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ABSTRACT

In this paper, the damage mechanics criterion for ductile fracture
is further investigated and is used to predict the rupture of
notched tensile specimens under both proportional and nonpropor-
tional loading condition. It is also applied to model macrocrack
initiation and the relationships between Vpc and Jrc (or 8tc) are
obtained. Also, two equations for Kic and §tc are derived from the
damage criterion, which are in good agreement with related experi-,
mental results.
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INTRODUCTION

For ductile materials, the rupture processes are strain controlled.
So many local criterion with respect to the effective plastic
strain Ep have been proposed. Criteria like "Effective plastic
Strain"( Cockroft, 1968a), "Plastic Work'(Cockroft, 1968b), "Maxi-
mum Tensile Work'(Cockroft and Latham, 1968), '"Plastic-strain,
Mean-stress" (Norris al., 1978), etc, have been advanced to exp-
lain the fracture behavior of various materials and have found

wide application to ductile fracture. However, most of them do

not take into consideration the gradual increase of internal damage
during the deformation of ductile materials.

Considering the fact that ductile fracture involves three succes-—
sive damage processes, i.e. the nucleation of voids from inclusion,
void growth and void coalescence, McClintock(1968), firstly, has
given an approximate equation for hole growth and proposed a
fracture criterion in ductile fracture, whilst Rice and Tracey
(1969), later, have given a rather simple expression for the

growth of a spherical void in an infinite body, which leads to the
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critical void growth criterion for ductile rupture (Beremin, 1985,
Zheng and Radon, 1985).

On the other hand, the continuum damage theory developed within
the framework of thermodynarics and considering systematically

the effects of microvoids on the subsequent development of these
voids themselves and on the states of stress and strain in mate-

rials, has been applied to the problems of ductile plastic damage.

Many damage models and damage criteria have been proposed and
applied to describe the ductile fracture process of metals(Lemai-
tre, 1985, Tai and Yang, 1987).

In this paper, the damage mechanics criterion for ductile fracture

proposed by Tai and Yang(1987) is further investigated experimen-
tally, and the new damage parameter Vp. with an obvious microsco-
pic physical meaning is emphasized. The damage criterion is used
to predict the rupture of the notched tensile specimens under
both proportional and nonproportional loading conditions, and a
comparison of theoretical results and the experimental data is
made. Also, the damage criterion is applied to model macrocrack
initiation and the relationships between VDc and JIc are derived.
Two equations for fracture toughness K ¢ and COD at ductile
fracture initiation are obtained, whicﬁ are coincident with expe-
rimental results.

DAMAGE CRITERION FOR DUCTILE FRACTURE

Damage Criterion

In ductile metals, inclusions and second-phase particles are
generally believed to be priacipally responsible for the initia-
tion of microvoids, and mechanical damage is mainly caused by
the growth and coalescence of voids. For this reason, a new
damage parameter Vp indicating the microscopic geometrical de-
terioration of ductile materials was proposed by Tai and Yang
(1987). It is assumed that ductile failure would occur if the
damage parameter Vp reaches its critical value Vpc in a ductile
material, then the damage criterion is expressed as follows:

VD=Vpc QD)
or &p o

Vp= Jéb f(om/3)-d& =Vpc (2)
or

Vp= C-1n(D/Dg) =Vpc (3)
where > 2

f(Om/5)=3(1+v) 3(1-2v) (Sm/3) (4)

6m/6 is the stress triaxiality., Ep the effective plastic strain,
D the damage variable under Fachanov-Lemaitre(Temaitre, 1985),
and Vpc is the critical damage parameter and may be considered
as a material constant.

For proportional loading, the damage criterion is very simple;
Vp=£(6m/8)- (Ep-)=Vpc (%)

It is easy to see that the present damage criterion has obvious
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micro- and macroscopic physical meaning and is comparable with
other local criteria for ductile fracture.

From macroscopic viewpoint, it is equivalent to the plastic
strain criterion:

Ep= Er (6)
From microscopic viewpoint, it is equivalent to the damage cri-
terion proposed by Lemaitre(1985):

D=D¢ (7)

or to the critical void growth criterion by Beremin(1981):
R/Roz(R/Ro)c (8)

Tt is similar to the criterion given by Oyane(1972):

%  om, .z
JEO(H—A%)-dep:c (9)

where A and C are constants.

Under condition of proportional loading, let €3p=0, then it is
similar to the criterion given by Zheng and Radon(1985).

