= o Fl D) c;e) ~z

Assumié;\zkaf”é;ilure corresponds to the vanishing of'the global
" ) - B .
rate of work.%ardening,'the.criterion for failure is then :
1 3D _ '
1-D % 0, (IV 4)

&

[=}]

)
d

Q|
I

_{l")l

As the hydrostatic pressure P is increased, the term (3D/3g) (1/1 - D).
¥ -

is decreasing so that the criterioﬁ (IV - 4) is not fulfilled unless

a.large enough deformation takes place in order to lower the har&g-

~ : - -
‘wing rate of the material bbtween voids, 30/%E. . _
< . .
\{Pis very simplified model allows, therefore, a qualitative

understanding of the fact that below 500 MPa, faiiure occurs after

e

.the fé}mation of very few bands, wh#st above 500 MPa,,damage

- . . . ’ ) 4

accumulation is slowed so0 that a series of conjugate bands can- be
! v

formed leading to failure-by geometric reduction of the cross-

section of the specimen. . o

IV - 6 Conclusions

s

o~

- . -* ‘.—\ * '
This study has revealed some new features of macroscopic . . .

. L}
shear fracture.

The first result is that the onset of localized sheatr is
e , -

independent of superimposed pressufe. It is therefore not triggered ;

+

. by dilational damage accumulation, but arises because of a structural
. .

Nl -

v

softening of the matrix. . ; ;
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The sequence of shear band formation appears to be the

fgllowing : - -t
. /'V’

- The bands are initiated by cboperative crystallograﬁﬁic'slip
within individual grains. ) _ . -..
”~ : '

- These bands organ?gg‘Fhemselves ifto macroscopic regions }

-
4 ~

-tfavefsing the entire cross-section and penetrating the grain

boundaries, to form d&croscopic bands at 45° to the tensile axis.

//\\\\ Together with this coowélnatlon along the macroscopic shear .

X plane, there ex15ts a coordination process along the 10ng1tud1na1
ax1s 1e€91ng to the format1on of 2 geometric neck at hlgh super-

* / imposed pressures.

-

- of the shear fracture pfocess. B ri\_‘ﬁ\
Y : v
/ .
. .. ¢ *
' - &
. , . o-
f ¢ - - -
. 1
s . - '
A\ - -
. - )
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CHAPTER V

BRITTLE FRACTURE

V - 1 Introduction

Brittle fracture involves the creation and propagation of micro-
cracks. It has been found (Knott, 1977) that at atmospheric pressure,
crack propagation is the controlling step for the oceurrence of failure,'
so that the fracture criterion appears to be the attainment of a cri-
tiéal tensile stress. The effect of hydrostatic pressure is to raise
this critical stress, so that the controlling step becomes the deve-
lopment of microcracksriﬁto a critical defect leading to failure.

The purpose of the work Teported in this chapter is to investigate
thc‘mechani§ms leading to the modifications in the fracture behaviour
of two materials : an aluminum—coppér alloy which fails intergranu-
larly, aﬁd an iron-phosphorus alloy whicﬂ fails by a mixture of
transgranular cleavage and intergranular fracture. Emphasis has been
given to the changes in fracture mode that these alloys exhibit as |

a function of pressure, and to the stabilization of microcracks,

i.e. the separation of creation and propagation into two distincé

stages.

V - 2 Materials

~ The chemical compositions of the two alloys are given in
Tables V - 1 and V - 2.

The A2-Cu alloy was received in the form of hot-rolled plate,

174



Table V-1 : Chemical composition of the aluminum-copper alloy'(wt%).

Cu Fe . Mg si Al

3.62 0.002 <0.001 _ 0.002 balance

Table V-2 : Chemical composition of the iron-phosphorus alloy (wt%).

1.2 0.005 0.0015 =0.003 . balance




25 ¢m wide and 1.4 ¢m thick. In order to break down the as-castsgtruc—
ture ;;d provide a uniform grain size, the plate was reduced 22I% in
thickness to 1.1 ¢m by relling at room temperature prior to annealing.
AxisymmetTric samples similar to the uqnotche? steel samples were
machined. They were then heat-treated at 540°C for an hour, followed
by water quenching and storage in a freezer at -10% prior to sub-
sequent ageing treatment. This assured a complete recrystallization to
a structure of equiaxed grains of average diameter equal to 0.23 mm,
so that the orientation of the test pieces relative to the initial
rolling direction was not considered. The ageing treatment was per-
formed at IBbOC for four days. This peak:HEEd_EEEﬁE;ion results in
the formation of 6" and 8' particles rcsponéiblc for the strengthe-
ning (Kelly and Nicholson, 1963). b

The iron—phésphorus alloy was obtained from the U.S5. Steel
Research Laboratories. The elaboration of the alloy is described by
Spitzig (1972). The alloy was hot-roiled between 1093°C and 899°C
and air cooled to a plate of 12.7 mm thickness. Rods were machined
from this plate, from which axisymmetric tensile samples similar to the
unnotched steel samples were obtained. The heat treatment was chosen
to give both a cogrsc grain size and optimum embrittlement of
grain boundaries by phosphorus segregation (Inman and Tipler, 1858;
Palmberg and Marcus, 1969). Following Spitzig (1972), the samples were
heat-treated in vacuum at 850°C for 24 hours, followed by water
quenching. The equiaxed grains obtained had an average diameter §f

0.20 mm, No TEM observations were performed to investigate the micro-

structure of the alloy.
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V - 3 Méchanical properties

V - 3 -1 Aluminum-copper alloy

Tensile tests were performed at 0.1, 100, 203, 300, 414, 503
\de 690 MPa, at a strain rate of 0.04 min ', At atmospheric pressure,
thé\alloy fails prior to necking, whereas at higher pressures, a neck

is developed prior to failure.

The yield stress and tensile strength are approximately cons-

tant regardless of pressure and are :
LN s
Oy = 180 MPa

OTS = 330 MPa

The effective strain-cffective stress curves plotted for the
uniform part of the deformation were not affected by pressure (fig.
V - 1). The flow behaviour is described by

o = 645 ¢ 28 V- 1)

where the stresses are in MPa.

The data at fracture are given in Table V - 3. Despite a dij-
torsion of the neck, an attempt has been made to determine the stres
state at fracture from the measurement of the ratio a/R on montages
of the broken and polished longitudinal sections of the samples.”This
has however been possible only up to a superimposed pressure of 300
MPa, the neck becoming too asymmetric at higher pressures. The stresses

have been cMgulated using equations (III - 2) to (ITI - 7) from

Bridgman's analysy
It was not pdssible to determine a fracture strain for all the
samples. However, the influence of superimposed pressure on the ducti-

lity of this alloy can be seen by plotting the engineering strain at
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Fig. V-1 : Effective strain-effective stress curves for the AL-Cu
alloy tested in tension under various pressures.

?

ENGINEERING STRAIN AT FRACTURE

L
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: %00
HYDROSTATIC PRESSURE (MPg)

Fig. V-2.: Diagram showing the variation of the engineering strain
to fracture for the Af£-Cu alloy broken under various
pressures.
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Table V-3 : Data at fracture for the tests under pressure performed
on the aluminum-copper alloy.

Pressure (MPa) e a (mm) R {mm) of (MPa) <, {MPa} -Z: (MPa)
0.1 .1839 2.151 0 337 0 337
100 L2249 1.781 * 8.75 403 -61 343
207 L2387 1.624 6.87 415 -161 254
300 L2760 1.350 4 404 -237 167
414 L2630 - - . - - -
503 . 2929 - - - - -
690 .2848 - - - - -

.
]

Table V-4 : Data at fracture for the tensile tests under pressure
performed on the iron-phesphorus alloy.

Pressure (MPa) g €¢ O (MPa) gy (MPa) o3 (MPa)
0.1 0.0219 0.0216 380 0 380
345 0.1062 0.1009 737 -345 392
517 0.2088 0.1896 853 -517 v 336
690 . 0.2330 ~ - -. o
869 0.2634 - - - -
1100 0.2866 - - - \\ -
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fracture ee defined by

ey = 1r - 1g (v - 23
o .

as a function of pressure, as shown in fig. V - 2. It can be seen that
after a rapid increase with pressure up to 300 MPa, e increases much
less rapidly at higher pressures.

V - 3 - 2 1Iron phosphorus alloy

Tensile tests have been performed at 0.1, 345, 517, 869 and
1100 MPa, at a stréin rate of 0.1 min !, At atmospheric pressure, the
sample breaks prior to general vielding; at 345 and 517 Mpa, plastic
yielding and strain hardening are occurring, but the samples break
without necking. Above 517 MPa, a pfonounced nec. develops priof
to failure.

