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Resumen : El objectivo de este trabajo consistió en el análisis del uso del "parámetro critico local de crecimiento de 
cavidades" para describir la fractura de la aleación TA6V equieje somitida a una velocidad de cargamiento elevada (107MPa 
-fm/s). Los ensayos fueron realizados sobre un montage de barras de Hopkinson en tensión con muestras axisimétricas 
muescadas analizadas por FEM. Asi, las leyes de comportamiento del material fueron obtenidas en función de la velocidad de 
de deformación y de la temperatura. Se tomó en cuenta la elevación de la temperatura debida a la deformación plástica. Se 
demonstró que la dependencia en función de la velocidad de de deformación de deformación tiene un efecto delocalizando 
sobre el crecimiento de cavidades en las muestras muescadas. También se estudió el usó del modelo de crecimiento critico de 
cavidades para predecir el momento de propagación. Por fín se evocá las dificultades encontradas al empleo de los 
instrumentos de trabajo clásicos, y se analisa la posibilidad de trabajar con el modelo de fractura dúctila delocalizada para 
resolver el problema. 

Abstract : The purpose of this the use of a critica! local void growth parameter to describe the fracture of 
equiaxed TA6V alloy under (107 MPa -fm!s). Experiments are conducted with a tensile Hopkinson 
apparatus on notched which are then analysed with FEM. The constitutive laws are introduced with 
both temperature and strain rate Heat generation caused plastic deformation is fully accounted for. The strain 
rate dependence is shown to have a significant delocalizing effect on void growth within the notched samples. The use of a 
critica! void growth derived from these analyses to predict the onset of crack propagation is studied. It is shown that this is 
difficult with conventionnal tools. future developments are suggested in the field of non-local ductile fracture. 

l. INTRODUCTION 

Since the beginning of the eighties considerable attentíon 
has been paid to the development of so called local 
approaches to fracture predictions. One of the first main 
achievements in this field was proposed by Mudry (1982) 
whose work involved the study of a A508 steel class. 
Using the now quite well known formula for cavity 
growth derived by Rice and Tracey (1969) in their pion
neering work, Mudry with the Beremin group (1981) sho
wed that fracture of axisymmetric notched specimen could 
be predicted when a local critica! void growth (R/Ro) e was 
attained in the specimen. They modified the formula to 
take into account strain hardening : 

dR/R == 0,283 exp ([3am/aeq)deeq (1) 

Where f3 equals 1,5, am is the hu.rlrn.cto,ti" stress, aeq the 
Mises stress and Eeq the stress. 

The non-dependency of this critica! value for cavities 
growth under different stress triaxialities achieved by 
varying the notch radius was demonstrated with FEM 
simulations of up-dated geometry meshes the 

Tilis non-dependency supports the use 
the onset of crack growth. Follo

should proceed when this criti
ca! value of void is reached in the first cell of a 
square mesh at a crack tip. The size of such a cell would 
then represent sorne characteristic distance L1a dependen! 
on the micromechanisms which locally lead to damage 
accumulation and fracture. This material dependent dis
tance was derived by Mudry to be about twice the grain 
size. TI1is was found to be a realistic length, consequently 
giving sorne validation for this approach. Another main 
contribution of Mudry was a formula involving the J -
integral, the characteristic distance L1a, the yield stress ay, 
and the logarithm of the void growth : 

J = a L1a oy ln (R/Ro) (2) 

with a a geometry constan t. 

Amar and Pineau (1985) developed this 
onr>rr"'"h to predict the variation of A508 steel touglmess 

temperature, and concluded to good correlations 
between Jrc and (R/Ro)c, and to a reasonable agreement 
between the values and the experimental results 
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for CTS In a different paper Marini and al 
(1985) provided good support for such an 
approach in their rupture of A508 under 
non-radial showed how the knowledge of 
the full of a material deformed 
under various successive stress triaxialities, and the cor
relative calculation of the void growth rate could be use to 
predict such fracture. They emphazised the influence of 
the constitutive equations and specially of the work-har
dening rate on the stress-triaxiality within the samples 
which is a parameter for cavity growth. Pellissier 
Tanon and Devaux (1988) gave a very good overview of 
the work done with the Framatome company to promote 
the use of local approaches. 

