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2BSTRACT

A stereological analysis for ductile fracture by microvoid coalescence
is presented based upon the model of Widgery and Knott which postulates
that microvoids link with a propagating crack if they lie within a
certain interaction distance of its plane. A 3-dimensional analytical
expression for dimple density and shape is developed fram this model
using projected image relationships for a thin slab. Void nucleation
and growth are incorporated into the analysis using numerical
integration of the Rice-Tracey growth equation over the appropriate
strain range. Tre parameters required for application of the analysis
include; rmmter per unit volume and volume fraction of mcleating
particles, the fraction of particles nucleating voids, a mucleation
model or measured data for nucleation rate as a function of plastic
strain, the fracture strain, the interact.on distance for micrcvoid
coalescence, and the stress and strain conditions involved in the test.
An evaluation of the stereological approach is given using tensile data
fram a spheroidized 1045 steel to predict the effect of hydrostatic
pressure upon the dimple density. The analysis, which is consistent
with abserved correlations between dimple density and second phase
particle density, is shown to provide an estimates of dimple size andi
the microroughness parameter used in local stain models for microvoid

col]esoen e,



INTRODUCTTON

The ductility and fracture toughness cf a majority of engineering
alloys which fail by microvoid coalescence (MYC) are cantrolled by the
dispersion of second phase particles. This is a conseguence of the
mucleation and growth of microvoids at particles during plastic
deformation. These local damage processes, which are statistical in
nature, conmtimue until same type of instability or flow localization
process intervenes to produce a macroscopic crack or fracture. The most
camon instability involves the linking of nearest neighbor microvoids
by necking of the intervening matrix vegiaons.(l,2] Its ooccurrence i:
associated with the change frum macroscupic plastic flow to localized
deformation within a thin layer which forms the final dimpled fracture
surface. BExperimental cbservations have clearly established that such
ductlle fracture surfaces are produced by a sudden intense localized
necking of the imtervoid matrix across a sheet of microvoids. Thus M.'C
1s confined almos: exclusively to a thin layer adjacent to the final
fracture surface as observed experimentally[3]. The three-dimensional
model described by Thamason([4,5]) for necking instability within the
intervold matrix of a simple cubic array of monoeize spherical volds
erphasizes the camplexity of the pruoblem of establishing the conditions
that lead to 1ts onset. Unfortunately the a priori stevreological
assurmptions do not allow dispersion effects such as a range of
nucleation strains, and the size and spatial distribution of
microvoids, to be included. It also appears that current dilatant
plasticity models(6,7] for ductile fracture via MYC do not furnish
realistic predictions of void volume fractions of 4-5% as aobserved at
the onset of ocoalesoence.{8,9] In addition nornr of the current model:

provide estimates or prodictions for dimpsle sires and the shapes



expected an the fracture surface, nor do they provide a basis for
urderstanding the linc:ar correlation abserved between planar pa2—ticle
density and dimple density.[10,11)

The stereological approach presented in this paper is based upon
the geametric model proposed by Widgery and Knott{12], wherein void
coalescence occurs within a thin volume element whose thickness
corresponds to a physical interaction distance required for microvoid
coalescence. Hence necking instability is confined to the continuous
three dimensional intervoid matrix separating nearest neijhbor voids
within the volume element bounded by the interaction distance. This
condition gives a unique definition for the micrustructural size scale
involved in void coalescence, and thus it may furnish a characteristic
length, as discussed by Rice[l13]), needed for relating microstructure
and fracture parameters. The interaction distance postulated by this
model does not represent an a priori definition for the critical
condition or conditions necessary for the instability. It does,
however, define a characteristic length that jis controlled by those
conditions which are necessary and sufficient for onset of the necking
instability. The advantage of this approach lies in the ability to
measure interaction distance(12], and thereby provide a rational basis
for evaluating and understanding the critical conditions. Application
of this geametric model for evaluating the physical and microstructural
factors that are involved in the coalescence process and in controlling
dimple size and shape will be described in this paper.

