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A virtual internal bond (VIB) model for isotropic materials has been recently proposed by
Gao (Gao, H., 1997, “Elastic Waves in a Hyperelastic Solid Near its Plane Strain Equibi-
axial Cohesive Limit,” Philos. Mag. Let#Z6, pp. 307314) and Gao and Klein (Gao, H.,
and Klein, P., 1998, “Numerical Simulation of Crack Growth in an Isotropic Solid With
Randomized Internal Cohesive Bonds,” J. Mech. Phys. Sdl&f8), pp. 187218), in
order to describe material deformation and fracture under both static and dynamic load-
ing situations. This is made possible by incorporating a cohesive type law of interaction
among particles at the atomistic level into a hyperelastic framework at the continuum
level. The finite element implementation of the hyperelastic VIB model in an explicit
integration framework has also been successfully described in an earlier work by the
authors. This paper extends the isotropic hyperelastic VIB model to ductile materials by
incorporating rate effects and hardening behavior of the material into a finite deformation

framework. The hyperelastic VIB model is formulated in the intermediate configuration of
the multiplicative decomposition of the deformation gradient framework. The results per-
taining to the deformation, stress-strain behavior, loading rate effects, and the material
hardening behavior are studied for a plate with a hole problem. Comparisons are also
made with the corresponding hyperelastic VIB model behavior.
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1 Introduction bond force. By describing this bond energy in a hyperelastic
.fﬁamework of finite deformation, the appropriate stress and strain

It is well established that plastic deformation takes place i asures. such as the Green-Laaranae strain tensor and the sec-
regions of high stress concentrations and that fracture at the cradgasures, < grange st .
d Piola-Kirchoff stress tensor, can be derived. The macroscopic

tip is preceded by some degree of plastic deformation. To be m escription of the continuum is determined by the Cauchy-Born

realistic the numerical simulations of crack initiation, propagatiorr, 91 of | elasticity. b . h X .
and branching must, therefore, include the elastoplastic behavig}e [9] of crystal elasticity, by equating the macroscopic strain

of the material. Among the finite-element-based numerical mo@hergy function at the continuum level to the potential energy
els, which are becoming widely accepted, is the cohesive surfatered in the cohegve bonds at the microscale. The de;crlptlon of
modeling of fracture. Many researchers, including Barenpigit the bond lengthl in terms of the Green-Lagrange strain tensor
Dugdale[2], Willis [3], Xia and Shi4], and Xu and Needleman Provides the link between the two scales.
[5], to mention a few, have worked on propagating and advancingKlein and Gao[10] have described the application of the VIB
this methodology. The fundamental basis of these models liesMipdel(based on the hyperelastic framewptd fracture initiation
defining discrete cohesive surfaces in which the traction and sep&d propagation and have further studied the crack dynamics us-
ration at the boundaries are described by nonlinear cohesive laig. this model. An implicit second-order integration scheme was
These models do not require any separate fracture criterion. Hoyged to simulate quasi-static and dynamic loading problems.
ever, these surfaces, which lie in between element boundaridsang et al[11] implemented this model, using an implicit inte-
must be defined a priori, and separate cohesive elements muspgtaion scheme, in a UMAT subroutine in ABAQUS2]. The
introduced in between boundaries of the regular finite elementsoftening region of the cohesive models presents a major issue
In contrast to the approach described above, [6ad and Gao with the numerical implementation, using implicit integration
and Klein[8] proposed an approach called the Virtual Internadchemes. Thiagarajan et 3] found that the explicit integration
Bond (VIB) model, wherein theonstitutive modedlirectly incor-  scheme is better suited for the finite elem@) implementation
porates a cohesive-type lain the VIB approach, the continuum of the VIB model. The model was implemented using the user
is treated as a random network of material points, interconnectsgbroutine VUMAT in ABAQUS. The influence of mesh shape
by bonds, which obeys a cohesive law. The bonds are physicadlyd size, loading rate, and other related issues were studied for
described by a bond enerdgy(l), wherel is the bond length, and both quasi-static and dynamic impact loading cd4&$. The ex-
its derivative with respect to the bond lendii(1) is the cohesive perimental verification and validation of the VIB model was stud-
ied for the case of dynamic fragmentation of brittle materials un-
“Corresponding author. der impact loading by Thiagarajan et El4].
MECHANIGAL ENGINEERSTor pUblication n the ASME GURNAL oF AppLIEDME. _ 111e WOTk presented here stems from the previous work by the
CHANICS. Manuscript receiverc)i by the ASME Applied Mechanics Division, Januar)?‘umors and is m_Otlvated by _the _Obser_vatlon th_at Itis necessary to
21, 2003; final revision, November 13, 2003. Editor: H. Gao. Discussion on the pag&corporate plastic deformation in regions of high stress concen-
should be addressed to the Editor, Prof. Robert M. McMeeking, Journal of Appligeations. There are two basic approaches of incorporating plastic-