The use of local approach for dynamic fracture predic
tions, i-e for fracture occuring under loading rates of 107 
MPa -fm/s, was investigated by Bensussan (1988) on 
35NCD16 steel. The introduction of this method based on 
cavity growth prediction was thought to give an insight on 
the still controversia! debate on the influence of loading 
rate on fracture toughness of steels. Following work was 
performed by Descombes (1990) on a nickled high 
strength steel. Though a characteristic length was derived 
through the numerical FEM calculations, it was not pos
sible to relate it unambiguously to any microstructural 
distance in this complex steel. The notch ductility of cop
per based composites has been studied under various 
loading rates by Dumont (1991) without notice of any 
influence of the loading rate. Preliminary results, Roudier 
(1991), indicated a large increase in notch ductilitY, of 
T A6V with an increase in loading rate from 1 MPa .qm/s 
to 107 MPa -fm/s. 

It has long been that increasing the rate of 
deformation could the material behavior through 
mainly two effects. micromechanisms for inelastic 
deformation such as or twinning can be altered with a 
consequent modification on the constitutive law as shown 
for C.P. titanium by Gabelotaud (1990). Secondly adiaba
tic inelastic deformation can lead to heat generation by 
plastic dissipation, subsequent temperature increase and 
softening for usual materials. 

We shall herebelow address the problem of fracture pre-
diction of a T A6V under high loading rate through 
the use of a local on a critica! cavity growth. 
The influence of the loading rate will be analysed with 
account of both temperature and strain rate sensitivities of 
the constitutive laws. 

2. EXPERIMENTAL AND NUMERICAL 
PROCEDURES 

2.1. Material 

The material is this study in a T A6V alloy 
with an equiaxed obtained from a/[3 lami-
nated 50 mm thick plates heat treated 2 h at 730"C. Dueto 
the plastic deformation incompatibilities between the two 
phases, micro-void nucleation occurs in the early stages of 
plastic deformation. TI1erefore the plastic strain for cavity 
nucleation is assumed to be to zero. This is a very 
common industrial in titanium and its 
properties have been studied. Most of work has 
been done under static 

The mechanical of this alloy under high strain 
rates are rather scarce. Both Gabelotaud and Meyer 
(1984) have noted a increase in yield strength with 
the strain rate but under strain rates above 103 s-1 
are still to be Its (of the 

order of 1400 MPa at 103 s-1) and its low density (4350 
kg/m3) show that a large temperature increase is to be 
expected under adiabatic conditions (.:lT = 180'C for 
.:le= 30%). 

2.2. Experimental procedures 

The constitutive law under tension has been obtained on 
an hydraulic testing machine ata loading rate of 1Q-3 s-1, 
with smooth specimens 60 mm long and 6 mm in diame
ter. The law was derived in the form aeq = f(eeq) with 
Eeq = ln(l/lo), where lo is the gage lentgh, up to 3% before 
the maximum of the experimental ( aeq, eeq) curve and 
then extrapolated for further strains in a form 
aeq = K(eeq)n with K= 1287 MPa and n = 0.0827. 

This (o"q, eeq) is taken as the reference constitutive law at 
8 = 10-3 s-1 and under isothermal conditions for all the 
temperature and strain rate dependencies. 

TI1e notch ductility tests were performed under both low 
and high loading rates on identical 140 mm long and 
14 mm in diameter specimens with notch radius respecti
vely 7.5 mm, 3 mm, and 1.5 mm for AER 10, AER 4 and 
AER 2 specimen (the initial minimal diameter being eve
rywhere 7,77 mm). Whereas load and diameter reduction 
were recorded during the tests under static loading only 
the final diameter reduction at fracture was obtained under 
high loading rate. In both cases the diameter reduction 
after fracture was measured with a precise C. ZEISS opti
cal microscope. 

2.3. Numerical procedures 

AJ1 the simulations were runned with the ABAQUS 4.9 
version (1991). The simulations were performed with a 
quasi-static implicit formulation for the equilibrium equa
tions with axisymmetric meshing of the upper half plane 
of the sample. Quasi-static simulations were prefered to a 
fully dynamic formulation for, though the loading rate is 
very high, the total kinetic energy of the core of the 
sample is far less than its deformation energy. The inertia 
effects are therefore neglected, the "dynamic" aspect being 
taken into account only through the constitutive laws. 
Moreover the calculation times are reduced and fully cou
pled thermal-mechanical simulation is available only with 
a quasi-static formulation. 

