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Validity Assessment of Ductile Fracture
Criteria in Cold Forming

M.A. Shabara, A.A. El-Domiaty, and A. Kandil

This paper describes the assessment of various empirical and semiempirical ductile fracture criteria to
determine their ability to predict the occurrence of fracture in metalforming processes. The criteria as-
sessed are reformulated such that each is expressed in terms of mostly nondimensional material-depend-
ent quantities and constants. The constants in each criterion are determined using data from published
experimental results on cold upsetting of aluminum and steel specimens. The limit strain or the forming
limit corresponding to each criterion is then determined and compared with the experimental data. There
is clearly good agreement between theory and experiment for several criteria, but the predictions of other

criteria fall far from experimental results.
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1. Introduction

THE LIMITING factor in many metalforming processes is the
occurrence of ductile fracture, which is characterized by void
initiation at second-phase particles and inclusions, strain-con-
trolled growth, and finally coalescence of the growing voids.
Many ductile fractures, such as edge cracking in rolling, chev-
ron and internal cracking in extrusion, tears in sheet-metal
forming, and laps and surface cracks in forging, have been
identified in industrial metalforming operations. The ability to
predict ductile failure leads to the reduction of failure in exist-
ing metalforming processes and allows for early modification
of the production process by increasing workability of the ma-
terial.

In the absence of a reliable quantitative model for estimat-
ing the ductility of a material undergoing large plastic flow in a
metalforming or metalworking process, a number of pheno-
menological models of metal-processing ductility have been
developed. However, no general theoretical means of predict-
ing the occurrence of this type of failure has been advanced,
and the successful avoidance of fracture has been largely a mat-
ter of empirical practice.

A review of ductile fracture criteria is given by Clift and
Hartley (Ref 1), who classified published fracture criteria into
two categories: “theoretical models of void coalescence and
growth” and “empirical and semiempirical models.” In addi-
tion to models of fracture, criteria have been developed from
macroscopic concepts of fracture. Oyane et al. (Ref 2, 3) based
their simple criterion on the assumption that fracture of the ma-
terial occurs when a critical material-dependent volumetric
strain is attained. The Oyane empirical criterion of ductility is
successful to the extent that it identifies some of the important
parameters that determine ductility in metalworking processes.
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A generalized plastic work criterion has been developed by
Freudenthal (Ref 4), who postulated that a critical value of
strain energy should be stored in the material in order for frac-
ture to occur. Cockcroft and Latham (Ref 5) concluded from
their experiments on mild steel tensile specimens that the inte-
gral of tensile plastic work per unit volume must reach a criti-
cal, material-dependent value for fracture to occur. This
criterion is actually a special case of that of Freudenthal and has
been developed on similar principles. Brozzo et al. (Ref 6) pro-
posed an empirical modification to the Cockcroft and Latham
criterion where the mean stress was taken into account to im-
prove correlation with experimental results. Oh et al. (Ref 7, 8)
introduced another modification to the Cockcroft and Latham
fracture criterion by considering the ratio of maximum tensile
stress to generalized stress as the major parameter controlling
ductile fracture. Osakada and Mori (Ref 9) developed a crite-
rion that includes an explicit dependence on generalized plastic
strain.

With these forms of semiempirical equations, the material
constants are determined by experiments on the appropriate
material. On the other hand, the finite-element method (FEM)
has been used to simulate and analyze deformation in a number
of forming processes (Ref 1, 10-13). The FEM provides details
of stresses, strains, strain rates, and temperatures throughout
the formed material and their history throughout the process.
The purpose of the present work is to assess the applicability of
the empirical and semiempirical models of ductile fracture to
predict the forming limit curve and compare it with experimen-
tal data available in the literature.

2. Analysis

2.1 Compression Test as a Measure of Workability

Workability, or the relative ease with which a metal can
be formed plastically, is not a unique property of the material
but depends on such process variables as strain, strain rate,
temperature, friction, and the stress system imposed by the
process. Workability can be expressed in terms of the ductility
of the material as well as the stresses and strains imposed by the
process.

Therefore, to describe workability a fracture criterion must
be established that defines the limit of strain as a function of
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strain rate and temperature. An experimental approach that
uses this concept of workability is the forming limit diagram,
which is determined by conducting compression (upsetting)
experiments.