Mechanics, Department of Mechanical and Environmental Engineering University éé ; f it _
California—Santa Barbara, Santa Barbara, CA 93106-5070, and will be accepﬁ inta the VIB model. One is at the atomistic level by the con

until four months after final publication of the paper itself in the ASMBianaL o Sideration of individual disloqationémillions of them) and other
APPLIED MECHANICS. microstructural features. This method is numerically daunting
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even with the current level of supercomputers. The second ag
proach, which is adopted in this research, is to incorporate plas /le'—_r /
ticity and/or viscoplasticity at the continuum level by using well- T
established plasticity and viscoplasticity models. .
The incorporation of viscoplastic effects into the VIB model is
done within the framework of the multiplicative decomposition of
the deformation gradierfi=F°FP proposed by Le¢l5] and ad-
vanced by numerous authors. This description is outlined in a late F
section. The fracture simulation of a ductile material is studied by
treating it as an elasto-viscoplastic solid. The elastic behavior i
modeled as a hyperelastic VIB material and the plastic and/o

viscoplastic response is defined in the so-called intermediate col s ]
figuration. The model is studied using 6061 Al for which the vis- Undeformed Configuration A
coplastic material properties are available. o) /
In this paper, Section 2 gives a brief description of the well- /
known finite deformation kinematic formulations in order to es- 1=
tablish the scientific basis for the choice of the intermediate con 00y

figuration. The elasto-viscoplastic constitutive formulation for the
intermediate configuration is then described in Section 3. Sectippy 1 Multiplicative decomposition of deformation gradient F
4 describes the details of the explicit integration scheme detailth its effect on shape and microstructure

and Section 5 describes the numerical finite element implementa-

tion, along with the results from various case studies. The conclu-

sions are presented in Section 6. framework where both elastic and plastic strains can be of finite
magnitude. The kinematics involved in the formulation of finite
2 General Kinematic Formulations elastic and_ _inelastic deformati(_)ns are _based on the _multiplicativ_e
decomposition of the deformation gradient and described in detail
The choice of an appropriate strain and strain-rate measurepisiow.
critical to the elasto-viscoplastic formulation of fracture for duc-
tile materials using the VIB model. At the outset, various kine- 2.3 Multiplicative Decomposition of Deformation Gradi-
matic frameworks, both small strain and finite strain, are dent. Theeffective decouplingf the elastic and plastic laws can
scribed below along with the possible situations to which thdje achieved by using the unstressed configuration for deformation
may be applied. The choice of the kinematic formulation that ghanges. It is assumed that yielding is not affected by the hydro-
best suited for the elastoplastic VIB model is then described $tatic Cauchy stresses and that the elastic constants are not af-
detail. fected by plastic deformations. In this paper, capital-letter sub-
. ) scripts are used for the initial configuration while lowercase
2.1 Small Strain Formulation. For problems where total gypscripts are used for the deformed configuration.
strains are small, the additive decomposition of total stréffis A muyltiplicative framework for large deformation inelastic be-

the order of 0.00Lare given as havior is adoptedi15—21] as follows:
€= e te] D F=F%FP  detF®,detFP>0 -
where the elastic strains are of the order of 0.001%). F,=FSFP,
1 |