2.3.1. Constitutive laws 

Isotropic plastic hardening is assumed. Plastic laws are 
input in a tabular form for each temperature up to 600"C 
under quasi-static (l0-3 s-1) loading. Those laws were 
obtained every 25"C from the ambiant temperature law 
previously described with the formula : 

where T is the current temperature, To the ambiant tempe
rature (in Kelvin), aeq (T, cP1e ) the equivalent stress at 
temperature To for an equivalen~ plastic deformation ePI 
and creq (To, ePleq) the corresponding equivalent stress f~~ 
the same amount of plastic deformation at temperature T. 
v was equalled to -0,4 to best fit with litterature data, 
Gysler and Lütjering (1982). 
No tensile test was performed for the current temperature 
range, so that this temperature dependence should be 
addressed in further details in future work. 

The strain rate dependence of the constitutive law can be 
described in the ABAQUS code with the formula : 
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- 1 ) p (4) 

where aeq is Mises stress at equivalent 
plastic strain T and with the strain rate 
being éPI, ao equivalent stress at 
an amount of plastic strain under temperature T. D and 
p, which could be temperature dependent, are material 
parameters. D and p have been chosen as respectively 
35583 and 5.026 (and temperature independent) to best fit 
with litterature data, i.e. an increase of 20% in yield stress 
from quasi-static to a strain rate of 10 s-1 and an increase 
of 50% in yield stress from to a strain rate of 
103 s-1. 

In fully coupled thermal-mechanical thermal dis
sipation caused by plastic straining is assumed to give rise 
to a heat flux per unit volume x a : EP1 where x is the 
Taylor-Quinney coefficient taken as 0.9. It is discussed 
later on the strategy between coupled thermal-mechanical 
analysis with thermal diffusion and uncoupled adiabatic 
analysis where each is treated as if it is 
thennally insulated from 

2.3.2. FEM formulations 

For uncoupled thermal-mechanical 
eight nodes isoparametric elements or reduced 
gauss integration can be used. It has been recognized that 
"fully integrated" nodes with nine gauss points ele-
ments have a when strains are consi-
dered, with effect. This been confirmed 
our studies, the use elements to high stress 
triaxialities within the calculated specimens. 
Therefore only eight nodes with four gauss points reduced 
integration, four nodes with "full" or reduced one gauss 
point isoparametric elements have been used for all the 
uncoupled analysis presented in this paper. When thermal
mechanical analysis were to be conducted, either eight 
nodes with reduced or "fully" integrated four 
nodes elements with temperature definition 
at the comer nodes were used. It is worth noticíng that 
none of these elements the patch test except for the 
reduced four nodes element. 

The analysis were with an 

elements the 
1478, 1233, 
for AERlO, 

at the upper section of each model two above 
the minimal section constrainted to move in its plane. This 
displacement varied linearly with time, the time to fracture 
being between 30 to 40 This is this time scale that 
controls both the strain of the constitutive 
laws and the diffusion of heat. 

The cavity growth rates were calculated at each gauss 
point with a special treatment. 

3. RESULTS AND DISCUSSION . 

Table I reports the mean reduction in the minimal section 
diameter and the mean deformation referred as 
2 In (cj¡o/<j¡F) with the initial diameter mm) and <PF 
this diameter at In each case, the measures 
showed quasi-isotropic deformation and little 
dispersion with the same acuity. 
Electron Beam showed that fracture in every 
case occured on scheme, the final dimples 

looking slightly 
high loading rate. 

fractured under 

Table I 

-d$ (mm) Ef 

Static Dynamic Static Dynamic 

AER 2 0.61 0.84 0.16 0.23 

AER 4 0.70 1.17 0.19 0.33 

AERIO 0.96 l.29 0.26 0.36 

The analysis described herebelow were conducted with 
eight nodes reduced thermal-mechanical axisymmetric 
elements and temperature and strain rate dependence for 
the constitutive law. 1 shows the rate of equivalent 
plastic strain in points of the mínima! section of 
an AER4 specimen. It should be noted that the strain rate 
obtained is one order of magnitude larger than the strain 
rate commonly observed in a split Hopkinson bar com
pression test. The influence of this difference on the 
constitutive law is clearly seen on figure 2 where adiabatic 
constitutive are reported for strain rates of 1000 s·l 
and 15000 The ABAQUS built-in strain rate depen-
dence modelleads to a large in the constitu-
tive law a strain of 1000 to a strain rate of 
20000 of the order of 30 %. The real dependence of 
the law on strain rate above 1000 s·1 is ques-
tionable. 

