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Abstract

A metal forming model is outlined for analyzing large strain bulk operations such
as forging, rolling, and drawing. Plastic deformations are assumed to be viscophstic in
that the strain rate depenaent flow stress depends on the strain hardening through an
internal variable that evolves with the deformations. Volumetric deformations are linked
to the growth of voids (porosity) using a damage model in which the porosity serves as
an internal variable. Several applications are presented that demonstrate by comparison
to experimental data that the mode] can simulate effectively the response of a workpiece
under realistic forming conditions.
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Nomenclature

u - temperature function in friction element of the Hart model
a. - constant in the Hart model
Bi - body force
CP - specific heat
co - constant in the Hart model
C - hardening rate coefficient in evolution equation
dij - rate of deformation
d’ - effectjve rate of deformation (= ( ~d{jd[j ): )
&P . p!~tic e]ement d’ in the Hart mode]

d“ - frictional element d’ in the Hart model

d“ - temperature function in plastic element of the Hart model
D - damage internal-variable in the Cocks/ Ashby model
e - internal energy
~0 - constant in the Hart model
J’ij - deformation gradient
G, - elastic shear modulus
h - hardening function
6J - virtual rate of work
k - conductivity
Lij - velocity gradient
m, m’, A4 - constants in the Hart model
n - constant in the Hart model
n’ - constant in the Cocks/Ashby model
N, N ● - shape fu]]ctions and ~patial derivatives
Np, Nq - weighting functions
p - pressure (Lagrange multiplier)
q~ - heat flUX

Qot C% - MtivaticJnenergies in the Hart model
@ - heut generation rate
r - recovery function
R - universal gas constant
s - internal variable
S - surface
t - time
At - time increment
T, - surface traction
Ui - velocity

u; - relative veiocity between
u, - particle velocity directed
V - voiume
W, - weighted residual for
W@- weighted residual for
21 - spatial coordinate~

the material and reference frame
aiong its streamline

internal variable integration
tempe taturr integration

2



Z* - spatial coordinate in the streamline direction
Xi - reference configuration coordinates
cm- porosity
/3 - stress function in the Cocks/Ashby model
J-constant in the Hart model
p - apparent density
p, - true density
Uij - Cauchy stress
o~ - mean component of the Cauchy stress (=%)

c7’- effective stress (=( # O~jU~j ) * )

d’ - effective stress in plastic element of the Hart model
Utv - effective stress in frictional element of the Hart model
u“ - hardness in the Hart model
d - temperature
em - melt temperature
Primes on stress or rate of deformation quantities indicate deviatoric components.

INTRODUCTION

In bulk forming operations metals typically are subjected to large strains and elevated
temperatures. Forming at elevated temperatures provides greater ductility and reduced
flow stress, enabling the operation to be carried out at reamnable loads and without causing
damage in the product, Contrary to frequently made assumptions in hot working analyses,
the metal microstructure is changing during forming due to strain hardening, static and
dynamic recovery, and void nucleation and growth. These microstructural alterations
affect the macroscopic mechanical properties such as the flow stress and the ductility. In
modeling the processes these changes are important from the viewpoints of affecting the
response of the workpiece during forming and evaluating the mechanical properties of the
resulting product.

A general methodology for analyzing bulk forming processes is discussed in this article.
The formulation used attempts to capture the dominant aspects of the material behavior
during large strain forming operations that are performed in the Aot or warm working
regime. The phistic deformations are assumed to be strain-rate sensitive (viscoplastic)
and st:”;~ hardening behavior is modeled with constitutive equations having an internal
variable whose magnitude is a measure of the resistance to plastic deformation, Damage

is computed aa the growth of porosity under the state of stress imposed by the forming
operation. The formulation includes appropriate modes of coupling between the flow field,
the temperature distribution, and the evolution of the internal variables, Complicated
boundary conditions typical of real forming operations are handled by eolving the model
equations numerically.