The uniaxial strains for ductile materials can reach the order of

unity due to plastic flow, especially in metal-forming problems. InvhereF is the deformation gradienE® is the elastic deformation

these cases the elastic stra{0s00J) are very small compared to gradient and" is the plastic deformation gradient. As shown in

the total strains and can be neglected. The hydrostatic stres¥ig. 1, such a characterization allows for the definition of an

such cases does not affect yielding, and only the deviatoric partjafaginary intermediate relaxe@tress-frep configurationQ. Q,

the stress causes yielding. The plastic flow can be expressed as,&0 are the configurations at time-t, andt=t,,, respec-

functional as shown below: tively. In this paper any quantity with an overbay refers to its
=1, (a,0) @) value in the intermediate configuration. The intermediate configu-

ne ration is commonly considered as a stress-free configuration ob-
As the elastic strains are neglected, the total strain rate cant@fed by elastically unloading the body from the current configu-
expressed in terms of the derivatives of the velocity field as fofation. It can be physically considered to represent the total effect

lows: of dislocations without any lattice distortiorisnapped byFP),
e =P ©) while the lattice distortions and rotations transform the intermedi-
ne ate configuration to the current configurationapped byF®). The
1/ dv; dvj basic kinematic variables associated with the three configurations
“2lax T (4)  are now described.
Final deformations are obtained by integrating E4.over time. ~ 2.3.1 Undeformed Configuratiof20. The primary kine-

This formulation is well known as the rigid plastic model andmatic tensors associated with the undeformed configuratign

although the total strains are finite, there is no need to use fintée the left Cauchy-Green deformation tensband the Green-
strain kinematics. Lagrange strain tensdt, which are expressed as follows:

2.2 Finite Deformation Theory. The finite deformation C=F-F or C,=F;F; (6)
framework is applicable to cases where the total strains are finite 1~ 1~
and the magnitude of elastic and plastic strains are comparable. E=3(C-G) or Ey=2(Cy=GCy) ™
Examples of these include cases where the inertia forces are highereG is the metric tensor in the undeformed configuration. In
due to rapid loading as in explosive and impact loading. Elastibe Cartesian coordinate syste®j;= &,; where §,; is the Kro-
strains of the magnitude of 25% or more have been reported foecker delta. Since the plastic deformation gradient maps the ini-
explosive loading[16], which would necessitate a kinematictial configuration to the intermediate configuration, the plastic
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parts of the left Cauchy-Green deformation ten&r and the whereL® and LP are the definitions of the elastic and plastic
Green-Lagrange strain tensBP can be expressed as follows: ~Velocity gradient tensors arfof, D?, W¢, WP are the elastic and
T o bep plastic parts of the stretching-rate and spin-rate tensors, respec-
CP=FPLFP or CP=FiF} (8) tively. In theory it can be assumed that not only the symmetric
P_ Ll ~p_ p_1/~p _ part D" but also the skew symmetric paw/P is governed by
BP=3(C"=G) or Ej=3(Cii—Gn) ) constitutive equations. For rate-dependent matefiadg, these
From the above definitions, the elastic component of the Greerenstitutive equations can be expressed as
Lagrange strain tensor is defined using the additive decomposition .
[22] as DP=F°DP(F*Fe, a)F® (25)
E°=E—EP (10) L
— WP=FeWP(FeTF®, o) F® (26)
2.3.2 Intermediate Configuratio).__The Green-Lagrange
strain in the intermediate configuratida can be defined as a where « is a set of parameters that describe structural changes
push-forward transformation & usingFP as follows: caused by lattice defects. Wand'@5] representation theorem

_ i P— i i i in-
E_pr TEpe 1) %/elilgc?ryv 0, thereby ignoring the effect of the plastic spin-rate

—E°+EP 12) 2.4.2 Intermediate Configuration.Since the velocity gradi-
ent has a covariant-contravariant character, using an appropriate

where pull back from the current configuration, the expression for its

Ee= X |:eT.|:e,|) (13) representation in the intermediate configuration results in
Er= i —pr Y (14) L=F¢ 'LF® @7)
The deformation gradients®, FP may not strictly be continuously 1o ool o
differentiable mappings. They have sometimes been described as =F® Fe+FPFP =L°+LP (28)

point matrix functions. _ _
whereL® andLP are the elastic and plastic velocity gradient ten-