[¢) = R R
Vg=exp(1.5%%)- Ep=Vgc 1n(gg)= lnéﬁg) (10)
- D
Vp= fﬁ%ﬂ) Ep =Vpc 1n6%6)= 1n€5§0 (1)

Damage Criterion for Macrocrack Initiation

i solid containing a macrocrack, the similar damage
gggczsg:gttiie place in the intensely deformed ponllnear region
called "Damage Zone' at the crack tip, and the 1nternal.d§m§ge
plays a significant role in ductile fractu;e and cyack 1p1t1§—
tion. In fact, many theoretical and experlmental 1nvest1gat10ni
have shown that the coalescence of a void with the b}unted crac
tip is similar to the process of void coalescence which takes
place in the center of bulk specimens. So the present damage
criterion may be applicable to cracked body. Cons1qerlng the 5
fact that the damage state varies near.the crack tip greatly an
the micro-mechanisms which initiape failure cannot Opgrate at a
tpoint" but require a certain minimum volume of material, a moz 4
dified failure initiation condition is to assume that the blup e
crack initiation occurs when the damage parameter Vp reaghes lti
critical value Vpc within the damage zone at the crack tip, tha
is:

V p(£2)=Vpc (12)

where 2 is the damage zone size parameter and'VD depends on the
stress and strain distribution at the crack tip.

Damage Parameter VDc

In order to determine the critical damage parameter Vpc experi-
mentally both circuferentially notched and unnotched tensile

specimens are used to study the effects of stress state on the
ductile failure of the specimens and on the parameter Vpc, and
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Fig. 1. Effects of the stress triaxiality 6m/3
the effective plastic strain &p and Vp¢

for(a) 20, (b) A3, f
(d) 16Mn. (b) A3, (c) 30CrMnSiA and

a relationship between the stress triaxialit i 6
t ; ] y ratio Om/6 and the
effective plastic strain to failure g is obtained for chinese

sgéels 20, A3, 30CrMnSiA and 16Mn. The results show(see Fig.la-

Vpe=£(Om/8)- Ep= & (13)

where €f is the uniaxial tension strain at failure and
. . 3 ea t
determined by uniaxial tension test of smooth bar. e

The examination of the experimental data given b
: Y Zheng and
5adon(19%5) and Lautridou and Pineau(1981) also sugges%s that
Dc may be approximately regarded as a material i -
pendent of stress state. constant inde

From the viewpoint of continuum dama i it i
) ge mechanics, it is also
reasonable to consider Vp¢ as a material propert&:

Vpe= C-1n(Dc/Dp) (14)

Some related experiments have been done for low-carbon steel 20

and A3, by using quantitative microscopy methods(Tai, 1988).

Egiaigsgigs shgw'thai (D%/Do) is weakly dependent on the stress
y and is almost constant in the corres di

of stress triaxiality. PREEEie wetiEs
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The Relationships Between Vp. and Other Parameters

From the HRR singularity fields near the crack tip we have
z 1
Ep= Co-tg ™™ (15)

where n is the strain hardening exponent, X the distance from the
crack tip and 6y the yield stress. Then from the damage criterion
one has

n/n+1

VDe=C1- (55155 | (16)

or

JIc=CZ'Oy'XO'VDg+]/n a7
in which X0 is the damage zone size that may be considered as the
spacing of void nucleating particles.
For ductile material, we approximately let n=eo, then

J1c=C2- 0y -X0-Vpc (18)
This is similar to the equation obtained from the Amar and Pineau
investigation(Tai and Yang, 1987)

J1¢=C3+0y 2ac-Vpc (19)
where oOa. is related to the inclusion spacing.

APPLICATIONS

Ductile Failure Under Proportional Loading

Under proportional loading, the stress triaxiality ratio can be
considered as constant with respect to time and the damage cri-
terion is simply given by egn.(5), from which a relationship of
om/3 and €&f can be derived

€= Ef £-1(om/5) (20)
This gives a good calculated results in excellent agreement with

the experimental data for chinese steels 20, A3, 30CrMnSiA and
16Mn, as shown in Fig.1(a-d).