The upsetting of a small cylinder at room temperature is one
of the most widely used workability tests. As a metallic cylin-
der is compressed in the presence of friction, it usually tends to
barrel, and a biaxial stress state develops at the equator of the
cylinder (Fig. 1). The stress state usually consists of a circum-
ferential tensile stress and an axial compressive stress, al-
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Fig.1 Barreled compression specimen and the biaxial stress
state on an element at the equatorial free surface
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Fig.2 Strain paths for compression specimens at various as-
pect ratios and friction conditions
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though an axial tension stress may develop when barreling is
severe. The surface strains measured at the onset of fracture for
a wide range of test conditions enable construction of a fracture
or forming limit diagram for the material. In the absence of fric-
tion, the tensile strain is equal to one-half of the compressive
strain. Increasing the frictional constraint causes bulge severity
to increase, which in turn increases the tensile strain and de-
creases the compressive strain. Beginning with the strain ratio
of one-half for frictionless deformation, the strain-path slope
increases with increasing friction. A wide range of strain paths
(Fig. 2) can be produced at the free surfaces of cylindrical
specimens, permitting evaluation of the fracture or forming
limit of the material.

2.2 Stress-Strain Relations

The components of stress and strain at the free surface of a
compressed cylinder can be given as:

de 1

de, = 5 [cz -3 Ge] (Eq1)
-de

de, = % (o, +Gp)
de 1

deg = ? ("e -3 oz]

The effective strain increment is given by:
de = \/g V(de2+ dej + de?) (Eq2)

The mean or hydrostatic siress, G, is given by:

0,+0y+C Og+ 0O
_or 0 z_ -8 z

Om= 3 - 3 , (Eq a)

o, = 0 at the surface of the cylinder.

From Eq 1, it is found that:

e d€g+de, —de
dr 8T T (Eqb)
c (0g +0,)

Table 1 Values of k and n for test mateirals at room
temperature

Material k,MPa n

Commercially pure 180 0.20
aluminum

Spheroidized 1% C steel 530 0.26

Low-carbon boron steel 723 0.31
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For constant volume conditions, the summation of the strain in-
crements is zero; that is:

de, +deg+de, =0 (Eqc)

By combining Eq a, b, and ¢, we get:

m
Om_ 2% Eqd
= "3 % (Eqd)
Then,
On 1 B+1

(Eq3)

where [, the strain increment ratio, is the slope of the strain
path, or:

dee

B= de (Eqe)

Also from Eq 2, the effective strain increment is:

de=-=NFE AP+ de, (Eq4)
3
By integration, Eq 4 becomes:
== rVB2+|3+ de, (Eq 5)

The effective stress can also be expressed as a function of
the strain increment ratio () and the tensile stress component
(og) as follows:

V3VBZ+B+1

T T eprn

(Eq6)

From Eq 3, the mean stress can be expressed in the form:

_B+1 ket _B+1

s
mT BN Bl V3 NRrBrl Ea7)

where k and n are material constants determined from the flow
curve.

2.3 Ductile Fracture Criteria

The following sections examine six widely recognized
fracture criteria developed by several authors to describe
ductile fracture. Using the equations developed in the pre-
vious section, each criterion will be reformulated and pre-
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sented, in a simple form, in terms of the strainincrement ratio,

B.
2.3.1 Oyane Fracture Criterion

Oyane et al. (Ref 2, 3) postulated that fracture occurs when
a critical material-dependent volumetric strain is reached. The
general form of the criterion is given as:

Gy 2

By substituting Eq 3 and 4 into Eq 8, the effective fracture
strain, €, becomes:

(Eq8)

°'|a
ml

g = 32 (B+1)d£ +C (Eq9)

where g is given by Eq 5.
2.3.2 Freudenthal Fracture Criterion

Freudenthal (Ref 4) postulated that the critical parameter in
the plastic deformation process is the strain energy to fracture.
This is expressed as:

g _
["sde=c, (Eq 10)
0

For many engineering materials, the relationship between c
and € is given in the form of a power-law equation, ¢ = ke?,
where k is the strength coefficient and n is the strain-harden-
ing exponent; both are given in Table 1 for steel and alumi-
num alloys.