2.3.3 Current or Deformed Configuratiofl. The deforma- sors. The rate of deformation tensors in the intermediate configu-
tion gradients mapping the initial and the intermediate configurgstion can be expressed as

tions into the current configuratio(Fig. 1) are the totalF and
elasticF® parts, respectively. Consequently, the primary strain ten-

: : uently, D=symniL)=%(C°L+LTC®=F¢TDF® 29
sors associated with the current configuration may be expressed as ymmL)=2( ) (29)

b=F-F" or by=F;F; (15) De=symniL®)=3(C°L°+L°TCO)=F°D°F*  (30)
e=3(g-b™") or e;=3g;—bj" (16) DP=symmiLP)=3(CeLP+LPTC®)=F°™DPF®  (31)
bé=F%FeT or bf=F{F 17)

3 Elastic-Viscoplastic Constitutive Assumptions

e_Lliq_pe1 e_1l _pe1l

e=2g7b" ) or &=y by ) (18) In the approach proposed in this paper, the hyperelastic-
whereb andb® are the total and elastic right Cauchy-Green dasiscoplastic response of the VIB model is based on the following
formation tensors and and e® are the total and elastic Eulerianassumptions:
strain tensors, respectively. The additive decomposition of the Eu-

lerian strain tensor leads to 1. The intermediate configuration is assumed to be the basis for

the definition of the plastic variables. As the intermediate

P=e—¢€° (19)

Following Marsden and Hugh¢&3], the tensore ande” may be
referred to as the push forward, usifgy of the tensor& andEP,

configuration is considered to be a fixed configuration asso-
ciated only with lattice deformations, the elastic bonds be-
tween the particles are not affected. This configuration is
obtained by elastically unloading the material from the cur-

respectively. rent configuration. The original hyperelastic VIB model is

2.4 Rate of Deformation and Spin Tensors. The velocity hence set up in the intermediate configuration.

gradient, rate of deformation, and spin tensors can be expressed i- Theflow ruleis specified in terms of the plastic part of the

the current and intermediate configurations as described below. velocity gradient_P. This is assumed to be a function of the
Piola-Kirchoff stress and other internal variables.

. The solid is considered to be isotropic in the intermediate
configuration leading to the assumption that the plastic part

- of the spin tensor is zeroN?=0).
LZQZFF =D+W (20) 4. A unified viscoplastic model is assumed, where inelastic
strains include plastic and creep strains, by specifying a

2.4.1 Current Configuration. The velocity gradient of a par-
ticle defined in the current configuration is expressed as

w

D=symnilL) (22) single set of flow rules and evolutionary equations.
5. The stress rate is assumed to have no effect on the evolu-
W=skewL) (22) tionary equations, i.e., instantaneous plasticity is neglected.

whereD is the rate of deformation or velocity tensor representing 6. Plastic deformations are assumed to be incompressible or
the stretching part an®/ is the spin rate tensor. By substituting detF?)=1.
the multiplicative decomposition of the deformation gradient in 3.1

: . . o Intermediate Configuration Formulation. Based on
the above equation, one can derive the following expression:

the hypothesis of formulating the hyperelastic part of the elasto-
L=(F°F® ')+ (F&FP-FP .F® ')=(L®)+(LP)  (23) Viscoplastic VIB formulation in the intermediate configuration,
the final kinematic quantities used in this formulation are summa-

=(D*+W¢®)+ (DP+WP) (24) rized as follows:
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E=Fe.FP The modulus derived from this potential satisfies the major and
minor symmetriesAjx. = Ak =Ask=AkLiy, as well as the

L=FF l=D+W Cauchy symmetryA, k. =AkjL - This results in only one isotro-
- . PR — pic elastic constant being needed. This is due to the fact that the
L=(F®F® ")+ (F*FP-FP "-F® ")=(L®)+(F°LPF® ') Cauchy symmetry is satisfied by the fourth-order isotropic elastic-
ity tensor only for the case of=u, where\ and u are the two
_1 e pP— e e p p s
=L%+LP=(D*+ W) +(D"+WF) Lame constants.
L=F° 'LFe=F® 'Fe+FPFP '=L°+LP 3.2.1 Adaptation to the Proposed Modeln the proposed
= lelrie model, since the intermediate configuration is considered to be a
L®=F -F fixed configuration associated only with lattice deformations, the
1 elastic bonds between the particles are not affected in this con-