In all the load-extension curves obtained at pressures above
0.1 MPa, several sharp drops could be seen, occurring at or after the
onset of strain hardening. Thcse‘drops are characteristic of extensive
twinning, which was confirmed by subsedﬁﬁﬁ?/;etallographic examination,

The mechanical properties were determined from the tests at
high pressures. The yield stress and tensile strength are

g, = 410 MPa

Y
OTS = 695 MPa

The effective strain-effective stress curves for the tests at
0.1, 345 and 517 MPa are shown in fig. V - 3. The flow behaviour can
be cxpressed using equation (III - 9) by

O = 1270 €725 (1 + 45 107% p ) (v - 3
where all the stresses are in MPa. The value of the pressure coeffi-

cient, 15 107° MPa™', is in good agrcement with its theoretical value

A\
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Fig. V-3 : Effective strain-effective stress curves for the Fe-P
alloy tested in tension under various pressures.

ENGINEERING STRAIN AT FRACTURE

0 1 1

) 300 1000
HYDROSTATIC PRESSURE (MPa)

Fig. V-4 : Diagram showing the variation of the engineering strain
to fracture for the Fe-P alloy broken under various
pressures.
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of 19 10 ° MPa ' (Richmond and Spitzig, 1980).

The data at fragture are given in Table V - 4. The lower pres-
sures allow calculations of the stress state to be made, as the samples
deform uniformly. Above 517 MPa, it is not possible to determine the
stress state because of‘the distorsion of the neck.

An attempt has been made to represent the effect. of pressure
on the ductility by plotting the engineering strain at fracture-as a
function of sﬁperimposed pressure. Fig. V - 4 shows that a rapid in-

. crease of es with P below 590 MPa is followed by a slower one above
this value.

In order to investigate the mechanical behgviour of the alloy
at atmospheric pressure, and in particular to determine its yield
stress, compression tests have been performed by O'Reilly (1983).

A first test on a cylindrical sample with h/d = 1.5, where h is the
height of the sample and d its diéméter,lhas been performed between
smooth platens to reach almost homogeneous compression. The effective
strain-effective stress éurvc obtained assuming incompressibility is

& = 1305 £°2° : v - 4

where the stresses are in MPa. It is worth mnoting that this_expression
is in‘good agreement with the one determined from thehtests under
pressure, eq;ation (v - 3).

As the fracture stress in tension at atmospﬁefic prcésure is
380 MPa, and the yield stress determined from the tests under pressure
is 410 MPa, it was thought useful to examine in wore detail this small

discrepancy by performing a compression test to obtain Iy (Low, 1954).

During this test, two audible cracking noises could be heard and



-

correéponded to two sharp load drops on the load-compression curve.
After the first drop, the sample started to strain harden. The yield
stress was taken as the lower péint of the drop and found to bé equal
to 402 MPa, It was therefore concluded that, within the experimgntal
error, the yicld‘strgss and fracture stress in tension are coincident,
in accord with the previous work of Low {1954). In addition, another
test was interrupted in the elastic part of the deformation for further

metallographic observations.

V - 4 Behaviour under pressure

a

V-4 -1 Aluminum-copper alloy

V-4-1-1 Specimen preparatio

The samples were prepared similarly to the steel samples. They
were mounted in lucite, ground to their mid-plane and finally polished
and etched with Keeler's reagent.

V-4-1-2 Macroscopic aspect. Fractography

A mpntagg of the macrophotographs of the broken samples is shown
in fig. V - 5. Wh;ic.at the lower pressures, the nples are approximately
round, the asymmetry of the neck can be seen at higﬁér‘pressures. There
is also a tendency for a macroscopic shear to take place : as the pres-
sure increases, the fracture plane appears to be one of shear. At the
highest pressures, the samples have a chisel-point appearance.

To investigate this in more detail, fractographic examinations
have been carried out using a scanning electron microscope (SEMj. At

atmospheric pressure, the fracture surface is mainly composed of grain

facets, despite the presence of some dimples (fig. V - 6 - a). At

S
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Fig. V-0

(c) 80 x

: Scanning electron micrographs of the Al-Cu sample

broken at atmospheric pressure :

a) general view of the fracture surface

b) dimples on the grain boundary facets

¢) intergranular cracks on the outer surface
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higher magnification, the facets reveal a dimple structure (fig.
) .
V - 6 - b) characteristic of fibrous intergranular fracture. On the
outer surface of the sample, some microcracks can be seen (fig.
V - 6 - ¢}, together with very pronounced slip line traces. The micro-
cracks have an intergranular appearance, and the slip lines indicate
the coarse nature of the slip in this alloy, 3ue‘to the absence of
diﬁpersoids which could homogenize it. These slip line traces can be
seen on the outer surface of all the samples regardless of applied
pressure. When the pressure in.increasgd to 100 MPa; the fracture sur-
face still, shows some grain facets (fig. V - 7 - a)p but the'g¥ahgs-
seem_to have been highly elongated. The dimples present a shear
character (fig V - 7 - b). The same features are found on the frac-
ture surface of the sample pulled under 207 MPa. There is still some
evidence of grain boundary decohesion, and the number of,;hear'dim-
ples has increased (fig. V - 8). At 300 MPa, no facets aée present on
the surface (fig. V - 9 - a); instead, the surface is composed of
shear dimples.(fig. vi-o9 - b}. A similar situation is found at 414
MPa (fig. V - 10). At the highest pressures, no evidence of damage has
been found on the fracture surface of the sample pulled under 503 MPa
(fig. V - 11) or under 690 MPa (fig. V - 12)3 Extensive slip lines
which create surface steps can be seen on the outer surfaces of both
specimens (fig. V - 13 - a and V - 13 -'b). .

It appears that the fracture mode is E%anging when the applied

pressure is increased. This was confirmed by metallographic exami-

nation. ,
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Fig. V-8. :

(b) 640X

: Scanning electron micrographs of the Al-Cu sample

broken under 100 MPa :
a) general view of the fracture surface
b) elongated dimples on the fracture surface

Scanning electron micrograph of the fracture surface
of the Al-Cu sample broken under 207 MPa.
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(a) L0 x (b) 320 X

Fig. V-9 : Scanning electron micrographs of the Al-Cu sample
- broken under 300 MPa
a) general view of the fracture surface
b) detailed micrograph of the shear dimples

Fig. V-10 : Scanning electron micrograph of the fracture
surface of the Al-Cu sample broken under 414 MPa.
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Fig. V-11 : Scanning electron Fig. V-12 : Scanning electron.,micro-
micrograph of the fracture graph of the fracture surface
surface of the Al-Cu sample of the Al-Cu sample broken
broken under 503 MPa. under 690 MPa.

i .
. 1 ¥,
(a) . 80 x (b) 1250 x

Fig. V-13 : Scanning electron micregraphs of the slip steps

created on the surfaces of the Al-Cu samples broken
under : '

a) 503 MPa b) 690 MPa
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V-4-1-3 Metallography f-

For each sample, a montage of the polished ?;bken half has

been made.

At atmospheric pressure, the intergranular path of the failure
appears clearly (fig.V - 14 - a), and virtually no microcracks exist
below the fracture surface; slip lines can be seen within individual
grains, which have been slightlyelongated. At 100 and 207‘MPa, the shear
character is developing; at 100 MPa, the failure path is partly inter-
granular (fig. V - 14 - b), this being less obvious at 207 MPa (fig.

V - 14 - ¢); in both cases, some stabilized microcracks exist in the
bulk of the sample, more of them being present at 100 MPa; the grains
are extensively elongated, and within each of them slip has taken
plsce. At 300 and 414 MPa, the fracture has a fully shearcharacter,
and @ microcracks are present (fig. V - 14 - d and V - 14 - e}; the
organization of slip into a macroscopic shear band is clearly seen
near the fracture surface of both samples. At higher pressures, the
fracture has a chisel-point appearance; grains have been highly clonga-
ted; some macroscopic bands crossing several grains can be seen below
the fracture surface in both the sample pulled under 503 MPa (fig.
V+- 14 - f) and under 690 MPa (fig. V - 14 - g); in the latter, these
bands have created steps on the externmal surface of the sample.