By substituting ¢ = ke" into Eq 10 and integrating, the left-
hand side of Eq 10 becomes:

_f_ _ kErf1+l
Jf)cde= — (Eq )

By substituting Ef from Eq 5 into Eq f, the Freudenthal fracture
criterion takes the form:

n+1
k(:j—z_;j?\lﬁhﬁu dsz} y

n+1

1 (Eq 11)

2.3.3 Cockcroft and Latham Criterion

Cockcroft and Latham (Ref 5) used tensile test specimens of
EN2A mild steel, which show a well-defined neck at fracture.
They concluded that the integral of tensile plastic work per unit
volume must reach a critical value for fracture to occur. This
fracture criterion is expressed in terms of the maximum tensile
stress, Gy, and takes the form:
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E —
[ogde=c, (Eq 12)
0

From Eq 7:

_2B+1 -
0 NP Bl

Then, Eq 12 can be rewritten in the form:

jofﬁwlzﬁg:;snadgzg
Also,

j\/_\/% & de = C,
Then,

%JZ:‘@\/—_ZBBZ:LH o de,=Cy

E.f o 5
23—kf0" @B+ 1)(—\%]2 VBZ+B+1 dsz) de,=C, (Eq13)

2.3.4 Brozzo et al. Criterion

Brozzo et al. (Ref 6) proposed an empirical modification to
the Cockcroft and Latham fracture criterion because it pre-
dicted generalized strains at fracture that were too low when
compared with experimental results for sheet forming. This
fracture criterion is expressed in terms of the maximum tensile
stress and the mean stress and takes the form:

£ 204

['———de=c,

14
T (Eq 14)

By combining Eq 3 and 7, the ratio 6, /G4 can be expressed as a
function of the strain increment ratio, f, as follows:

Sn PB+1

_m_ E

Gy 2B+ 1 Eag)
After substitution of 6, /6 from Eq g, Eq 14 becomes

2 £ 2B+1 —

3 jo 5 de=C, (Eqh)

Replacing de in Eq h with its value from Eq 4 gives:
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(Eq15)

=l [2+-]@+Tde ~c,

2.3.5 Ohetal. Criterion

In this fracture criterion, Oh et al. (Ref 7, 8) considered the
ratio of the maximum tensile stress to the effective stress to be
the important parameter in the case of ductile fracture. The cri-
terion is expressed by:

Efo'e _
_[ —de=C,
0O

(Eq 16)

By substituting Eq 4 and 6 into Eq 16, the fracture criterion is
reduced to:

2 szf
§j0 2B +1)de, =C, (Eq17)

2.3.6 Osakada and Mori Criterion

Osakada and Mori (Ref 9) developed a criterion that in-
cludes an explicit dependence on effective strain (€) in addition
to mean stress (O,,). It takes the form:

:
[‘® +e+ Do) de=Cy (Eq 18)
0 .

where B and D are material constants. The constant Cs repre-
sents the critical effective strain accumulated over the strain
path up to fracture.

By substituting o, from Eq 7, Eq 18 can be rewritten as:

El' — _f— — Vf —
| 13.(;1e+‘|JE sde+f Do, de = C;
0 0 4]

- 1=
Bef+55%

Dk rr

n

1
BZ+B+ [ _rVBZ+B+ de] dt:zJI—C5

(Eq19)

where & is given by Eq 5.

3. Results and Discussion

The six ductile fracture criteria outlined in section 2.3 have
been reformulated such that each is expressed in terms of mate-
rial-dependent quantities and constants, rather than in terms of
stress and strain. Table 2 summarizes the criteria and quantities
and constants that correspond to each criterion. Those quanti-
ties and constants include the flow-curve constants k and n; the
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strain increment ratio, 3 = deg/de,; the axial fracture strain, €4
and integration constants.

Principal strain space is traditionally used for the forming-
limit curves to analyze failure in metalforming processes. The
conventional way of representing strain in plane-strain loading
(e, = 0) is in principal strain space, with €4 as the ordinate and
€, as the abscissa. Nonlinear strain paths are considered to bet-
ter represent actual applications.

The flow-curve constants k and n for the test materials are taken
from Table 1. Experimentally determined strain-path curves,
which give the complete plastic flow history of the material during
the formation process, are used to find various values of the quan-
tity B, which is generally a function of the axial strain, €,. It is
known that the strain path for a given material under cold upsetting
is a function of the equatorial strains on the surface, strain rate,
temperature, friction, and specimen aspect ratio.