2 also features the current Mises stress 
equivalent strain relation at center of the speci-

mens during the tests. It does not exactly compares with 
the adiabatic behavior under a loading rate of 15000 s·l 
because the strain rate is not constant. The process is 
essentially adiabatic because thermal diffusion effects are 
negligeable over distances than 30 to 40 ¡.¡m. Tem-
perature induced strain is not strong enough to 
produce that would not be pro-

tPnnnF•rntnrP variation over the 

An equivalen! called second analysis) 
where the material law is that obtained in the 
center of AERlO under conditions has been run-
ned. 3 illustrates delocalization effect due to 
local of strain rate within the mini mal section of 
the and to the of the constitu-
tive on strain rate the model. The equi-
valent strain tends to be homogeneous when strain 
rate dependence is taken into account, whereas straining 
localize in the center of the specimen when the adiabatic 
constitutive law is introduced with no strain rate depen
dence. The effect of strain localization for the second 
analysis is enhanced by an increase of stress triaxiality in 
tl1e area of localization. Profiles of cavity growth are 
reported on figure 4 for an AERlO specimen at the time of 
fracture. 

This delocalization effect of strain rate 
severa! authors in pwuu.>uc.u 

Needleman 
taken into account with fonnula the computed R/Ro at 
fracture is far below the critica! R/Ro obtained when the 
strain rate is used to shift the constitutive law in 
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the second analysis. Figure 5 shows how those values 
compare as a function of stress triaxiality. 

4. FRACTURE TOUGHNESS PREDICTION 

We give an insight in this section on the use of critica! 
local cavity growth as a criteria for prediction of the onset 
of crack propagation for titanium under high loading rates. 
Following preceding works, analysis were conducted with 
a square mesh at the tip of a virtual crack, the size of the 
mesh cell being the material characteristic distance. The 
physical meaning of continuum mechanics is lost if this 
cell is smaller than a representative volume of the mate
rial. For this particular alloy the grain size is ranging from 
about 15 to 20 ¡.tm to that the representative cell should 
not be smaller than 40 to 50 ¡.tm. This cell is going to 
experience severe gradients of deformation and hence 
temperature gradients. We suppose that temperature stíll 
has a physical meaning at this scale. The question is then 
two-folds ; how the numerical formulation of the elements 
and the numerical integration procedures would work with 
these gradients and would the FEM model have a physical 
coherence with the physics of the phenomena? 

It has never been clearly precised neither the type of ele
ment (eight, four nodes "fully" integrated or reduced) nor 
the way R/Ro was computed over the crack tip cell. 
Though severa! authors speak of evaluation at gauss points 
it is not clear whether the critica! value is the averaged 
value over the mesh or its maximum value. 

As four nodes elements with four gauss points are not 
fully integrated they have spurious behavior when their 
shape is far from rectangular. The investigation was there
fore conducted with reduced elements either eight nodes 
thermal-mechanical elements with four gauss points, eight 
nodes mechanical elements with four points or four 
nades elements with one gauss point. can be obtai-
ned as many results as there are analysis possibilities, 
giving a whole range of fitting data opportunities. When 
using eight nodes elements, the strain is going to localize 
in the closest gauss point to the crack tip. The cell cannot 
still be compared with a homogeneous volume experien
cing small gradient and as straining proceeds this is equi
valent to decrease the size of the considered representative 
volume. This effect cannot be avoided with classical finite 
element procedures, special treatments will be discussed 
later. The problems are even more important with thermal
mechanical elements. The gradient of generated heat by 
plastic dissipation is so important within the element that 
when temperature is linearly interpolated to the comer 
nades the temperature can decrease at the comer nade a 
cell ahead of the crack tip. This can obviousy introduce 
inacurrency in the integration of the whole thermal
mechanical problem. 

The most reliable in 
approach with the concept of a ,.,,,r,,~Pn1t~tivP 

should therefore be conducted with very 
nades element with a single integration point 
glassing control. 

The analysis of cracked 
conducted with meshing the upper half 
nades reduced elements. 
effect were taken into account 
adiabatic constitutive 
strain rate of 15000 
(4) and the tabulated static t<>nonP'""t'""""' de¡pentde111t 
This law was then "reduced" to a static law 
formula (4). A virtual "adiabatic" static law is 
ned. When the mechanical of a cracked "1-";c;"'"cu 

is started, strain rate jumps to values of the order of 
2000 s-1. Strain rate dependence is fully accounted for 
with formula (4) the adiabatic nature of the phenomena is 
accounted for with the softening trend of the virtual 
"adiabatic" static law. Notched specimens were reanalysed 
with this mechanical formulation and the results were very 
close to the former results from the thermal-mechanical 
analysis. 

This analysis is fully adiabatic, the individual gauss points 
being thermally insulated from each other. For diffusion 
effects to be negligeable the mínimum cell size should be 
larger than the characteristic diffusion distance. 