LP=FP-FP figuration. Hence, the elastic VIB response in the intermediate

3.2 Hyperelastic Constitutive Equations. The original Vir- configuration can now be expressed as

tual Internal BondVIB) elastic model has been formulated in the . aZ(E&) _ ﬁE
reference configuratiof6,7,10. The Cauchy-Born rule of crystal = —— or §=— (39)
elasticity is used to derive the overall constitutive equations by JE® IER,

equating the ir)ternal stra.tin energy of the bonds to the poten .- ereS is the equivalent of second Piola-Kirchoff stress in the
energy stored in the continuum due to external forces. The mma ermediate configuration

and the deformed configurations are defined using the Lagrangian
coordinates X=X, and the Eulerian coordinateg=x(X,t) 3.3 Viscoplastic Response Formulation. The intermediate
=x;(X,t), respectively. The deformation gradieRt and the configuration can be uniquely described by the plastic part of the
Green-Lagrange strain tens@ are used in the basic elasticdeformation gradienEP, and the evolution equations can be set
description. up to describe it using an appropriate flow rule. The two internal
Consider an arbitrary microstructural bond at an arfy@d ¢,  variables, namely, the backstressand the effective accumulated
where ¢ is the angle between the bond and the vertical positiygiastic straine?= [},éPdt, and the evolution equations in the rate-
z-axis, andé is the angle in the horizontal plane with respect tgependent form are described here. The constitutive equations for-
the positivex-axis (in polar coordinates respectively. The unit myjated here is based on the elasto-viscoplastic response of a
vector along this direction is given aSmaterial following thel, flow theory.
&=(sin fcos,sindsin ¢,cosd) with respect to the undeformed  The expressions for the deviatoric form of the second Piola-
configuration. The stretch of this bond can be given as Kirchoff stress and the backstre§s the intermediate configura-

I=1, ’—1+2§|E,J§J (32) tion) can be expressed as follows:
W_co_liccece!
The macroscopic strain energy density function is derived using $l=s-3(sC%C (40)
the Cauchy-Born rulg9,26] as proc il %(E: Ce)Ce_l (1)
P(Ep)=(U(l)) (33) and the hydrostatic pressugeis given by the equation B

where( .. . .) represents the weighted average with respect to theS:C®, wherel is the determinant of the deformation gradient.
bond density functiorDy. U(l) is the potential energy function ) . . S . . )
between each bond. Assuming that all bonds have the same initial '€/d function. The yield function in the intermediate configu-
lengthl,, for the general case this is given as, ration is described as

()= fo JO ~Da(0,p)sinododd G o theJ, flow theory the yield function takes the form
The termDy( 6, ¢)sin(6)déd¢ represents the number of bonds per (1_>=E§q— K?=0 (43)

unit volume between the bond angle#,4+d6) and (¢,¢

+de). For isotropic solids the bond density function is taken asWhere the equivalent stress in the intermediate configuration is

constantD,. Hence the macroscopic strain energy density fun fven as . . o
tion can be now given as qu: 3(s?-ad):('-a?)cece (44)
27 (7 . .
_ ; Flow rule. The flow rule is expressed as the evolution of the
v(Ew) Dofo jo U(Dsin6déde (35) plastic part of the velocity gradient as follows:
For a two-dimensional isotropic solid subjected to plane stress, the LP=FPFP '=DP+WP (45)
bond density function can be expressedDag 6— (7/2)] and e —
the strain energy density function becomes =Nn(S,a,€”) (46)
2w where n is a second-order tensor representing the direction of
l/f:Dof u(hde (36) plastic flow. Adopting the associated flow rule, this direction is
0 normal to the yield surface. Using E@4), the plastic flow direc-
From the strain energy density functig the symmetric second tion can be expressed as
Piola-Kirchoff stressS;; and the elastic modulud, ;. can be 3
derived as follows: = —(-a%cece (47)
204
S= Ad or u:ﬂ (37) and the evolution of the effective plastic strain rate is then given
JE =N as follows:
Pip . O(S,a,e)
Akl=—=— 38 P=\=ov-—"""7
DKL= GE 9, (38) eP=\ . (48)
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wherey is the viscosity parameter of the matefialso referred to . 35(*53
as the fluidity coefficient The plastic part of the spin tensor = _e”l