In addition, "a montage o /an unbroken sample deformed under a
pressure of 503 MPa is shown in/fig. V - 15, It can be seen that grains
are undergoing large deformatjons when the macroscopic'shear band is
developed; despite the largefstrains involvedp no evidence of damage

is seen, possibly because of the superimposed pressure which could be
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Fig. V-14-f



Fig., V-14

Fig. V-14-g

: Montages of the Al-Cu samples

under various pressures

a) 0.1 MPa b) 100 MPa
d) 300 MPa e) 414 MPa
g} 690 MPa

tested in tension

¢) 207 MRa
£) 503 MPa



Fig. v-15 :

Montage of the Al-Cu sample tested in tension
under 503 MPa and interrupted prior to failure.
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sufficient to suppress totally any crack or void development.
To conclude this metallographic and fractographic study,it can
be said.that pressure has a strong influence on the fracture mode of the
aluminum-copper alloy. The mode changes.accoraing to a sequence.whiéh
is in agreement with the one found in previous works (French and Weinrich,

1977} and is the following

P < 50 MPa’ : fibrous intergranular
50 < P < 250 MPa : fibrous intergranular + shear '
250 < P < 480 MPa : shear )
480 < P : chisel-point

V - 4 - 2 Iron-phosphorus alfoy

V-4-2-1 Specimen preparation

E, - After being mounted in lucite, the broken halves of the tensile
samples have been polished down to their mid-plane. For each of the two
compression samples, both a section parallel to the compression axis and
a section perpendicular to it have been mounted and polished. The etching
has been performed in two steps

- a light preliminary etching with nital 2%,

- a subsequent etching with a solution of 10 pr. of_potéssium meta-

bisulfite Kz S; O0s in 100 ml. of distilled water (Petzow, 1978}.
This etchant colours the grains and revealsthe twins present in them.

V-4-2-2 Microscopic aspect. Fractograph

The macroscopic aspect of the samples broken under various pres-
sures is shown in fig. V - 16. It can be seen that despite the appearan-
ce of a distorted neck above 517 MPa, the fracture surface has bright

facels at all pressures.
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P = 1100 MPa

: Macrophotographs of the Fe-P tcﬁsile samples

broken under various pressures.
Magnification : 7.5x
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The fractography performed with the SEM reveéled the details of
these surfaces. At atmospheric pressure, the fracture surface is compo-
sed (fig. V - 17 - a). of both cleavage facets (fig. V - 17 - b) and
grain boundary facets with no evidence of dimples on them (fig. V - 17
- ¢). The relative prbpg;tion of cleavage and grainrfacets is not easily
determined. A similar situation is found at 345 MPa (fig. V - 18) and
517 MPa (fig. V - 19 - a). It is worthnoting the presence of lines on
the grain boundary facets, which could be the emergence of twins. At
517 MPa, as the strain increases, cracks appear on the outer surface of
the sample (fig. V - 19 - b). At 690 MPa, a neck is observed. The cross-
section takes an elliptical shape’(fig. V - 20 - a}; large cracks pﬁrallel
to the major axis of this ellipse develop inside the grains or on their
boundaries (fig. V - 20 - b); the fracture surface is itself a mixture
of cleavage facets and grain boundaries (fig. V - 20 - ¢}; on the outer
surface, large cracks are opened, in general perpendicular to the ten-
sile axis, but a few are parallel to it (fig. V- 20 - dand V - 20 - e).
Similar observations can be made at higher pressures. At 869 MPa, both
cleavage facets and grain boundaries are seen on the fracture surface
(fig. V - 21 - a} together with large cracks (fig. V - 21 - b). At
1100 MPa, a very large crack is extending parallel to éhe tensile axis
on the outer surface of the sample (fig. V - 22 - a); details of this
crack are shown in fig. V - 22 - b; the fracture surface is again a
mixture of cleavage and grain facets (fig. V - 22 - c).

It can the;eforc be concluded that at all pressures the fracture
mode is a mixture of intergranular and transgranular cleavage. The pres-

sure appears to alter the development of microcracks and to allow ex-



Fig.

V-17 :

(c}  B40x
Scanning electron micrographs of the Fe-P tensile
sample broken at atmospheric pressure :
a) general view of the fracture surface

b) details of the cleavage facets
¢} grain boundary facet showing no evidence of dimples
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Fig. V-18 :

(a)

Fig. V-19 :

Scanning electron micrograph of the fracture surface
of the Fe-P tensile sample broken under 345 MPa.

320 x (b) 320«

: Scanning electron micrographs of the Fe-P tensile

sample broken under 517 MPa :
a)general view of the fracture surface
b)cracks on the outer surface of the sample




Fig. V-20

(dl - 40 x (e) 160 x

: Scanning electron micrographs of the Fe-P tensile

sample broken under 690 MPa :

a) general view™f the fracture surface

b) largescracks on the fracture surface (
c) detailed view of the fracture surface

d) cracks on the outer surface

e} high magnification of the cracks on the outer
surface.



(b) 80 x
Fig. V-21 : Scanning electron micrographs of the Fe-P tensile
sample broken under 869 MPa :

a) general view of the fracture surface
/L/’*\b) cracks on the fracture surface



Fig. V-22

rJ
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(b) 640 x

(C] 160 x

. Scanning electron micrographs of the Fe-P tensile

sample broken under 1100 MPa :

a) cracks on the outer surface

b) detail of a crack on the outer surface
¢) general view of the fracture surface



tensive deformation of the grains.

V-4-2-3 Metallography

At atmospheric pressure (fig. V - 23 - a), the outer surface of
the sample is straight; the fracture path is both transgranular and in-
tergranular; no cracks are seen below the fracture surface, and there is
no evidence of twinning or slip in the grains, except in the ones adja-
cent to t?;bfracture surface : these twins can be formed during the pro-
pagation éf the crack, because of the high strain rate existing then
at its tip. At 345 and 517 MPa (fig. V - 23 - b and V - 23 -c), almost
all the grains show twins, and some microcragks are present well be-
low the fracture surface. At 345 MPa, the cracks are perpendicular
" to the tensile axis and are either intergranular‘or transgranular.FAt
517 MPa, some cracKs parallel to the tensile axis are found. At 690
MPa, Fhe disﬁs;%ed shape of the sample is clearly apparent (fig. V -

23 - d), and there are no cracks perpendicular to the tensile axis; the
fracture surface is slightly inclined to the tensile axis, similar te

a macroscopic shear plane. At 869 and 1100 MPa, the neck 1s more pro-
nounced and.appears to consist of two shEEr planes at 900 (fig. Vv -

23 - e and V - 23 - f}; very long cracks are running along the ten-
sile axis, intergranularly or transgranularly. Extensive twinning has

taken place in all the grains. ~

)

Fig.V - 24 - a shows a section of the sample tested in compres-
sjon and interrupted before the occurrence of the first twin burst on
the load-compression curve, and fig. V - 24 - b a section of the sample
which has been compressed up to tﬂe occurrence of strain hardening.

Both sections are perpendicular to the compressive axis. In the former
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Fig. V-23-b



: Montages of the Fe-P samples tested in tension
under various pressures :

a) 0.1 Mpa b) 345 MPa ¢} 517 MPa
d) 690 MPa e) 869 MPa f} 1100 MPa



Fig. V-24-a Fig. V-24-b

Fig. V-24

Montages of sections perpendicular to the compressive
axis of the Fe-P samples tested in compression at
atmospheric pressure interrupted

a) before general yielding throughout the sample

b) after general yielding throughout the sample.

12
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one, almost no twinning has taken place, whereas in the latter one, ex-
tensive twinning is seen in almost all the grains. In both specimens, a
large crack is running through the section, following a mainly inter-
granular path with,however,some transgranular terminations.

In summary, pressure appears to affect crack prepagation,
allowing their stabilization in the'bulk‘;f the material. The iarge
deformations obtained under superimposed pressures are due to exten-
sive twinning within the grains which are elongated. Some cracks para-
llel to the tensile axis have also been observed at the highest pres-

sures tested.

V - 5 Discussion

V-5 -1 Aluminum-copper alloy

At atmospheric pressure, once a microcrack is created at a
grain boundary by a process involving the nucleation, growth and coa- -
lescence of voids appearing at the Second phase particles existing
along this boundary, the stress concentration at its tip is suffi-
cient to insure fast propagation along an intergranular path.:_
This explains the absence of'E;gcks below the fracture surface :
crack nucleation is the critical event at atmospheric pressure, and
the measured fracture stress is the one needed for this nucleation,
which is in fact the stresé at which coalescence of voids occurs
along a boundary. 4

When a pressure is superimposed, the stress concentration at
the tip of an intergranular crack can be insufficient to make it pro-

pagate rapidly; then, some stable microcracks can be secen in the

b

L 8
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bulk of the sample, arngfted at obstacles such as boundaries which are

almost perpendicular to the tensile axis.

It has been concluaed from the metallographic investigation that
the fracture mode is changing as the superimposed pressure is increa-
sing. From intergranular, the mode goes to a shear one and finally to
a chisel-point oﬁe. This sequence involves the occurrence of a loca-
lization of the deformation, which can have several causes.

The first one is related to the damage created at parti-
cle-matrix interfaces. The superimposed pressure delays the lateral
growth of the voids, and therefore, their coalescence into a microcrack.