Stereological Model for Microvoid Coalescence

The geametric model for coalescence within a thin volume element,

with thickness t equal to the interactior distance, furnishes the

following projected image relationship(14] between void densaty,



N;, and expected dimple density, <Np>, on the fracture surface,

<NA(dinp1es)> = Nv(voids)(d)c(voidsb + t) .. (1)
This equation is based upon a thin section through a randan dispersion
of convex microvoids with average caliper diameter, <Q>, normal to
the section, as illustrated in Figure 1. Physically the relationship
confines the necking instability to the inmtervoid matrix prescribed by
nearest neighbor voids within the planar interaction volume. Hence the
cralescence process is limited to a statistical sheet of microvoids as
suggested by other models(5], and as cbserved experimentally([3].
Projected void density at the onset of instability is therefore equal
to the expected dimple density on the fracture surface. This is
illustrated schematically in Figure 2 which shows a projected view of
voids contained within a thin section with their nearest neighbor
regions delineated by Dirichlet cells[15]. The instability is thus
envisioned as the three dimensional physical process that creates
continuous Jnife—-edge ridges, classically adbserved on ductile fracture
surfaces, by necking along the Dirichlet cell bourdaries.

Equation (1) can be expressed in terms of particle density,
Ny(p), and a dimensionless thickness, k, by defining,

Ny(v) = £ #Ny(p)

k = t/Dp(v)>
where , is the fraction of particles that mucleate voids. Thus
expected dimple density is given as a simple product of physica® and
microstrnuctural parameters as,

<N (dimples)> = f£#Ny (p) *Dc(v)>*(k + 1) .- (2)
The s*tereological assumptions involved in this relationship are a
thiin volume samplirg of the void dispersion, and convex void shapes.

The physical conditions implicit 1n equation (2) are: that necking



instability is canstrained within the planar volume element, that t
is controlled by the critical comditions for instability which are
unspecified in this model, and that £, does nut change during
coalescence. Application of equation (2) to predict dinple size
requires stereological estimation of Ny(p), <Dp(v)>, k, and

which involve size distributiaon, and/or three dimencsional
sampling techniques(16). Hence values for these parameters are not
available in studies on ductile fracture, and a nucleation and growth
model must be employed to allow applicatian of equation (2) to
experimental data.

Trhe most important, and the most difficult parameter to measure in
equation (2) is the average microvoid size, <D(v)>, normal to the
fracture surface. This parameter has been employed to describe the
critical damage conditian for void coalescence[17), and it is also the
principai micrestructural factor in local strain models of ductile
fracture(18). Evaluation of <D> requires that void mucleation and
growth be either modeled, or measured over the stress-strain path for
specific test. The stereological approvach is equivalent to the growth
path analysis of DeHoff[19], as illustrated in Figure 3, where
microstructural evolution involves the local damage processes of void
nucleation and growth which are a function of strain path rather than
time. Application of the growth path analysis thus equires that void
si1ze distributicns be measured over the strain path of a spacific test.
As void size distributions have not been measured for tensile tests,
equation (2) will be applied using the classic Rice-Tracey([20]) growth

model and the assurotion that the rucleation rate 1s a constant.



The Rice-Tracey growth model for evolution of noninteracting
spherical voids in a remote triaxial stress field has becn applied in
several recent papers(3,7,8]. Principal radii for the axially symmetric

ellipsoidal voids that grow under remote tensile stress comditions are

given by, &
RO (€£,€n,0n/0e) = Roexp( ‘ga'(c-vfe) + DE/ce)) de) . (3)
R1(EE,€n,0n/0e) = mexp(j'(-t(w«re)/z + D(r/de)) de) . (4)
e

vhere RO = initial void size: éf = fracture strain, én =

rucleation strain, ¥ = shape ctange function, D = dilatational
function, and Om/de = mean stress/effective stress. R3 defines the
void size in the direction of principal tensile stress and thus 2R3 =
Do- Rl is the void size normal to the direction of principal

tensile stress. RO, the initial spherical void size, will be assumed
to be equal to the size of the nucleating particle which implies that
the physical mecharism for void mucleation is interface decahesion. In
addition RO may dr.pend on strain if particle size affects the void
mucleation condicians. These equatians can be used to calculate growth
paths for individual voids when the stress state can be expressed as a
function of effective plastic strain. The data of BrownRigg et al[8],
which provide analytic expressions for the stress state during tensile
testing, will be used for illustration. This is convenient since their
data also provide dimple size measurements to which the model will be
campared in the next section. Figure 4 shows the mean and effective
stress as a function of plastic strain for necking of their round 1045
steel tensile specimens. The functions §(¢; and D(¢) are shown in
Figure 5 along with plots of their values for the tensile stress
arditions shown in Figure 4. The effect of hydrostatic pressure in

rech.cing the dilatational function is clearly shown by these data.