— *
(WP=0) is not considered. These considerations result in a re- I Eiyq (56)
duced form of the flow rule shown below —

— J
NP — *(Su)wlz_ﬁ
DP=\Asymnin) (49) FES
Hardening rule. The evolution of backstress is given by a Step 5. The trial backstress is then updated by the following
kinematic hardening rule as follows: equation:
&=).\F(§,E,?) (50) Y=ot A€, h, (57)

Step 6. The equivalent plastic strain, actual equivalent stress,
and internal scalar or tensor variables can then be solved using a
Newton iteration. The equivalent plastic strain increment can be

expanded as
4 Integration Procedure o —
9 . . . . L Az&l:Atfp(*Sﬂv*F1p+1vA;F+11at+1) (58)
The details and issues involved with the numerical |mplemea%;

whereh is the hardening function.

tation of the model proposed above are described in this sectid® equivglent _%Iaztic §trair;‘inltilrement|:ian EE& is solr\]/e_d from N
The steps outlined here are presented in a format that is suitall§ St€PS described using the Newton-Raphson technique with an

for implementation using the ABAQUS subroutine VUMAT. |pinitial guess of zero. This value is incremented until Esp) is

the material model, which involves the integration of the Const§_atisfied to some acceptable tolerance. The algorithm described

tutive equations, the following data are given as input frorﬁbove is a combination of both explicit and implicit steps.
ABAQUS: F;, F,. 1, At, which represent the deformation gradi-, . .
ents at the previous and current time step and the increment5of Numerical Implementation

time, respectively. The elastic and plastic deformation gradients afThe numerical implementation of the finite deformation visco-
time t denoted byFf andFP, respectively, and the effective plas-Plastic VIB model, described in the above sections, has been
tic straine® are designated and computed as state variables witfi§$ted on a plate with a center-héRWH) problem. A number of

the material model subroutine. The Cauchy stressrom the ISSU€S, such as crack initiation and propagation, stress-strain be-
previous time step is also returned back by ABAQUS for use ffavior of cracked elements, development of plastic strain in ele-
needed. The Cauchy stress tensor at titael), o, ;, along with Ments, time of solution, etc., have been studied. The results are
the updated values &, ., FS. . . €P are calculated and stored atpresgnted in this paper. .Slmullatlons have also been run using the
the egd of the current time ts+tép € elastic VIB model described ifi13,14 and compared with the

viscoplastic model.

In the simulations, 6061 Al has been used with a Young's
4.1 Numerical |ntegration Procedure Modulus of 70 GP_a and a Poisson ratio of 0.3. The material has an
initial yield stresso =135 MPa. The size of the quarter plate is
taken as 108100 mm. The plastic flow for this material is de-
Scribed by a power law given by the following equati@T]:

_ o=a+b(c+k)? (59)
xED D A EP
Fni1=exdAeninalFy (1) where the material constants wit=25 MPa, b=466 MPa, ¢

The tensor exponential function in EGi1) can be represented = 0-003, and the exponent=0.293. « is the equivalent plastic
by a series representation as shown below strain. The fluidity coefficienty used in the effective plastic

strain-rate equatio48) is 5000 MPa/s.

Step 1. The flow rule is integrated using iamplicit exponential
approximation keeping the flow direction and the plastic modulu
fixed during the current time step, as follows:

_ 1 n 5.1 Plate With Hole Problem: Unidirectional Displace-
quA]_Z n! [A] (52) ment Loading. The loading cases studied for this problem are
shown in Fig. 2. The displacement at the top edge of the plate is
Considering the first two terms of the expansion of &) and increased linearly in all cases with the rate being controlled by the
using the series representation, the flow rule and the resulting trial
plastic deformation gradient can be expressed as given below

_ ——r—— T

_ P 0.5 P

*FR =l +Aztp+1nt]|:tp (53) s
045 ~——a— Casc | d

wherel is the second order identity tensor.
Step 2. Thetrial elastic deformation gradient for the current
step is computed as follows:

04

035
03

-1
*F$+1:(F)t+1FP+1 (54)

EITERUREER, FRRTIINANT FUNTUN)

0.26

\
LY

-1
* FieJ: (FiK)Hl(FkJ)PH

Step 3. The Green strain can then be computed as shown below

0.2
0.16

U2 (Displacement at top)

IR T T IR T T

_ 0.1
1 T
*Ete+1: 5[*F$+1*F$+1_|] (55) 0.05
Step 4. Tharial elastic second Piola-Kirchoff stredbased on ) e .0125. NP 015 Lo .07._5, R
the computation of new bond lengths in the intermediate configu- " Time (seconds)
ration and assuming that the hyperelastic potential is based on the
elastic stretch onlyis calculated using the following equation: Fig. 2 Loading cases studied for plate with hole
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L.

Fig. 3 Final deformation for elastic VIB model

(case 2)

2

L.

Fig. 5 Final deformation for viscoplastic VIB model

final displacement value. All displacements are given during a real
time of 1 s. The four cases correspond to a maximum displace-
ment(U2) of 1.5, 2.5, 3.5, and 5.3 mm, respectively, of the top of The stress-strain behavior comparison of a critical element is
the plate. Both the elastic VIB model and the elasto-viscoplastéudied by plotting the stress along the loading directigpwith

VIB (EPVIB) model have been run on the same data set.

(case 3)

the logarithmic strainLE,,, for the left-bottom corner element

For case 1(U2=1.5 mm), no cracking was observed for both(the first element at the edge of the hol€he results have been
the models, and hence, the results are not shown graphically. Fgiesented comparing the elastic and the viscoplastic response for
ures 3 and 4 show the deformation of the VIB and EPVIB modelgarious loading cases. For loading case 3 the response is shown in

respectively, for case @12=2.5 mm). A fully cracked band at the
bottom edge can be seen for the elastic cd&g. 3) while no
cracking is observed in the EPVIB cadeg. 4). For subsequent
load cases the elastic deformation pattern is not shown as 1
bottom edge is fully cracked in all cases and is similar to th¢
shown in Fig. 3. Figure 5 shows the final deformation for loadin
case 3(U2=3.5 mm with the EPVIB model. A small crack is
seen to develop at the bottom left edge with two or three elemer
showing cracks. Figure 6 shows the deformation pattern for case
(U2=5.3 mm at time 0.7 s from which it can be seen that the
crack tip located at about one-third of the base length from tt
edge of the hole.

Figure 7 shows the stress distribution along the path defined
the bottom edge of the platéor loading case % showing the
stress values with increasing time, after cracking. The peak stre
is indicative of the current location of the crack tip, shifts to the
right. After the crack has fully propagated throughout the bottor

edge, the stresses in these elements drop significantly, as showL
1

Fig. 7 at time step$=0.9s. Figure 8 shows the plot of crack tip

location with time up to the time of 0.875 s. It was observed

Step: 1 Prame: 34

earlier that at 0.9 s the crack suddenly propagates throughout 64 Final deformation for viscoplastic VIB model  (t=0.7 s)
bottom of the plate. case 4)
e+ T - T T T T T
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Fig. 4 Final deformation for viscoplastic VIB model

(case 2)
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Fig. 9. The peak of the viscoplastic response is higher than t|10

0.7
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Fig. 8 Plot of crack tip location with time

behavior exhibited by the material.

Figure 10 shows the plot of the equivalent Mises stress with t
equivalent plastic strain, for the left-bottom corner element. Thé
intent of this figure is to study the effect of rate of loading on th
development of plastic strains. After yielding, for loading casesé];a
and 2 equivalent plastic strains are allowed to develop as

0.9

% w o = LI 0 53 ik 4

T

UZ =015 Cass |
U2 =025 Case 2
==+ U2 = 035 Cans 3

X YT
Logarhmic Strain (LE_yy)