Ductile Failure Under Nonproportional Loading

In general, the stress triaxiality ratio Om/3 varies with plastic
strain under nonproportional loading condition. In this case only
numerical calculations can be made integrating eqn.(2) as follows:

vD=j§: £ (g8 (x)] - ax=Vpc (1)

For multi-step loading the damage criterion takes the following

form:
N Epi _ -

Vp= =|_ f(Cm/o)i-dﬁp =Vpe¢ (22)

i=1¢&,.
Pi-
If the stress triaxiality remains constant in each loading stage,
then the damage criterion is given by
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N
Vp=2 £(0m/8); (Bpy- Epy y) (23)

For the two-step test finished by Marini et al.(198 the dam
cylterlon gives a good prediction. Fig. Z(a,b)(szoa)the compi§e
rison of the results calculated from the damage criterion by
setting (6m/&)j=const. (i=1,2) and from the (R¢/Rp) criterion
with the experimental data(Marini et al, 1985). Fig. 3(a,b)
shgw tpe comparison of the results calculated from the daéage
criterion by using (om/a)zci-Ef 1 (i=1,2) and from the (Rrc/Rp)
criterion with the experimental results. From the figures one
can see that the theoretical prediction are in agreement with
the experi@ental results and the calculated results are better
by taking into consideration the effect of stress state on the
damage processes.
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Fig. 2. Ductile failure under two-step loading
(a) NR1-NRO.4 path (b) NR1-NRO.2 path.
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Fig. 3. Ductile failure under two-step loading
(a) NR1-NRO.4 path (b) NR1-NRO.Z2 path.

Ductile Failure Initiation at Macrocrack Tip

For a ductile solid containing a crack the application of the
damage criterion(lZ) requires the knowledge of stress and strain
élstrlbutlons in the damage zone near the crack tip. Firstly, it
is assumed that the stress triaxiality remains constant in tﬁe
damage zone during loading, tlen based on the experimentally
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determined effective plastic strain distribution in the damage
zone by means of recrystallization technique (Tai, 1988) and
the damage criterion (12), the COD at fracture initiation can

be expressed as follows:
- - =1
Sto=Ce-Xo- exp(B/2-E) (- &/Ex) ™ (2)

where Ep is the critical effective plastic strain below which
recrystallization cannot occur, Ct is a proportional factor and
m=0.6-0.7 is a material constant. Secondly, we assume that the
stress triaxiality in the damage zone at a blunted crack tip is

given by
6m/5 = /B (1+21n(1+2%X/8¢)] (25)

Using eqn.(25) and the damage criterion (12) one obtain

(26)

Stc =

2X0
Er/Ef)~ =2 v

exp[%(( £/ f)1_2v/3(1+ ))_}_%]_]
A comparison of the values 8tc calculated from eqn.(24) and from
eqn.(26) with the experimental data for steel 20 and steel 4340
(Shoji, et al, 1978) is shown in Fig.4(a,b). It is easy to see
that the critical crack opening displacement calculated from
eqn.(26)agree the experimental results very well.

=0.6 =0.
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Fig. 4. Calculated and experimentally obtained
COD at fracture as function of fracture
strain for (a) steel 20 and (b) 4340.

Fracture Toughness of Ductile Metals

Fracture toughness Kyc and fracture ductility &f are two impor-
tant material properties. It is significant to study the rela-
tionships of the two parameters with other mechanical properties
and some microstructural properties of the material. As far as
the fracture toughness is concerned, many investigations have
been conducted to correlate it with the uniaxial tensile pro-
perties. These are all based on the same assumption, that is,
failure would occur when the critical value for stress or strain
has to be reached or exceeded over a certain distance or volume.
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Table 1. Measured and calculated Kyc values

. Gy X0 dtc KIc(MPgdm)
Material (MP2) £ n (Fm) Yo e%p i calca
0.45CNiCrMo
0.008S 1450 0.65 .06 6.1 1.5 71.44 64.87 72.09
0.0168 1453 0.51 .06 5.4 1.3 60.83 53.72 57.71
0.0258 1472 0.59 06 L.4 1.3 55.79 52.70 55.64
0.048S 1496 0.54 06 3.7 1.1 46.82 L6.44 46.88
X2NiCoMo1885
T==20 C 1854 0.965 .100 5.2 90.52 80.11
T=-50 C 1952 0.994 .066 4.6 8L.94  77.11
T=-100 C 2040 0.915 .05 4.2 71.18 72.18
T=-150 C 2148 0.803 .082 3.7 64.80 62.51
T=-196 C 2276 0.795 .0% 3.3 47.12 53.63
250S8iMnCrMo 9380 1.00 .12 25 165.4 157.1
34CrNiMo 1225 0.40 .10 28 .64 87.0 106.23 88.23
1450 0.86 .085 12 .80 94.6 113%.88 97.31
CrNiMo 1450 0.66 .09 6.7 72.9 72.44
1460 0.52 .09 6.0 62.3 60.38
1479 0.59 .09 4.8 57+5 58.21
1499 0.54 .085 4.1 47.9 51.12
18Ni 1332 0.75 .09 38 .60 126.7 180.31 143,34
Monix-3R
T=100 C 1589 0.757 .162 1.9 4.5 77.8 55.16 78.62
T=200 C 1570 0.855 .147 2.4 6.6 102 63.74 98.69
T=300 C 1413 0.839 .108 1.6 8.0 89.6 43.78 75.47
T=400 C 1329 0.808 .104 1.7 8.0 98.6 41 71.61