Growth paths for voids that mucleate at different plastic strains
can be readily calculated by mnumerical integration of these equations
over the strain interval between rucleation and fracture. Ficure 6
shows calculated growth paths for voids that mucleate at different
strain levels. These results illustrate the effect of triaxial stress
state in increasing void growth rate in the direction of principal
tensile stress. In addition they indicate that voids ternd to shrink in
the Rl direction rather than grow as suggested by BrownRigg et al.[8]
The deperdence of R3 on micleation strain illustrates the necessity
for either a stereological analysis or a model for mucleation rate to
establish the appropriate average for D.. This is also indicated by
experimental studies([9,21), which show that mucleation exhibits a
statistical dispersion over a significant range of plastic strain.

Void mucleation frequency may be expressed as a distribution
function normalized over the strain interval of the test as,

F(x) = ff(é)df = fraction mucleated for € < x
where f(f)deo is the fraction of voids micleated in the strain
interval € to €+d¢. The average for Do can thus be expressed as,

D (voids)> = 2<KRI> = 2 ﬁ(e)-n:s(ét,f,d'q/ce) dé¢ .. (5)

The simplest model for mclgatim involves a constant mucleation rate
with a starting strain, €s, and ending strain, €e. This nucleation
model, which was employed by LeRoy et al(3] for similar tensile tests,
gives an average value et;or RO as,

0> =[1/ (€e€s)] [FO(€L,€,0m/0e) a€ .- (6)
This equation allows 6&3) to be calculated by numerical integration
after sabstitution of the Rice-Tracey growth function in equation (3).
Although other distribution functions can be used for nucleation rate,

such as the Gaussian function applied by Tvergaard and Needleman([7],



available data are not sufficient to identify the functional form
needed to represent the mucleation process. It is important to
recognize that a void mucleation and growth model will permit the
calaculation of expected volume fraction, Vy, and other parameters
which characterize the damage process as a function of strain.
APPLICATION OF THE MDDEL

This section gives the results of application of the model to
experimental data n ported on tensile tests of spheroiilized 1045 steel
with varying hydrostatic pressure[8]. Microstructural, fractographic,
and test parameters reported for material with a coarse carbide
dispersion are presented in Table I. The estimated value for carbide
density was selected to be consistent with the largest experimental
planar void densities measured. The strain corresponding to the start
of nucleation was selected to indicate the beginning of the more
profuse rmucleation of voids at carbides. This is consistent with the
suggestion[3] that two populations, inclusions amd carbides, may be
responsible for the abserved damage evolution process. Thus void volume
fraction can be calculated using the Rice-Tracey growth model and a
canstant nucleation rate from the stereological relationship,

Vy(voids) = N, (voids) #<Valume>
where <Volume> = (4%/3) *R3>*<R1>2, since R' is approximately
canstant as imdicated by the growth data in Figure 6. Calculated void
volume fractions are presented in Figure 7, along with the experimental
area fraction data. Void fractions calculated by subtracting the volume
of mucleating carbides show an excellent fit to the stereological
measurements for each hydrostatic pressure. The appropriate Vy, for
campAarison clearly should not involve the volume of nucleatirg carbides

since they were not included in the experimental void fraction data.
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The average value, <D(voids)>, was aobtained by numerica’
integration of equation (6) for the strain ranges irndicated in Table I.
This allowed the expected dimple density to be estimated for the
selected values of k and f,,. It may appear that these are
arbitrary parameters in the model, however, this is only because their
values were not measured by BrownRigg et al[8]. The values selected for
f,, and RO were based upon the experimental data reported by Argon
and Im[21] on 1045 steel with a small adjustment to match the largest
experimental volume fraction levels. The value k=1 was selected as a
first approximation based upan the Browm and Embury(17) model for
coalescence. The expected dimple density cbtained from equation (2),
thus provided an average dimple size from,

D, = 1.1/ N>
which gives the equivalent circle size for the average projected dimple
area. Calculated dimple sizes are plotted in Figure 8 as a function of
hydrostatic pressure for camparison with fractographic measurements,
The camparison between calculated and experimental dimple sizes is
excellent even though the measured data were not corrected for
nonplanar topography of the fracture surface(22]), which may increase
their values by as much as 50%.

<R3>arﬂ<np>canbeusedtostmtedmendcz-omm:nss
defined by Thampson and Ashby[18] as, M = <R:l>/<np>. Although
experimental measurements are not available for camparison the trend
does follow that suggested by the highly elangated voids abserved with
increasing hydrostatic pressure. Calculated values for <R3> and M

are also plotted in Figure 8 for camparison with the dimple size data.