Fig. 11 Comparison of viscoplastic model stress-strain curves

jti

ding rates are fairly low. In cases 3 and 4, which are simulated
elastic response and is due to the incorporation of the hardenfig® hlgher Iogdlng rate, Fhe equwalent Mises stresses developed
P P 1R higher while the plastic strains developed are lower compared
t%loading cases 1 and 2. The sudden drop in the stress in loading
Q ses 3 and 4 are a consequence of the cracking of the element.
Figure 11 shows the comparative response for various loading
ses for the viscoplastic model for the left corner element. The
stic response, which is not shown here, for these loading rates
s observed to be identical for all the loading cases up to the
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Fig. 9 Stress-strain curve for left-bottom corner element
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Teell
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Fig. 10 Mises stress-equivalent plastic strain plots for left-

corner element
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(case

point of maximum stress. The deviations in the softening region
are due to numerical issues. For the viscoplastic m¢figl 11),

as the loading rate increases the peak stress and peak strain sus-
tained appears to decrease. This might indicate that, for higher
loading rates, the tendency to fracture is higher as plastic strains
do not have time to develop.

The influence of material parametegisuch as yield strength,
fluidity coefficient, and hardening coefficigrin fracture proper-
ties, particularly, the cohesive strength and strain at the cohesive
strength, have been studied. Figures 12—14 show the stress-strain
behavior of the left-bottom corner element of the plate for differ-
ent values of yield strength, fluidity coefficient, and hardness co-
efficient, respectively. The loading rate was kept the same in all
these simulations.

From Fig. 12, which shows the variation for different yield
strength values with the hardness and fluidity coefficient remain-
ing the same, it can be seen that cohesive strength is not affected
very much by the change in yield strength. The cohesive strain for

BeHIE T T T 3 T T I
— o -B5MPa | |
. a, =110 MFs
et I8 - r—IHjMPﬂ.
-+ I —
e nr- 184 MPa
£
2eHIE | .
s
; | L. 1 gy eyou,
] ol oz os 04

a3 [ L]
Logarathimic Strain ILEﬂ'In

Fig. 12 Comparison of stress strain curves for different yield
strengths
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Fig. 13 Comparison of stress strain curves for different fluid-

ity coefficients
y Fig. 15 Cracked pattern for biaxial load case with elastic VIB

model

yield strength of an 85 MPa value is lower compared to the yield

strength values of 110, 135, and 185 MPa, which have very sm“fig_ 6 of Gao and Kleifg]). Figure 18 shows the comparison of

lar cohesive strain values. the Mises stress and the equivalent plastic strain plots. Since the

Figure 13 shows the variation of the stress-strain behavior fQr . A .
cohesive stress for the biaxial case is lower, the overall develop-

the left-bottom corner element with varying fluidity coefficient . - L
values. It can be clearly seen that as tr):e ?Iuidity )(;oefficient irmem of the equivalent plastic strain is also lower.
creases, both the cohesive stress and the cohesive strain values
decrease, indicating that the there is a faster tendency to fracture.
Figure 14, which shows the variation of the stress strain curves for
different values of hardness coefficientindicates that the hard-

ness coefficient has negligible influence on fracture.

5.2 Plate With Hole Problem: Biaxial Loading. The PWH
problem was repeated with a biaxial load. The magnitude of load-
ing was similar to that of loading case 3 of the uniaxial case with
the loading now applied in two directions. A uniform velocity in
both thex andy directions was applied over one second. Figures
15 and 16 show the final cracked configuration for the elastic and
viscoplastic cases, respectively. A crack emanating from approxi- ] 4
mately the center of the quarter circular arc and propagating at a
45-deg angle can be clearly seen. The elastic model cracks earlier
than the viscoplastic model case and also propagates much further.
From Fig. 17, which shows a comparison of the stress and the 2
logarithmic strain for the biaxial and uniaxial cases, it can be seen
that the cohesive stress for biaxial stretching is lower and occurs
at a lower strain value when compared to the uniaxial case. This
observation is consistent with the theoretical derivation shown 'igg

1
Step: step 1 Incremsmt 54074: Step Time s 1.000

Ouformed Var: U  Deformation Scale Factor: +2.0008+00

.16 Cracked pattern for biaxial load case with viscoplastic

VIB model
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Fig. 14 Comparison of stress strain curves for different hard-
ness coefficients
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Fig. 17 Comparison of stress and logarithmic strains for the
elastic and viscoplastic models
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