We analyse the results of a simulation conducted with 
crack tip ce!! size of 50 ¡.tm. The total model is made of 
1063 nodes and 1008 elements. Experiments on 
axisymmetric fatigue cracked specimen with the apparatus 
for notched specimen have shown that fracture is 
completed within 25 to 35 ¡.ts with a critica! CTOD of the 
arder of 100 ¡.tm to 150 ¡.tm. Experimental difficulties 
should be overcome to precise this value. The numerical 
analysis is ended when the value of R/Ro computed at the 
gauss point in the crack tip cell has reached the critica! 
value 1.45. The CTOD is then 125 ¡.rm and the J-integral 
computed with the Rice and Merkle formula (1973) ís 
85000 Jfm2 (K¡= 107 MPa im to compare with the static 
value of 70 MPa im). 

The averaging effect introduced by the choice of a fixed 
cell size is illustrated on the following figures. The plastic 
strain rate at the closet gauss ~int to the crack tip is given 
figure 6. It jumps to 2000 s- once plastic straining starts 
a11d increases over the time to 10000 s·l. Figure 7 shows 
the constitutive behavior of this gauss point up to the time 
of fracture. We can notice that as plastíc strains are kept 
below 0.12 the softening behavior of the material is not 
important. The discussion is then two-folds. Can the 
results from the fracture of notched specimens be used to 
predict the failure of the crack tip cell? How could a 
numerical analysis be runned to account for the various 
thermal-mechanical effects at the crack tip? 

The difference in the constitutive behavior of gauss points 
at the center of notched specimens and at the crack tip is 
of the order of 10%. As R/Ro is very sensitive on the 
stress-strain history it sounds quite hazardous to compare 
the two analysis. Refining the mesh at the crack tip should 
allow further straining and hence possibility for softening 
behavior to become significan!. This would produce strain 
localization at the closest gauss point to the crack tip. 
Morever the basic concepts of a representative volume and 
a characteristic dístance would be lost. 

Pijaudier-Cabot and Bazant (1987) have come out with the 
development of nonlocal damage theory. This allows for 
mesh refinement and better description of local variations 
of damage field without mesh dependence. They introdu
ced a characteristic distance that accounts for interactions 
between local microstructural events. Their work on brittle 
concrete damage has recently be extended by Leblond and 
al (1992) to ductile metals. 

TI1e local description of damage is introduced with a poro
sity variable. Its evolution is delocalized through convolu
tion with a shape functíon featuring a characteristing dis
tance representative of local microvoids interaction. The 
strains and stresses are then derived from a Gurson type 
potential (1977). New developments can be forecast with 
use of both damage delocalization and special constitutive 
potentials representative of complex thermo-viscoplastíc 
behavior. See for illustration Leblond and Perrin (1992). 
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5. CONCLUSION 

We can recall the different results as follows: 

conceming the notched axisymmetric specimen : 

(1) a quasi-static analysis may be used, the inertia effect 
are negligeable, 

(2) heat generation caused plastic dissipation should be 
taken into account, it has a localizing effect with the 
temperature dependence of the constitutive law, 

(3) strain rate has a delocalizing effect, 
still an open ques-but its influence above 2000 

tion, 

(4) the deformation of notched samples is quasi-adiabatic, 
the notch ductility is increased in comparison with 
static loading. The critica! void growth R/Ro is also 
increased, from about 1.30 to 1.45, 

conceming the cracked specimen : 

(5) a fully coupled thermal-mechanical analysís cannot be 
run with a local approach mesh (i.e. crack tip cell of 
fixed size), 

(6) the four nodes with one reduced integra-
tion element can be with respect to the concept 
of a representative volume, the analysis is necesserely 
adiabatic, 

(7) the averaging effect of this approach is to lower both 
the strain and the strain rate by the closest 
gauss point to the crack leads to difficulties 
when one wants to crack propagation in 
terms of critica! notch void growth, 

(8) these difficulties 
approach, non local evolution rate and visco-
plastic for a material containing voíds, asso-
ciated a more refined mesh for crack tip 
blunting. 
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Fig. 3 Equivalent plastic strain along the minimal section of the AERlO specimen at fracture 
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Fig. 4 Cavity growth along the minimal section of the AERlO specímen at fracture 
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Fig. 5 Maximum cavity growth within the different specimens at fracture as a function of the stress triaxiality at these points 
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Fig. 6 Plastic strain rate at the closest gauss point to the crack tip 
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Fig. 7 Constitutive behavior of the closest gauss point to the crack tip up to fracture 