DISCUSSION

The results for volume fraction evolution and dimple size variation
with pressure indicate that the stereological model applied for
constant mucleation rate with the Rice-Tracey growth eguations provides
an excellent description of the ductile fracture process and MVC for
tensile test conditions. Thr: classic overestimate of fracture strain by
the Rice-Tracey growth mx‘el[20] thus appears to be the result of the
requirement that coalescence occur by lateral void growth until
impingement rather tharn the need to incorporate the effect of dilatant
matrix plasticity.[7]) This model is therefore consistent with
Thomason's model[4,5] that necking (load-limit) instability intervenes
to cause MVC before dilatant plasticity of the porous matrix plays any
role in the coalescence mechanism. Also it would appear that local
impingement by the joining of closely spaced void pairs discussed by
Thampson[23] has little if any effect on the necking instability that
produces this type of void ocoalescence.

The stereological model does not specify critical conditions for
the necking instability, but rather it indicates how ane can evaluate
these conditions by exploiting appropriate stereclogical section and
fractographic measurements. As an example equation (2) & ows that k
can he estimated fram the dimple density and <N, (voids)> normal to
the tensile axis since it can be written as,

<N, (dimples) > = <N, (voids)>#*(k + 1) --(7)

The value of t can thus be escimated where <D(voids)> normal to
the tensile axis is measured stereologically. This again illustrates
the importance of estimating average void size normal to the tensile
axis in studying ductile fracture. One method for estimating

<D(voids)> is to assume that the voids are ellipsoids of
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revolution as in the Rice-Tracey growth model and apply the method
described by DeHoff[24] which is illustrated in Figure 10. This method
gives the Ny (voids) as well as <R1> and <R3> and thus provides
both the nucleation and growth paths if applied over the strain path.
This result emphasizes the need to apply appropriate stereological
rethods for characterizing the void mucleation and growth paths in
order to wderstand the ductile fracture process and the critical
carditions for MVC.
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Microstructural Parameters for
1045 Steel with Coarse Carbides
= VYolume Fraction Carbides

Vv .= 0.066

Rx := 0.26

Vol := 1.1
Vv

Ny = —— Ny =
Vol

= <R> from Number Oistribution
= <Volume> Selected - in um3

0.06

Experimental Hydrostatic Pressures =

P = 0.1 P
0 i
tnu = 0.3 €nu
0 1
efr =136 ¢fr
0 1
RO1 = 0.52 AO0i
0 i
f :=0.5 f
0 i
Kk = K
0 1
TABLE I Selected

= 345 P
‘= 0.7 ¢nu
'= §.98 ¢fr
"= 0.55 ROi
;= 0.52 f
L | 3

2
= 2.60

e

2

2

= §90
2

:= 0.60
2

BrownRigg et al

Acta Met, Vul 31(1983),

1 =0 ..
= 1100

P
3

¢nu
3

efr

= Calculated Number Per Unit

3

‘= 1.6

= 3,34

:= 0.63

:= 0.62

p 1141.

in um

Volume - 1/um3

MPa

= Nucleation Start
Strains.
= Fracture Strains.

= Initial Void Radius
in um.
= Fraction of Carbides
Nucleating Voids.
= Interaction
ThiZxkness in um.

experimental data used for calculations
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FIGURE 1 Diayram of thin sectlon intercepting void dispersion
with the Caiiper Diameter, D. , and t indicated.
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FIGURE 2 Schematic projected view vold sections
within the interaction volume showing

nos-est neighbor regions via Dirichlet cefis.




FIGURE 3 N, Size Distribution Curves with arrows indicating
Nucleation Frequency (right), and Crowth Path (below)
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FIGURE 4 Variation of om and obar with strain for applied Pressure
for the tensile test data of BrownRigg et al ([16].
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FIGURE 5 Plot of the Rice-Tracey Dilatational Function (D). and
Shape Change Furction #) as a function of True Strain.




12
en=0.2
en=0.4
r3 ,r1
(jn, j2) (in, j2) en=0.6
en=0.8
en=1.0
R1
0
0 et 1.35

(jn, j2)

FIGURE 6 Growth Paths for Rice-Tracey Ellipsoidal Voids
for Nucleation Strains indicated with FO = 1.
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FIGURE 7 Plot of the calculated void volume fractions
for each hydrostatic pressure compared to the
experimantal data from BrownRigg et al.
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