[ 4

Instead, the growth of voids in tﬁf direction of the tensile axis can
be sufficient to trigger a ﬁoid-shétting mechanism such as described
in section II - 2 - 3. This would then explain the shear character of
the fracture surface of the samples broken under 300 and 414 MPa.
Another possibility is related to the large s;rains which are

obtained when the samples are tested under pressure; The grains are
highly elongated, so that a texture softening could occur (Dillamore
et al., 1979) lecading to a localization of the deformation.

' Finally, it has been seen that the slip in thi§ alloy is high-
ly heterogeneous. At large strains? the glip lines can organize them-
selves into microbands, and softening effects such as cutting of pre-

cipitates and their susequent dissolution can occur (Hornbogen and Zum

Gahr, 1975).

Thus, the occurrence of shear fracture in the alumiﬂum-copper
alloy can be explained by different softening events related to the

microstructure. When the pressure is sufficiently high, it 'can suppress
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~any dilational damage, so that the sample fails by plastic rupture,

necking down to almost zero cross-section and giving the chisel-point
appearance obtained in the samples brokerd under 503 and 690 MpPa.

>
V - 5 - 2 Iron-phosphorus alloy

It has been seen in the literature review that brittle fracture

involves three stages : ‘

- the nucleation of a microcrack

- its initial growth

- the traversing of the first-strong barrier (e.g. grain boundary)

that the crack encounters.

The measured fracture stress is the stress at which the most difficult
of these stages is overcome. At atmospheric pressure, no arrested micro-
cracks are present below the fracture surface; it can thus be concluded
that the initial growth of a crack is the critical step in this case.
This growth occurs either along a grain boundary or within a grain. From

i .
thetﬁechanical testing and the metallography, a crack appears after the
onset of plastic deformation, at least locally, which is assured by
twinning in Ehis alloy. It has not been possible to oszerve the detailed
mechanism of crack initiation which could occur either at the intersec-
tion of twins (Hull, 1960) or, more likely, because of the stress con-
centration at the tip of a twin line.

As there is no second phase susceptible to play a role in the

crack initiation and initial growth, a mechanism such as the one pro-

posed by Cottrell (1958) may be used to obtain a value of the plastic

. . \ .
woTk Yp associated with the fracture. The fracture stress 1s :
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Spitzig (1972) has reported values of ky measured in tension for a si-

I¢

milar Fe-P alloy. At room temperature, he found :

k, = 0.12 Mn/mo! 2
so that k; = (.06 MN/mJ/Z.
Using this value in equation (V - 5) pgives : ’
-2
Y. = 2.5 Jm
P

This value is sensibly lower than the one of 14 Jm-z obtained by Knott
(1977) for the plastic work for crack propagation in a ferrite grain. A
possible explanation of this difference is that in this alloy, fracture
‘occurs along a mixture of transgrawular and intergranular paths, so that
the plastic work for fracture can be onsidered as a weighed sum of
Yp(ferrite) and y(boundary), the latter being very low due to embrittle-
meﬁt of the boundary by phosphorus segregation.

In the literature review, the theoretical treatment of the in-
fluence of hydrostatic pressure on cleavage fracture proposed by Francois
and Qilshaw (1968) has been presented. In accord with their predictions,
some arrested microcracks are present in the samples tested under high
pressures. The critical step has become the traversing of the strong
barrier encountered by the microcrack. When the crack reaches the barrier,
it has a Iengthtequal to the grain size, so that the stress needed to

propagate it through the barrier is given by the Griffith formula :

4 E Yy

9P = ( 5Evoyd )t v - 6)

where Yb is the plastic work associated with the crossing of the barrier.

-«

v



Bedere et al. (1971) have also reported some arrested cracks in samples

of beryllium pulled under pressure. Assuming that the fracture stress

which is measured corresponds to the stress required to-cross the barrier,

they proposed to use equation (V - 6} to calculate Yy by extrapolating
the relationship giving the fracture stress as a function of the super-
imposed pressure down to P = 0. However Tetelman and McEvily (1967)

have argued that the two stresses could be different, as the measured

fracture stress is in fact the stress needed to create a new, unstable -

microcrack in the plastic zone near the tip.of the arrested one. There-
fore, the extrapolation was not attempted here.

Finally, the presence of large cracks running parallel to the
tensile axis in the samples pulled under the highest pressures can be
explained by considering the large deformatiops reached in these tests,
and also.the production of a neck in the samples. Indeed, if a crack is

created at an angle less than 90° to the tensile axis and then stabili-

zed, the subscquent tensile deformation can rotate it towards the direc-

tion of the tensile axis. When a neck is formed, the hydrostatic tension

created pendicular to the tensile axis can counterbalance the super-

imposed pressure, if the neck is sufficiently pronounced. In this case,

a tensile stress exists at the tip of the crack parallel .to the tensile

axis, so that it can open and propagate according to a mode I opening

yalong the direction of the ten axis. This would explain the presence

of very long cracks observed in the/ samples tested under 869 and 1100 MPa.

A\

V - 6 Conclusions

It has been seen in this chapter that, as brittle fracture invol-

"
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ves a form of damage accumulation, it is markedly influenced by a
superimposed hydrostatic pressure.
The experiments performed on two different alloys have led
to two conclusions :
\./\ —
a) it is possible to separate the nucleation of a microcrack from its
-
propagation leading to final failure, by superimposing a sufficient

‘pressure.

b} when the pressure is increased, two alternatives hﬁ?g been found :

v

- - the fracture mode changes'quite drastically, ot

- the microcracking pattern is modified.
These two possibilities have been related to the existence of damage
in the material. In both cases, the superimposed pressure delays damage
accumulation, allowing the occurrence of softeniné events leading to
shear fracture, or changing the orientation of stabilized microcragks
and their mode of opening. This leads to the attainment of substantial

ductility in the two alloys tested under superimposed pressure. .

e



CHAPTER VI

FRACTURE - MECHANISM DIAGRAMS IN STRESS SPACE

VI - 1 Introduction \\

The results discussed in the previous three chapters indicate
that the stress state is of prime importance in determining which frac-
ture mode is operative in a material. In both this study and previous
work reported in the 1iterature, the fracture modés have been found to
change according to the magnitude of the superimposed hydrostatic
stress.

Following the previous work-on mapping reviewed in Section
II - 5, it.was decided to'express the results as fracture maps in
stress space. The loading path has been chosen to be.an axisymmetric
one, in which the principal stress in the tensile direction is called
¢j-.and the twp equal principal stresses in the transverse directions

are called 0, and o,. The effective stress g is given by :

35

. o= l'( () - 02)%+ (02 - 63)%+ (03 - 01)2 ) ]

> (VI - 1)

.

It has been emphasized in Section II - 5 that in order to
determine the locus for a given fracture mechanism, a knowledge of the

“\\\Erocess of damage accumulation leading to this type of fracture is
\ £y

necessary, together with a fracture criterion. Therefore, two alter-

R ¥
natives exist : .

- the first one is to use the‘quantitative model developed in Chabter IIX

: T 214
g
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to describe the ductile fracture and by extension, the shear fracture
J

by a void-shect mechanism. This provides ﬁaps with g3 and o, ﬁs coorT-
dinates for the s;her01d§zed steels studled in this work,

- the second possibility is to use simplified models of damage accumu-
lation and fracture criteria, to produce analytical expressions and
utilise them in order to ra£iqnalize available‘déta from the litera-

-

ture for a wide range of materials. This alternative has been developed
here to %foduce maps with O and P as coordinates,.where_P is the \
superimposed pressure,

'These two forms of maps are presented in this chapter,

together with théir applications. The detailed calculations related

to the maps have been treated separafely in Appendices B and C.

VI - 2 Maps in 0, - O3 space ) 6T>

The purpose of these maps i§1t0<§;¥brmine, for a given
axisymmegzi; loading path, the sequence of events undergone by a
spheroidized steel.

1

The following events have,to be considered :

.- the onset of plastic yielding, when 0 exceeds the yield strength o,.
ot P kN Y

- the nucleation of voids, which sgdTts at a given strain Ex

- the groth’of voids and their eventual c?qéescence to give fibrous

ductile fracture, or alternatively shear fracture by a void-sheet

.
s cat

mechdnism.

) ¢

- if the temperathfAéﬁd/or the strain rate are adjusted correctly,
. v
the occurrence of cleavage fracture.d . ~

On the map, each of these events will be represented by a

. /'\
S T . f .—\\/
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line, the determination of which is now presented.