Now consider a strain path given by:

(Eq 20)

—a, 2
gg=a,E+ae2 +a¢,

Then,

£
B=—=3a,¢el+2a,¢e +a
1%z 2%z 3

de,

The constants a,, a,, and a5 in Eq 20 are obtained using the ex-
perimental results obtained from the forming experiments con-
ducted on a large number of specimens having various aspect
ratios and under various friction conditions.

The constants in the fracture criteria (Eq 9, 11, 13, 15, 17,
and 19) are evaluated by substituting the material constants k
and n from Table 1 and the strain-path constants a;, a,, and a3
and performing the integration from O to &,; The resulting ex-
pressions give the fracture strains predicted by each criterion
for a given material under the test conditions that are used to
draw the forming limit diagrams.

The experimental strain-path curves used in this paper have
been obtained from the literature for upsetting of aluminum and
steel at room temperature (Ref 14-17). Typical experimental re-
sults for the axial and circumferential plastic principal strains at
the equatorial free surface of upsetting aluminum and steel
specimens of various aspect ratios, H/D, for lubricated and un-
lubricated platens are shown in Fig. 3 to 5. End points for all
strain paths, which represent cracking or fracture, for a material
give the forming limit diagram for this material.

Tables 3 to 5 give the axial fracture strain (€,) and the strain
increment ratio (B) for the test materials corresponding to
specimen aspect ratio and lubrication condition. Tables 3 to 5
also summarize the constants that are evaluated upon integrat-
ing the criteria equations from 0 to €. The criteria equations in

Table2 Summary of original and new forms of ductile fracture criteria and associated constants

Original form New form Material-dependent
Criterion of the criterion of the criterion quantities and constants
- 5G_
Oyane et al. ef=—% ‘—6"—'11 +C _ 2 szf B.enAC
0 == 3a . (B+1)d£Z+C
where
—2; a BE+B+1 de,
0
f—
Frendenthal _r cde=C, k n+l B.gk.n,C
2 J‘Ezf 2f 1
0 = | BT+ B+ 14de =C
(m+1) [\E o PP 1] !
f
Cockcrofand_atham f o, d&=C _ &0 kn,C
o ! 2 % f‘ @B+ DE de,=C, B g
34, 4
where
E=%f“«lﬁz+ﬁ+ T d,
0
E 26 _
Brozzo etal. 03(?_17)@:% 4 rﬁ(2[5+1) st -C B,ezr’cz
1 'm m 0 B z 3
E O, _
Ohetal. r‘fl d£=C4 2 o Bv Ezp C3
00 —r @B+1)de,=C,
3 z
_f - —
Osakada and Mori .[:(B +e+Do,) de=C; B+1) B.eskn,B,D,Cs

— _1__—2 Dk rzf
B€f+ 3 Ef +V3_[10 0

T dez]=c

5
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their new forms are then plotted graphically in Fig. 6 to 8,
which show “theoretically” predicted forming limit diagrams.
For the purpose of comparison, the theoretically predicted and
the experimentally obtained forming limit diagrams are super-
imposed in Fig. 9 to 11. This comparison is also summarized in
Tables 6 to 8. Reasonable agreement exists between theoretical
and experimental predictions of ductile fracture for most of the
criteria assessed in this study.

Table 9 summarizes the percentage difference between ex-
perimental and criteria predictions of fracture strains for the
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three materials considered. In addition, the relationships be-
tween the experimental and criteria predictions are shown
graphically in Fig. 12 to 17. It can be seen that five of the
fracture criteria tested in this study are quite successful in
predicting the fracture strain in upsetting processes to very
limited percentage differences. The most successful criteria
are those of Oyane et al. (Ref 2, 3) and Oh et al. (Ref 7, 8),
where the average percentage differences in their predic-
tions of fracture strain are approximately 2.4 and 3.0%, respec-
tively. Average percentage differences in the predictions made
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Fig.4 Typical experimental strain paths for spheroidized steel.
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Fig. 6 Graphical plots of the fracture criteria indicating predic-
tions of fracture strains for low-alloy steel
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by the criteria of Brozzo et al. (Ref 6), Cockcroft and
Latham (Ref 5), and Freudenthal (Ref 4) are shown tobe 4.2,
5.5, and 6.8%, respectively. Large deviations, up to -31%,
are found in the predictions made by the Osakada and Mori
(Ref 9) criterion.