Here, from the damage criterion (12) and eqn.(25) it is easy to
express the fracture ductility at the blunted crack tip in terms
of the critical COD and the damage zone length Xpj;

Er= ef{%(1+v)+(1-av). (1+21n(1+2X0/ étc))2] -1 (27)

Next, we assume that the distribution of strain in mode I plastic
zone is similar to the shear strain distribution of mode III then
application of the damage criterion yields(Schwalbe, 1977):

6 . E- €F
Kre=r=g5 (e (14m) ko~ (=g D) " ] 2 (28)
where =
Ef='r—% Er (29)
In Table 1, the measured and calculated Ky values are listed

with the material properties necessary for calculation. The calc.
1 represents the calculated Kfc values by setting Xo/dtc=1 in
eqn.(27), which exhibit a better coincidence with the experi-
mental data for three steels: 0.45CNiCrMo, X2NiCoMo1885 and CrNiMo
than the calculated results given by Schwalbe(1977) and Chen(1978).
But for other materials with larger or smaller ratios Xg/é&tc,

it is not reasonable to let Xp/&tc=1 and the calculated values
are not so good. So we let Xo/étc takes its experimental value

or its approximately estimated value, and the calculated values
are listed in Table 1 marked calc.2 which are in agreement with
the measured values.
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CONCLUSIONS

1. The damage criterion has obvious micro- and macroscopic phy-
sical meaning and is easy to use. It is applicable for both
proportional and nonproportional loading conditions, and can also
be used to predict the ductile failure initiation of a cracked
solid.

2. The critical damage parameter Vpc is experimentally verified
as a material constant independent of the stress state and easy
to be determined by a macroscopic method. It may be used as a
characteristic parameter describing macrocrack initiation and
can be related to Jr¢,

3%, The present analysis shows that both stress state and plastic
deformation have great effects on ductile failure of the materials.

4. The calculated fracture toughness Kc are in good agreement
with' experimental data by using the damage criterion and by
taking into account the effect of the stress triaxiality.

REFERENCES

Cockroft, M.G.(1968). in Ductility (A.S. Argon, Ed.), ASM, Metals
Park, Ohio, pp.208-216. '

Cockroft, M.G. and D.J. Latham(1968). Ductility and workability
of metals. J. Inst. Metals. 96, 33-39.

Lautridou, J.C. and A. Pineau(1981). Crack initiation and stable
crack growth resistance in A508 steels in relation to inclusion
distribution. Engng. Fract Mech. 15, 55-71.

Lemaitre, J.(1985). A continuous damage mechanics model for duc-
tile fracture. ASME J. Engng. Mater. Techn. 107, 83-89.

Marini, B., Mudry,F. and A. Pineau(1985). Ductile rupture of A508
steel under nonradial loading. Engng. Fract Mech. 22, 375-386.

Norris, Jr.D.M., J.E. Reaugh, B. Moran and D.F. Quinones(1978).

A plastic-strain, mean-stress criterion for ductile fracture.
ASME J. Engng. Mater. Techn. 100, 279-286.

Oyane, M.(1972). Criteria of ductile fracture strain. Bull. JSME
90, 1507-1512.

Schwable, K.H.(1977). On the influence of microstructure on crack
propagation mechanisms and fracture toughnessof metallic ma-
terials. Engng. Fract. Mech. 9, 795-832.

Shoji, T., H. Takahashi and M. Suzuki(1978). Significant of crack
opening displacement and crack tip plastic strain energy in
fracture initiation. Metal Sci. 12, 578-586.

Tai, W.H.(1988). The Microstructural Damage and Fracture of
Ductile Materials. PhD thesis of Beijing Uni. of Aero & Astro.

Tai, W.H. and B.X. Yang(1987). A new damage mechanics criterion
for ductile fracture. Engng. Fract. Mech. 27, 371-386.

Zheng, C.Q. and J.C. Radon, The correlation of triaxial state of
stress and the failure strain. J. Northwest. Polytech. Univ.

3, 21-30(1985).

2239