VI - 2 - 1 Plastic yielding

It occurs when 0 = Uy, i.e. using equation (VI - 1) for axi-

. symmetric loading :

03-01=UY (VI - 2)

VI - 2 - 2 Void nucleation

-JII - 3; therefore, it is possible to calcu;ate the corresponding

According to the simplified model presented in Section III -6 -
1 - 1, the nucleation strain is given by : L~

fEN=H(oI-om) | (VI - 3) /

Also, the mean stress component O is a linear function of strain which

has the general form :

o, = A(l1 +3aP) ey * B -P . (VI - 4}

Using equations (VI - 3) and (VI - 4), it is possible to calculate EN
at different pressures P. This value corresponds to a neck geometry or
ratio a/R which is known from phé linear relationships given in Table

.

stresses 03 and O; using equations (III - &7 and (III - 7) fromr
. N
Bridgman's analysis.

VI - 2 - 3 Fibrous ductile fracture

The fracture criterion used here is the one determined in
Chapter {Eg, i.e. the{Ettainment of a critical amount of damage inde-
pendent of the applied pressure. The fibrous ductile fracture line is
determined point by point, calcﬁla;ingjat various pressures P the
strain at which this critical amount of damage is reached (usiﬁg the

computer program developed in Chapter III), and converting this strain

into a value of the ratio a/R and further into stress components as
'~
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for the void nucleation line.

This method gives correct results over a wide range of super-
imposed pressures (P> 0) or tensions (P <0), but becomes inadequate
as the stress state is approaching pure hydrostatic tension, i.e.

Gy =01 = J,.

VI - 2 - 4 Shear fracture

It has been seen in Section II - 4 - 3 that when the super-
imposed pfessure is sufficiently high, the fracture of spheroidized
steels can occur by the creation of a band of localized deformation
between adjacent voids. McClintock (1968b) has proposed an analysis
of the instability leading to this event, and the criterion found for

~

the spheroidized steels is (see Appendix B)

m|=

= H N; R3Z (VI - 5)

Here, a power law hardening has been assumed, and the coefficient of
hardening n is assumed to be constant over the entire range of strains
considered. N, is the number of voids ﬁer unit area provided b} the
model of dﬁmage accumulation of Chapter III; R:; is the void dimension
in the direction of the tensile axis, and H is a constant to be
determined from an experimental point.

The shear fracture line is then determined point by point

Y : ' .
using the computer model of damage accumulation to calculate the

.

st§§§n at which the condition (VI - 5) is fulfilled, and comverting
this value into stress components as for the void nucleation line.

Vi - 2 =5 Cleavage fracture

" Qurrell (1963) Has proposed that the locus for brittle frac-
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ture of materials is a parabola represented by :
(03 - 01)% = 12 0% (2 o1 * 03) (VI - 6)

truncated by the two. lines

0
dy = Q0

£ (VI - 7)
O']_'—'G(f).

. . . o . .
for axisymmetric loading, where Og is the cleavage fracture stress in

a tensile test performed at atmospheric pressure.

The value of 02 can be estimated from the part&%le size dis-

tribution by (Knott, 1977) {”
TEY % . ' :
og = ( ——————11) (VI - 8)
2cC . .
o
where CO is the 95th percentile of the distribution, and Yp is equal
to 14 J m2.
+ '
However, Cheng Jian-Hua (1981) has performed’ tensile tests at
-196°C on spheroidized steels similar to those considered here. Thé
steels were found to break by cleavage fracture. Accounting for the
variatfﬁp of the Young's modulus with temperature, an increése of 20%
has been made to the values of 0; found at —196°C; the values so
obtained are : ]
. 1018 steel : o = 2000 MPa
1045 steel : gg = 1600 MPa
1080 steel : oo = 1400 MPa - N

f -

Tt can be noted that these values can be found from equation (VI - 8)
if the 99th pegienti1e is used instead of the 95th one for the value
of Co' This latter value was taken arqﬁtrarily by'Khott (1977) to

account for the fact that cleavage fracture occurs by thq\fast propa-



N
gation of a microcrack creagpd in the largest carbide particle present

in the distribution. Therefore, it is physically reasonable to obtain
the 99th percentile for the critical carbide diameter to give cleavage

fracture. v

VI - 2 - 6 Maps jfor the spheroidized steels
7

The maps~are shown in fig. VI - é to fig. VI - 4 for the 1018,

1045, 1080 and 1045 a/R)°=0.5 spheroidized steels, respectively.

It can be seeQWEhat the cleavage lgﬁé is above all the other
line%, meaning that cleavage fracture cannot occur at room temperature,
and that only at very high superimposed pressures, i.e. at transverse
stress sufficiently negative, is the shear locus below the ductile one,
so that shear fracture is occurring. On the upper-right quadrant of the
maps, both the ductile fracture and the void nucleation lines tend to
a single point on the hydrostatic axis where o; = ag; = g3 =~ 1200 MPa,
which is of the order of the intdrfacial strength of the iron-cementite
system. : under these critical conditiong, nucleation, growth and
coalescence of a void are simultaneous, the situation being effectively
the catastrophic expansion of voids formed in a field of pure hydro-
static tension. |

in ﬁddifion to the fracture events, some Iine; of constant
damage can be superimpgsed on thec maps presented above, expressing

'
in essence damage contour maps. Fig. VI - 5 shows such a map obtained

[

for the 1045 unnotched spheroidized‘steel. The lines Eorresﬁonding to

0.5,.1 and 2% of damage, expressed in terms of the area fraction of
A ‘0, s

VO}J?, have been drawn. They give a quantitative account of the damage

A
development during straining. It can be seen that at small super-
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imposed pressures, damage develops fairly uniformly throughout defor-
mation. On the contrary, for the high superimposed pressures, the lines

of constant damage igg\close to the ductile fracture line. In this
case, nucleation starts early, but the material can be deformed quite
-extensively before reaching a substantial amount of démage. When this
occurs, final failure occurs after oﬁly a small amount'of subsequent
deformation. This indicates therefore that the initial rate of damage
accumulation is slowed by high superimposed pressure, i.e. that its

pressure dependence is higher than the one of the onset of void

nucleation.

VI - 3 Maps in G - P space

The purpose of these maps is to present a rational description
of the experimental results concerniné the influence of a superimposed
pressure P on the fracture mechanisms. The stress coordinates chosen
are the effective stress ¢ and the superimposed pressure P itself.

The' fracture mechanism occurring at a given value of P will be the one
corresponding to the lowest value of J.

In this section, simplified aﬁalytical relationships between
o and P are presented for the same mechanisms as in the preceding
paragraph. However, as seen from the review of previous experimental
work, and because these maps are to be drawn for several types of
materials, the plastic failure mode, where the.specimen necks‘down to
zero cross—sectioﬁ, has been added.

VI - 3 -1 Plastic yielding. Necking. Plastic failure

‘It has been seen in Section II - 4 - 3 that the flow behaviour
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\\\,;/’Gfkg?terials is slightly pressure dependent. This dependence can be
written as : —
, \
*HE G=AEM(1+ 1%_3 ) i VI - 9)
~ R . — /’i
where K is the bulk modulus of a particular materiaﬁi
s
Plastic flow starts when 0 exceeds the yield strength Oy - if
the yield strength at P = 0 is G$, the relationship between 0 and P
for plastic yielding is :
- _ 0 0P )
G = 0y (1 + v ) (VI - 10)

. C A
Similarly, if 03 is the stress at which necking starts at P = 0,

the effective stress for necking is given by :

- 0 0P '
G=0 (1+H—) (VI - 11)
o . .
and Gn is given by : »
og =AD" (VI - 12)
If other fracture mechanism intervenes, thén necking leads

?—
to plastic failure : once the neck is created, flow is localized 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 therefore :

5 =la F/j s+t (1 s 13 Py VI - 13)
Alternatively, if the rupture stress o* is known at some pressure P*,
then :

- = 1 + 10 P/K

& = * —_ L
o 9 =9 (319K ) - 14

VI - 3 - 2 Ductile fracture

"An approximate relationship between © and P can be derived (see

ra
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Appendix C) by using the growth model of Rice and Tracey (1969) and

’ o 7
Leroy et al. (1981) with the geometrical criterion for fracture of !
Brown and Embury (1973). In i%s simplesf form, the result is :

n
5=25° [ ‘ ¢ — ] ( 1+ 1g Py 1 - 15)
1+ 0.56_51?h {5- 250 }

where C is a constant {roughly 2.5) and G° the effective stress for

ductile fracture when P = 0.

VI _ 3 - 3 Shear fracture
The occurrénce of a band of localized deformation leading to
-shear fracture can be analysed by using the instability criterion of
McClintock (1968b) and a simplified void nucleation model (Sec Appendix
-C). The relationship between 0 and P which is obtained is :
-C (1 + g-)z-) -3 (V) (VI - 16)
- 1

-0 ", . .
where 0~ -is the fracture stress by shear failure when P = 0, C. is a

5 ( gl/m

constant and 9 is the strength of the particle-matrix interface.