It is also apparent that the highly successful criteria are
those which include the effect of hydrostatic stress—a critical
factor in the mechanism of void initiation, growth, and coales-
cence. Tensile hydrostatic stress enhances the void initiation,
growth, and coalescence process, leading to lower fracture

strains. Compressive hydrostatic stress, on the other hand,
leads to higher fracture strains.

The Cockcroft and Latham criterion predicts lower val-
ues of fracture strains for upsetting processes. This criterion
considers the effects of the maximum principal tensile stress
over the plastic strain path to failure and includes an implicit
dependence on hydrostatic stress. The modifications made
by Brozzo etal. and Oh et al. with the explicit dependence on
hydrostatic stress greatly improved fracture strain predic-
tions.

Table3 Material-dependent quantities (f and £;p) and calculated constants in various ductile fracture criteria for pure

aluminum

Ductile fracture criterion
Strain Strain increment ratio, Acxial fracture Cockeroft Osakada
path B = deglds, strain, £¢ Oyaneetal. Freudenthal andLatham Brozzoetal. Ohetal. and Mori
I -255045¢2 —48.2¢ -293 0253
i} ) -0.321 A=0.3273 C5=0.019
m —95.1¢; -21.6¢,-2.0 0420  C=098151 C,=144  C,=59.084 C,=-06153 C,=06031 B=0323
v -15.9¢2 - 2.0e,- 091 -0.589 D =0.0017

2
-39¢; - 0.1, - 0.6

Table4 Material-dependent quantities (f and £,) and calculated constants in various ductile fracture criteria for low-alloy

steel
Ductile fracture criterion
Strain Strain increment ratio,  Axial fracture Cockcroft Osakada
path B =dseglde, strain, €,¢ Oyaneetal.  Freudenthal andLatham  Brozzoetal Ohetal. and Mori
I -19.2¢2 - 14¢,- 0.5 -0.45
)i 10262 — 146 — 05 -0.64 A =-0.522 Cs=-0.12
m I 2 -0.75 C=-0.64 C, =-82 C,=-75 C;=0472 C,=046 B =0.51
v -6.75% - 2.0e, - 0.5 -0.95 D =-0.001
l.4g - 0.36
10 10
Oyane Cntenon (Eqn 8) Freudenthal Cntenon  _| o — 09
, {Eqn 10)
Bro(zEz:nC?snon _los Ofe él:]teg)oﬂ t— 08
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Fig.7 Graphical plots of the fracture criteria indicating predic-
tions of fracture strains for spheroidized steel
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Fig.8 Graphical plots of the fracture criteria indicating predic-
tions of fracture strains for commercially pure aluminum
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Highly accurate predictions also result from the Oyane et al. addition, the fracture propagation rate is considered to be low

criterion, which is based on the void growth theory. This type of so that the void growth phase is dominant. Predictions made by
criterion is based on the presence of voids in the material before such criteria are accurate within about —7.5 to +3.5%. It is
subjection to load. Thus, the void initiation phase is bypassed, worth noting that the Oyane criterion includes explicit depend-
with voids present very early in the deformation sequence. In ence on hydrostatic stress.

Table 5 Material-dependent quantities (B and £,¢) and calculated constants in various ductile fracture criteria for
spheroidized steel

Ductile fracture criterion
Strain Strain increment ratio,  Axial fracture Cockcroft Osakada
path B = deglde, strain, &;¢ Oyaneetal. Freudenthal and Latham  Brozzoetal. Ohetal. and Mori
1 ~14.7€2 - 4.0¢, - 1.17 -0.48
n -891e2-3.0¢,- 1.0 -0.60 A=-0264 Cs=0.129
m -2.49%; -0.7¢, - 0.77 -0.80 C=-085 C, =345 C,=-195 C;=-0.59 C,=053 B=04
v 1.90¢2 - 0.392¢, - 0.36 -0.83 D = -0.004

Table 6 Experimental and predicted axial fracture strains for low-alloy steels

Axial compressive fracture strain, g,
Predicted for various fracture criteria

Strain path Experimental Oyane et al. Ohetal. Brozzo et al. Cockcroft and Latham Osakadaand Mori  Freudenthal
I 0.45 0.436 0.453 0.455 0.413 0.348 0.527
n 0.60 0.57 0.586 0.584 0.535 0.535 0.649
111 0.75 0.763 0.774 0.757 0.718 0.800 0.78
v 0.95 0.879 0.905 0.846 0.787 0.852