VI - 3 - 4 Cleavage and brittle intergranular fracture

Murrell's criterion {1963) gives the relationship between

- 1~ : .
g and n = % (o1 + 02 + 03 ) which causes fracture as :

=240 a°
m
truncated by the line :
- _ -0
g=ag +4ag_
m

-0 . . . . .

where 0  is the fracture stress by cleavage in simple tension with .no
confining pressure. As no neck is created in this type of fracture, 9
can be approximated to the superimposed hydrostatic pressure. The

effective stress for brittle fracture is then :

.
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g = §“+ P (VI - 17)

VI - 53 - 5 Construction of the maps

The results provided by the various relationships presented
above are ploéted by stepping thgg%gh values of P, evaluating ¢ at
each step. To do so, data are need;d for a number of material pro-
perties. These data are présented in Table VI - 1 for different
spheroidized steels, and in Table VI - 2 for other materials. Their
origins are discussed below. N

The procedure to draw the maps ;s-the following. First, the

{
yield, necking and void nucleaégon lines are constructed using the
equations given above. The fracture mechanism at P = 0 is then iden-
tified; for most considered ailoys, it is ductile fracture. Thus, the
ductile fracture line is constructed using the value of G at P = 0
as a normalizing stress. The value of 0 given by this line at the
pressure P* corresponding to Fhe first change of mechanism can then
be read off as o*, and the pair (0*, P*) can be used as the normali-
zing stress and pressure for the new mechanism. This is then repeated
for ‘each change of mechanism.

The next two sections present the maps so obtained and
discuss the data used in their determination, together with'ihe

applications of the maps.

VI - 3 - 6 Maps obtained for the spheroidized steels
The data used are given in Table VI - 1. The maps shown in
fig. VI - 6 to fig. VI - 9 for the 1018, 1045, 1080 and 1045 a/R) =0.5. -

spheroidized steels respectively, give the fracture modeS'takingtﬁigge
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at Toom temperature under vafious superimposed pressures. Each fracture
mechanism is represented by a full line, while broken lines are used
for the yield surface, the onset of necking and the onset of void
nucleation. The inner envelope of the fracture surfaces (cross-hatched)
defines failure. The fracture mode is defined across the top of the

diagram. The data in Table VI -~ 1 are the ones obtained in this study

and presented in Chapter IIL. It can be seen that the ductile fracture

mode is operating at atmospheric pressure up to high superimposed pres- '

sures whose values are given in Table B - 1 of Appendix B. Above these
pressures, the shear mode takes place, as it corresponds to a lower
valug of G. Cleavage fracture is never found except if an hydrostatic
tension is é?ggﬁ?d (P < 0).

It i;\ﬁéssible, for a given material, to change either the
test{pg\temperature,‘or some micrbstructurai parameters such as ferrite
grain size, ﬁ;d to draw the corresponding new maps to compare them
with the previous maps. This has been done fof the 1045 steél.

Fig. VI.- 10 shows the map which could be obta&ned if the tensile
tests had been performed-at -196°C. The corresponding experimental

. 1
data are given in Table VI - 1, and are taken from Cheng Jian-Hua

(1981}. The yield stress is raised to a higher value, and so are all

the events involving plastic flow. Therefore, at P = 0, the cleavage

. 7 .
stress is smaller than the ductile fracture stress : the operative
fracture mode is cleavage, up to a superimposed pressure of about

200 MPa, where the fractuxe mode changes to a ductile fracture one.

If the carbide pafficles are inside thlgferrite grains, Anand

J
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and Gurland (19%6) h%ye shown thatf the yield strength of such spheroi-
dized steels is controlled by the ferrite grain size. If an appropfiate
heat treatment is used to alter thi; size without changing the carbide
distribution, ther? the yield strength #s decreased, together with the
cleavage stress, the latter by a larger amount than the former (see
fig. IT - 11). The brittle-ductile transiticn temperature can be raised
and become eventualbrhigher than room femperature. An arbiprﬁiy
increase of 100% in the grain size (from 5 to 10 um) gives a decrease
of 20% in the stresses involving plastic flow, together with A decrease
4

of 50% of the cleavage fracture stress (see data in Table VI - lkf/q‘\‘
The corresponding map in fig. VI - 11 showé that cleavage fracture -is
opefating at atmospheric pressure, and up to about 200 MPa, where
ductile fracture takes place.

These last two maps show therefore qualitatively the influence
of the testiﬁg temperature and of some microstructural parameters on

the fracture modes occurring under various pressures.

e
/

VI - 3 - 7 Maps for other materials ‘u/f

The purp se of this section is to show the generality of the
representation of}fracture events presented in thié chapter. Maps are
shown for all the other matérials investigated in‘this study, and for
three typical materials taken from the literature.

The first three maps are shown in fig. VI - 12 to Fig. VI - 14
:for the 7075-T4 aluminum alloy, the AR-Cu alloy and the Fe-P alloy,
respectively. In fig. VI - 12; a transition occurs around 600 MPa :

pressure is-sufficiently high to suppress damage development, and to

allow the chisel-point or plastic failure mode to occur (see Chapter Iv).

L
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The AL-Cu alloy-undergeces two. transitions as the pressure is increased
(fig. VI - 13); the corresponding values of superimposed pressure are
given in Section V --4 - 1 - 3. For the Fe-P alloy, it is found that
necking precedes cléavage fracture when the superimposed pressure is

larger then 540 MPa (fig., VI - 14), in good agreement with the experi—

mental observations, and, using equation (VI - 13), a transition from

—

cleavage fracture to plastic failure is found at a pressure close to
the highest one investigated in this work, i.e. 1100 MPa. The data

used in the determination of these maps are given in Table VI - 2, and

have been reporte& téloughout this study(see Chapter IV and Chapter V).

The last three maps are showing the behaviour Gnder various

]

stress states of alloys and metals taken from the literature. The data
for E.T.P. copper are taken from Yajima et al. (1970) and French and
Weinrich (1975b). This material contains some inclusions of Cu20 which

L]
are responsible for the occutrrence of ductile fracture at atmospheric

pressure. These inclusions are cracked in the as-received material,

so that the interfacial strength and the void nucleation stress at
P = 0 are taken very small {see Table VI - 2). The map obtained is
{

shown in fig. VI - 15. Above 400 MPa, the plastic failure mode takes

place. This material is typical of the pure metals when tested under

superimposed pressure. Similarly for the non-ferrous alloys, a-brass

can be considered as a good representative of thes¢ materials. The

map for a-brass, shown in fig. VI - 16, has been determined using data

2]

from French and Weinrich (1973,.1974, 1976, 1977) given in Table VI -~ 2.

-5

The overall observatiofis of fracture mode are adequately described by

taking o, = 5000 MPa for the interfacial strength of the ZnS-a brass
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system. This alloy undergoes two transitions, first from a ductile
fracture mode to a shear fracture mode, followed at higher pressure by
a change to plastic Failure mode. This sequence is typical of non-

~ ferrous alloys. Finally, the influence of a temper embrittlement on the
behaviour of a high strength steel is shown in fiéTJVI.— 17. The map
has been determined for a 4340 steel embrittled such as its fracture
stress at P = 0 is equal to 1650 MPa. The data are taken ffom Cox and
Low (1974}, and the nucleation of voids at MnS particies is assumed to
occur as soon as the material yields plastically, so that at atmospﬂeric
pressure, OI = 63 = 0#3 = 1415 MPa. The_brittle intergranular fracture

is found to be replaced by ductile fracture at a superimposeds pressure

of about 900 MPa.

VI - 4 Conclusions K

——

The basic fracture mechanisms of engineefing alloys (plastic
'.failure, ductile fracture, shear fracture and brittle fracture) can be
modelled and described by a set of line§ in stress spaces. These lines
have been obtained either point by point ﬂiing the model of damage
accumulation developed in Chapter III for the fracture of spheroidized
steels, or they have been calculated from approximate.équations des-
cribing each fracture mode. When the loading is axisymmetric, these
equations take simple forms relafing the effective stress 0 to the
superimposed pressure P. Although they do not give in generai an exact
description of the data,lthey correctly describe the rélationships
between mechanisms, and the diagrams so obtained have a number of

applications :
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-
a) they,réféal in a simple way the complex interaction between competing

.

fracture mechanisms, and therundeflying physical origins.
+

. / . .
b) they show how the stress %tate may be used in processing to change
Vs
the fracture mechanism. Ve

¢) they help show how p;atessing variables which change the material
properties (yield strength, work hardening exponent, inclusion content

L

etc.) change the fracture mode of the material.

@
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CHAPTER VII

CONCLUSTIONS

...

This study has emphasized the influence of superimposed hydro-

static stress on fracture E{ffigggs, and has delineated the process of

cumulative damage for a variety of fracture modes. —\
The salient features of the study can be summarized as follows.
a) Ducti{e fracture
It is well known that ductile fracture can be represented by
a sequence of nucleation of voids at heteipgeneities in the micro-

structure of a material, and their growth and coalescence. The existing

models generally deal with global quantities sucﬁ\33 fv’ the volume frac-
\

[’FEZISE*;E\second phase'péfticles. However, this study has indicated the

. complexity of the nucleation prbcess : it does nof occur at a unique
strain ey ; instead, the nucleatjor of a void at a.particle will occur)
at a strain which depeﬁds on the particle size. A-model has then be
developed to account for this size dependence. This has enabled the exami-
nation of the influence of the shape of the particle size distri-
(‘.‘bution on the occurrence of void nucleation and therefore, on ductile
fracture. .
The growth of voids, which takes place simultancousiy with the
nuclcaéion of new ones, ﬁ;s been treated as an extension of the Rice
and }racey model (1969) applied to a wide range of stress states and’

‘volume fractions of carbides.

240
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The study has also indicated a new criterion for ductile frac-
ture, namelyrthe attainment of a critical value of damage in terms of
the area fraction of voids, which seems to apply for a rangé of
superimposed pressures. This implies that some form of‘localization
of £he deformation shpuld occur at this damage level. Therefore, it

i TN
would be of iﬁierest to explore other temperature ranges, or strain
rate sensitivity regimes to investigate the process of 1ocaligation.
In pafticular, the concept of critical amount of damage could be
used to explore the fracture behaviour of seperplastic materials, and

also the grain bbunhary damage created during high temperature creep NL

in other materials: A

The present study gives an experimental basis for the inves-

" tigation of damage accumu ation. The data fit quite well with the
modéel developed here based on the simultaneous nucleation and growth

of voids.

b) “Localized shear:ffacture o2

This study has not dealt with the plasticity formulation of
localization based on bifurcation theories, but has toncentrated on
the pressure dependence of flow localization and on a migrostructural

-~

study of the geometry of shear bands and the damage asso¢iated with
sl _

them. . ' i

It has indicated that for materials such as a naturally aged
AR-In-Mg alloy, the onset of hacroscopic bands is independent of
supe;impOSed pressure. The‘macr;scopic bands iﬁvolve_the linkage of
crystallographic shear bands and their sPafiai.C9rre1atioq over the

entire cross”section. The local softening event triggering the

-
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occurrence of crystallographic bands appears to ge the modification of
the precipitate structure by the applied strain, It shﬁuld be empha-
sized that the local softening event is not unique, but that the spatial
cofrelation of crystallographic slip events mZy be quite general,

Although the onset of macqggiopic bands is not pressure depen- _
dent, their growth and distribution is'pressure sensitive. A dilational :
damage is created in the bands during their propagation through the o
cross-section. The growth of this damage is retarded by superimposed
pressure, and this allows the plasticity process to occur by further - '
band formation, and this results at higher pressﬁres in a change of -
the fracture mode. -‘;;49
¢) Brittle fracture .

| The experimental evidence has shown that for both cleavage and
intergranulir fracture, a high superimposed pressuré allows;the sepa-
ration of the nuclea£ion of microcracks from their critical coalescence
leading to failure. It can therefore be concluded that at high pressure,
brittlé fracture beco;es a cumulative damage process which depends not
only on the critgrion'for crack nucleation, involving local pla§tic
i

flow, but mainly on the attainment of a critical demsity of microcracks

‘whose correlation leads to final fracture. ‘ .

In an attempt to generalize the informations concerning the
damage accumulation process for various fracture modes outlined ¥bove,
two types of failure maps havé been developed. They have been deter-

mined in sf;gfs coordinates for axisymmetric deformation’, using either -

g3 vs 01= 0z or O vs 'P coordinates. The maps can be constructed by

- L
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usiﬁg criteria to describe the competitive fractﬁre modes, whicﬁ\a éﬁr '
as separate loci,on the maps. The pogagion of the loci and the manner

N = .
théy are inféfsectedlby a given trajectory for stress history deter- (‘
mine the mode of failufe.'These méps can also be used as contour maps
displaying the degree of cumula?ivq_damagg as a function of stress
history. Such diagramé enable.quantification of both plastic history

and damage accumulation to be.considered simultaneously. In addition,

" the maps can be used in a semi-quantitative manner to discuss the influ-

ence of changes in testing temperature, grain size or flow stress

level on the occurrence of the various possible fracture modes.

In conclusion,. it should be emphasized ;héi fhe ?eéults and '
fractureREEFE repor{ed in this study relate to a limited rgﬁge of
stress gtates and materials, and are almost all developed for ambiént
temperature. However, the basic experimental apéroach and the formulation
of the dependence of damage accumulation and fracture ﬁodé on super-

imposed pressure could be applied to other temperature regimes and a_,

Y . .

wiiffrange of matefials, both metallic and non-metallic.
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5 . APPENDIX A

,TC::::’/ DESCRIPTION OF THE HARWOOD HIGH PRESSURE UNIT

The Harwood high pressure chamber is shown in fig. A - 1. It is

. compriéed of a liner and a jacket. The upper maj;r bore of the liner is
fitted with a 17 cm long presshrization piston and the iower minor bore
witﬁ‘é 26 cm long retraction piston., The upper or pressurization pisfon
contains a_well in its tip for the pressure-sensing manganin_ecoil.
Force is applied to this piston‘'via a 500-ton jack. A 125-ton-lower

. jack provides the means for loading the specimen at a desired rate by
bleeding hydraulic fluid from the lower jack, thereby 5110Qing the
retraction pistén, connected with the specimen, to withdraw from the
pressurized chamber. The.cﬁa@béf has been cross-bored at midheight to
provide thp capability of’photog?aphing speciméh configuration during
deformation Qia windows inserted in the cross-bore plugs (fig. A - 2).

The cavity between the upper and lower pistons contains the
test specimen and a load cell for ﬁeasuring lgads'applied torthe spe-
cimen, .

The retraction piston is couplgqﬁto the specimen via a free-
floating connector, such that the pist;n may, be elevated & short dis-
tancgmprior to testing without disturbing the support column, 16;d

. cell or specimen. Then, as the retraction piston is withdrawn; suffi-

cient ‘time is available to establish a constant ‘'crosshead' rate when

the specimen is loaded. .

244

\\__/



{

e

So——y 09 ALl
’ i A2 Loaoing sioe
[~ 1 T : 2] UPPER Jack
¢ é Cf OIS
12\ N\ Z
M1 N
("/\ ] N -
A | X A \
% g
-1 11 SN
TN P>~ PRESSURIZATION PISTON
‘&// g T
jh. WINDOWS <
ACCUMULATOR [
(17
HIGH PRESSURE
CHAMBER
u UNER RETRACHON PISTON
JACKET /
b e .
7E -
N E/\ RETRACTION SIDE
RN, LOWER Jack
METERING :‘5\/ LOADING SIDE
) VALVES I TP —————
i aft/ '_ ,—?—\_
=

.

CHAMBER WALL

\
MIRROA s
~ NN
\\\\\Y—l N

NN —l

QUESTAR
TELESCOPE

CAMERA

QUARTZ-IODINE
'MOVIE LIGHT

™~ wINDOW

[~ LOAD CELL

MANGANIN
PRESSURE CELL

W.W%//\Q\\
"

PRESSURIZING

-PISTON-

245

L
Fig. A-1
. drawing of\ébe
high pressure
apparatus with

accumulator.

Fig. A-2

the high preséure
chamber with the

: Schematic

: Diagram of

%

photographic setup.\‘_//-hvj

o 3



246

A 10 : 2 mixtuyre of castor oil and methanol is used as a pressu-
rization fluid for pressures up to 1100 MPa. |

The elongation is measured from the retraction piston motion
via a 115%54 potentiometer with a sensitivity of 8 mV / 0.1 mm.

Macbine stiffness measurements havelbeen made by the staff of the U.S.
Steel Research Laboratories through all the pressure range used, and
this effect is taken into aécaunt when plotting strain-stress curves.

To miniqiis,the fluctuations in pressure, a 1143@ em® -accu-
mulator thas’ been added to the apparatus. After the desired pressure is
developed within the high pressure unit, the accumulator is allowed _
to discharge at a controlled rate into the loading sidg\gf the pressu;
rization jack, forcing the pres§§§iza££;n piston down at a rate thﬁt
just maintains the desifed hydrostatic pressure ég‘the retraction biston
is withdrawﬂhto effdtt specimen deformation. The constancy of chambqy’“\
pressure is then I 0.5 MPa. |

Fig.. A - 2 shows the'photographic setup used during the tests

performed below 700 MPa. .



APPENDIX B

DERIVATION OF THE INSTABILITY CRITEﬁION LEADING TO A VOID-SHEET

FRACTURE MECHANISM - .