Table 7 Experimental and predicted axial fracture strains for spheroidized steel

Axial compressive fracture strain, ;¢
Predicted for various fracture criteria

Strain path Experimental Oyane et al. Ohetal. Brozzoetal.  Cockcroft and Latham Osakadaand Mori  Freudenthal
I 0.480 0.470 0.474 0.507 0.477 0.500 0.531
II 0.600 0.606 0.606 0.629 0.600 0.672 0.649
I 0.800 0.801 0.785 0.762 0.76 0.751
v 0.83 0.861 0.844 0.795 0.825 0.766
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Fig.9 Criteria predictions and experimental fracture strains Fig. 10 Criteria predictions and experimental fracture strains
for low-alloy steel for spheroidized steel
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tained using the Freudenthal criterion
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Fig. 12 Experimental fracture strains versus predictions ob-

tained using the Oyane et al. criterion
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Fig. 14 Experimental fracture strains versus predictions ob-
tained using the Cockcroft and Latham criterion

Table 8 Experimental and predicted axial fracture strains for pure aluminum

Axial compressive fracture strain, &,¢

Predicted for various fracture criteria

Strainpath  Experimental Oyane et al. Ohetal. Brozzoetal.  Cockcroft and Latham Osakadaand Mori  Freudenthal
| 0.256 0.253 0.246 0.247 0.253 0.232 0.256
I 0.321 0.321 0.311 0311 0.319 0.272 0.321
m 0.420 0.420 0.402 0.402 0.426 0.305 0.415
v 0.580 0.600 0.630 0.603 0.675 0.400 0.534
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Fig.15 Experimental fracture strains versus predictions ob-
tained using the Brozzo et al. criterion

Table9 Summary of fracture strain predictions
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Fig. 16 Experimental fracture strains versus predictions ob-
tained using the Oh et al. criterion

Percentage difference
Strain path Oyane et al. Freudenthal Cockeroft and Latham Brozzo et al. Oh et al. Osakada and Mori
Low-alloy steel
I -3.11 +17.11 -8.22 N +1.11 -0.67 -22.67
I -5.00 +8.17 -10.83 -2.67 -233 -10.83
m +1.73 +4.00 —4.27 +0.93 +3.20 +6.67
v -1.47 -10.32 ~17.16 -10.95 —4.74
Spheroidized steel
1 -2.10 +10.63 -0.63 +5.63 -1.25 —4.17
1 +1.00 +8.17 0 +4.84 1.00 +12.00
m +0.13 -6.13 —4.75 -4.75 -1.88
v +3.74 -1.1 -0.60 -4.22 +1.69
Aluminum
1 -L17 0 -1.17 -3.52 -3.90 -9.38
II 0 0 -0.62 -3.12 -3.12 -15.26
I 0 -1.19 +1.43 —4.29 —4.29 -27.38
v +3.45 -7.93 +16.38 +3.97 +8.62 -31.03

The fracture initiation predictions from the Osakada and
Mori criterion, which also contains an explicit dependence on
hydrostatic stress, have not been very successful. The terms in
this criterion require closer investigation in order to make it
more suitable for predicting fracture in upsetting processes.

All of the tested criteria exhibit the largest percentage dif-
ferences between experimental and theoretical predictions
for strain path IV for aluminum and low-alloy steel. Path IV
is the closest to homogeneous compression; that is, no fric-
tion exists between specimen and platens. All criteria should
contain an additional “constraining” term to account for the
lubrication condition, which has a direct relation to the state
of stress on the equatorial surface of the specimen. Lower
predictions were made by most of the criteria for low-alloy
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steel, whereas higher predictions were made for the commer-
ciallypurealuminum.

4. Conclusions

Despite the differences found between the experimental and
criteria predictions of fracture strains during upsetting process-
es, the empirical and semiempirical ductile fracture criteria
studied here are successful, to a certain degree, in predicting
fracture strain during upsetting processes. The reformulations
of the original criteria that were suggested by Kivivuori et al.
(Ref 14) and used in this study improve the useability of the cri-
teria. The criteria are expressed in terms of material-dependent
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Fig. 17 Experimental fracture strains versus predictions ob-
tained using the Osakada and Mori criterion

quantities and integration constants instead of stresses and
strain. However, determination of the constants in the new
forms of the criteria is still rather laborious and, in some cases,

cumbersome.
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