" The gebmet;y of the problém is depicted in fig. B - 1, and the
. ; : . g y

: o P N
* void in a shear band is-schematized in fig. B\\\f.

-

The displacement du is re}ated to the shéar strain(by :
du=tdy = B - 1)
wﬁeré t is the thickness of the band and is given by : ..
t = 2R3 cosf’ ' —

u

The shear étrain dy can be related to the effectiv

strain d€ as :

_t
dy = /3 de _
- - \, e

Then, equation (B - 1) becomes

c du = 2¥3 R; cosf de ' (B ~ 2)

When "a void is sheared by a displacement du, the loss of cross-sectional

- amsea is, from fig. B - 2 : : S
da = - 2R; du (B - 3)
The total loss of cross-sectional area is, therefore : \
dA-
' A—--NA 2R1 du (8—4)

where NA is the number of voids per unit area of the shear plane.

LY

Using equat%bn/(B - 2), this bec s

%5 = - 4/3 RiR3 cos8 de i (B - 5)

stress acting ®n the band is

- - |
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Fig. B-1 : Schematic diagram
representing theg crea—
tion of a shear band
between adjacent voids
leading to shear frac-
ture by a void-sheet
mechanism.

.\_ﬁ
~

2R|¥ ' /ﬂ
Fig. Biz::.Schematic repre-
sentation of a void in ' .

" a shear band.

Vi
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Therefore :
dt /T=-dA/ A=d0 /0 (B - 6) .

The criterion for shear colescence is then -
t L
= 43 N, RiR3 cos8 (B - 7)

Qi
|
NJQI

The band being oriented at 45° to the tensile axis, equation (B - 7)

is , therefore

[aW

1 dg ‘ .
= — = 2/6 N, RiR . _ B - 8) .
c = s RiRa ( ),

The next step is to relate N, to the quantity provided by the model

A
of damage accumulation, namely the number of voids per unit area of
_§ectidn parallel to the tensile axis, Nop-

If NV is the number of voids'per unit volume, N is given by :

T

NT = NV 2Ry ' (B - 9)

Assuming that the normal to the shear plane is at an angle 8 to the

tefisile axis, N, is given by

A )

Np = Ny 2R3 cos8 (B -10)
Combining equations (B - 9) andt?ﬁh- 10) leads to

= nN_ Rs -

N, = No R, cos® ,’/ 3 i (B - 11)
Introducing equation (B - 11) into the‘qﬁfkerion (B - 8 mives :

14 . 2

— —= = H N Rj (B - 12}

o de T

or, usiw§ equation (V; - 9)

Do yN Rs2 (B - 13)
- € T

where H is’'a constant to be determined from experimental data concer-

ning the occurrence of shear fracture in ductile materials deformed

under pressure.
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. Following Davidson and Ansell (1968), the pressure P* at which
the fibrous part of the fracture surface disappears varies with the
tensile strength of the spheroidized steel as follows :

P* = 4.95 Org - 470 ) (B - 14)
where all the stresses are in MPa.
The values of P* obtained for the steels investigated are given in
Table B - 1, It is also possible to calculate NT‘and R3 at ;his pressu-
re P* from empirical extrapolations of the data provided by the model
of damage accumulation at lower pressures. The constant H can be cal-
culéted for each steel and used to determine the shear fracture locus.

"

The values of H are also given in Table B- 1.

TiAble B - 1 : Parameters used in the determination of the shear

’

fracture locus. . - "
Material p* (MPa) H
1018 1560 0.059
1045 2100 0.024
1080 2570 . 0.104
1045 a/R)o=0.5 2385 0.013
.

J -

N

adar



APPENDIX C

DERIVATION OF THE EQUATIONS RELATING o AND P FOR DUCTILE FRACTURE

AND SHEAR FRACTURE

1 - Ductile fracture

1 - 1 Nucleation

The model used here is the simplified analytical model presented
in Section III - 6 - 1 - 1. Neglecting the hydrostatic component of
the"flow stress, the éﬁhleation strain Ey is :

O1 +
ey = C ( _E_E_E )2 (c-1

where C is a constant and G the shear modulus. Then, using equation

(VI - 9), the void nucleation Stress is :

-

Uvn —AaCC a3 E P )z)n ( 1+ > ) (Cc - 2)

ons introducing the void nucleation stress af P = 0 :

_ . © P .2n 10 P
Omn =% (1rg 37 (17 - 3
Z 2 Growth and coalescence Q%T\

7 _ . .
The starting point is the equation (II - 28) taken from Leroy

et al. (1981) together with the geometrical criterion for fracture of

Brown and Embury (1973) which can be expressed as :

Rs )y an ([l - VTS \ -
(Ro)f—f-n( 6T, 2/3) (€ - 4}
Using this criterion and quation (II - 28) leads to the
fracture strain : Py
251
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. K
E,. = = - (C - 5)
f - 3 a 1P
t1+0.5651nh{'§ (En(1+ﬁ)+_§—g) }‘____‘
o . e
where K is a constant including the initial value of R;/Ro.
When P is large, the argument of the sinh is small, and it
can be approximated by the argument itself : -
€ = a 5 C - 6)
1 +0.84 &n (1 + Eﬁ-) + 0.28 - 0.84 =
g
. .0 . ~
Introducing the fracture strain €¢ at P = 0 gives :
1.5 + 2n (1 + -2;:"
a p -7
1.5 + Enl(l + 2R) "=
Using equation (VI - 9) and introducing the fracture stress G° at
P = 0 gives the effective stress for ductile fracture :
: a,o n
- -0 1.5+ 2n (1 + 2R 10 P
g= a 3 T {1+ K ) (C - 8)
1.5 + 2n (1 + SR T -
When P is near zero, the sinh must be retained. Thus
o 1+ 0.56 sinh { 0.5 71.5 & (1 + 53)° } Y e
=0 g 1+ ) (€C-9

- } 7

1+ 0.56 sinh { 0.5 + 1.5 ¢n (1 + =) - 1.5 &}
2R 5

When P is sufficiently negative, fracture occurs before necking

begins, and in this case, the %n terms disappear; but.the hyperbolic

sin must still be retained. Proceeding as beFore gives :

}

a, o

n
iﬁﬂ

1-+ 0,56 sinh { 0.5 + 1.5 %n (1 +
-2y
g

10p
(1+ —E—D

Ql

(C -
: 3 1
1+0.sssmh{—2-(§

In order to make this treatment general, the neck geometry
a/R has to be found. In his extensive study, Bridgman (1952} has

demonstrated that, at all pressurés, the development of the neck in

10)
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tensile samples follows a master curve; the ratioc a/2R at fracture
is given by :« i
a _ .
3R = 0.38 ( ef - n) ) . ‘ (C - 11)

where eé is the fracture strain given by equation (C - 6). To an

.- » :
adequate approximation for the purpose of this work, equation (C - 6)

can be simplified to : -
. -0 . - .
gp = —— (€ - 12)
(1 - ?P/o) 5
This gives :
\‘ 1 . o ’
o As08el { ——— - L} (C - 13)
(2R Foa-ra € -

The combination of equations (C - 13) and (C - 8) or (C - 9) allows the
effective stress 0 to be calculated for positive values of P.

2 - Shear fracture

Qi
A

V N

m‘n.
|
<

Qi|—
(41

where V is the volume of a veoid and NV the number of veids per unit

volume. Using equation (VI - 9}, the criterion becomes :

n(Ay/m 2y Ny C - 18)°
o)

Shear coalescence becomes increasingly important as the pressure
increases. At high pressures, voids do not grow'muchf so that the
most important term on the right hand si&; of equation (C - 15) is —

NV' Thi;lnumber is taken to increase proportionally to the pléstic | o i

Lfkh,f

\%

Gt -
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strain € after the nucleation strain €y has been reached. From equation

(C - 3)
. 2n
o _=a%(1+L)

vn vn o

I
Then ;

_C =1/n 1/n
NV - 1/n (o * %m

A

'provided ¢ > @, » where C is a constanf.

A" A? < o5 (sl
- v

)

1/n

)I'l

(C - 16)

(c - 17)

The constant C' is removed by using the information that void

coalescence by shear is observed at a stress 0* when the pressu-

Te is P*, This gives

( §: )l/n ) al/ﬂ _ U‘ml/n
3 afl/n _ Uvﬁl/n
A

or 0 >0
£ wn

(C - 18)

e criterion (C - 15) becomes

En .
R R T
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The model presented in the bottom of p. 169 and the

situation depicted in Fig. IV - 26 are incorrect.

Conservation of volume requires that, with the notations

of Fig. IV - 26:
so that:

x/{x +¥)

. .
i.e. o= 26.5° E;

-

tan Q

-
1
Dy

_This is in fact the results obtained by Onat and Prager.
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