The analysis of several forming applications are presented to demonstrate the ability
of the modeling techniques to compute the response of the metal during forming and
to predict its state subsequent to manufacture, The fir[lt example is a transient forging
process in which heated rods are premed together and deformed (the procedure uoed in
forming an upset weld). Using a quaai-Lagrangian reference frame the finite element
mesh follows the deforming workpiece through the deformation. Detailed comparisons are
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made between measured temperatures and deformations and values computed using an
internal variable constitutive rrlodel to represent the chang;ng properties of the workpiece
material. The remaining two examples are fcrming oper:ttions that reach steady state
conditions in the deformation zcme. For these an Eulerian reference frame is used in which
deformi]lg metal passes through a spatially-fixed mesh. The macroscopic effects of the
changing microstructural state again are included through internal variable constitutive
models. The first example discussed is a slab ro’ling application. The computed changes
in hardness (the internal variable) are compared to meusured yield stress values after
rolling: to various reductions. In the second example, measured density changes arising in
the drawing of slabs are compared to the changes computed using an additional internal
variabls for damage. Overall the simulations demonstrate that the changing macroscopic
prope,’ties associated with microstructural evolution can be included in forming models
both to modify the wcxkpiece behavior during the forming operation and to assess its
state after forming.

MODEL EQUATIONS

The equations that govern the response of the workpiece are obtained from the bal-
ance laws, kinematic relationships, and constitutive equations] 1], These equations are
summarized below using the spatial coordinates ~1 LOdescribe positions in the body.

Balance Laws

The conservation of mass equation is written assuming that there is always only a
single phase present and that there are no sources of mass:

In the presence of voids the apparent density differs
involving the porosity as:

p = (1 – a)p.

so that (1) can he written as:

(1)

from the true density by a factor

(2)

-+)+(1-a)g=o (3)

For incompressible deformations in which porosity does not form, (3) reduces to the diver-
gence of the velocity equaling zero. The conservation of energy is written in terms of the

internal energy, heat flux, and source term.

(4)

Here, the heat source term consists of contributions from the viscous dissipation heating
anti, in the case of upset welding, from resistive losses = the electric current pames though
the workpiece, The balance of linear momentum is written for a body at equilibrium

(neglecting inertia terms):

~iJ,l + B,=O (5)
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Body forces result from gravity acting on the workpiece and for most forming applications
are negligible. Balance of angular momentum gives that the stress tensor is symmetric.

Kinematics

The primary variable evaluated in solving for the motion of the workpiece is the
velocity, ui. The velocity gradient is defined as:

(6)

from which the rate of deformation is extracted as the symmetric part:

dil = SyITl(Lij) (7)

Measures of the strain between the current configuration represented by the spatial coordi-
nates ~i and some reference coordinates X, are determined from the deformation gradient,
defined as:

Fij = $ (8)
J

The deformation gradient between the starting and current configurations is evaluated
in the forming model by integrating its rate of change, which is written in terms of the

●

velocity gradient:
n

~(Fij) = LikFkj

Constitutive Equations

(9)

Relationships for the mechanical and thermal behavior are necessary to describe the
response of the workpiece completely. Relatively simple relations have been adopted for
the thermal response. The heat flux is assumed to be proportional to the spatial gradient
of the temwrature:.

(lo)

where the conductivity, k, can be a function of temperature. The internal energy is taken
to depend on the temperature as:

-g(e)=c,);(d) (11)

where the specific heat Cp varies with temperature as well.

The mechanical behavior is much more complicated. A number of assumptions have
been made which are intended to simf,lify tne model without losing the most important
aspects of the material behavior. Fir: t, the plastic strains are assumed to be much larger
than the eladic strains and the loading is assumed to be largely monotonic. The elastic
strains thus are neglected, realizing that the resulting phtatic strains are compatible and
residual stresses will not be obtained directly. The rate of deformation from (7) therefore
io taken as the plsstic rate of deformation.

6



,

The plastic deformations are assumed to result from crystallographic slip. This be-
havior is controlled by thermal activation kinetics so that the flow stress is a function of
the rate of deformation, temperature, and the state:

01 = O’(d’, e, s) (12)

IYumerous models have been proposed for describing the flow stress [for example: 2,3,4,5,6}.
The formulation is sufficiently general to permit a wide variety of such models to be
implemented. In the applications presented later, the behavior of the metals is assumed
to remdin isotropic throughout the process, so that (12) can be written in terms of the
invariant of the stress and the rate of deformation. one transient of the microstructural
evolution, the one controlling the overall form of the stress-strain curve, is assumed to
dominate the response. This behavior is characterized by a single scalar internal variable,
Shorter transients near the reloading yield point have been neglected. The flow rule for the
plastic flow by slip mechanisms is assumed to follow a Levy -Mises rule relating components
of the deviatoric rate of deformation to components of the deviatoric Cauchy stress as:

(13)

Equation (12) is used to evaluate the ratio of the invariants of the rate of deformation
and the stress in the above equation. An equation that defi~es the rate of evolution of
the internal variable must also be gjven. As mentioned previously, this variable represents
the hardening experienced by the material as it is deformed through large strains. Its
magnitude mqy increase from athermal hardening or decrease from static or dynamic
;ecovery. A general equation for this may be written as:

;(s) =h(d, t?,s) - r(O,s) = C(d’, O,s)s (14)

where the product Cs is a linearization of the relationship, Specific forms of (14) are
available for metals as part of the proposed constitutive models cited earlier,

When the material behavior is assumed to be incompressible (divergence of the velocity
is zero) (12)-(14) sufllce for describing the mechanical behavior of the metal workpiece,
However, if the metal is allowed to develop porosity, additiontil equations are J t+uired to
describe this aspect of the behavior. The porosity is treated as a second state parameter
and is assumed to be a reasonable measure Gf the internal damage suffered by the workpiece
material during forming. The evolution of the porosity or damage is given by:

;(a) =;(D)=fll(um,d?lq (15)

Equation(IS) is combined with (3) to relate the volumetric component of the velocity field
to the stress field and porosity,

The mathematical formulation is completed with the
conditions, For the motion of the body, the velocity or

6
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surface; while for the thermal response, the temperature or heat flux is imposed. The
initial values of the temperature and state variables also must be known.

SOLUTION OF THE MODEL EQUATIONS

Ve!ncity field

The velocity E.-’1 is evaluated from the principle of virtual (rate of) work with the
conservation of mass equation added as a constraint condition:

This equation is written in a spatial frame for an instant in time. It equates the rate of
external work to the rate of internal dissipation caused by the stress field. For a kinemat-
ical!y admissible velocity field the resulting approximate solution will be an upper bound
of the exact solution. The equation of equilibrium (5) will be satisfied only on an average
basis unless the assumed velocity field matches the true field exactly. The stress is elimi-
nated from the above variational statement using the yield condition (12) and the flow law
(13). Equation is solved numerically by discretizing the body into elements over which
general functional forms of the velocity and pressure (Lagrange multiplier in the constraint
term) are assumed and requiring that the virtual rate of work vanish for arbitary variations

cf the assumed velocity and pressure fields. This yields a matrix equation for nodal point
velocities and pressures used in defining the velocity and pressure distributions over an
element, The nonlinearity of the yield criterion introduces a corresponding nonlinearity in
the matrix equation (matrix coefficients depend on the solution). The solution is obtained
through an iterative technique.

Temperature

The temperature field is evaluated using the conservation of energy equation (14). A
weighted residual (Galerkin’s method) is written as:

(17)

The heat flux is written as a function of the temperature gradient (10) and the internal
energy is assumed to be proportional to the temperature though the specific heat (11).
A convective contribution to the material derivative of the internal energy appears from
the relative velocity between the workpiece and the reference frame. Heat generation in

general arises from mechanical dissipation due to the stress working and, in the case of
the upset welding application, from resistive losses due to the electric current flow, The

comp~tation of the resistive heating requires that the electric field be evaluated so that
the spatial distribution of the current density can be computed. This is accomplished by
solving the equation for conservation of charge using Galerkin’s method and coupling the
results with the temperature solution. Because the resistivity, specific heat, and thermal
conductivity all may vary with temperature, iteraticn is used in the transient analysis
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to ensure that the temperatures used in computing properties during a time step are
consistent with the average temperatures over the time step.

Internal variable distributions

The changes in the internal variables during the deformations are determined by
integrating their evolution equ at ions. The evolution equations describe how the state of any
mawria] particle within the workpiece changes as a consequence of the applied conditions
of stress, rate of deformation, and temperature. The integration of the evolution may be
performed for the particles individually or for the entire workpiece in a mathematical single
operation. When the integrations are performed on individual particles it is necessary to
indentify the particles’ paths. This is trivial when the mesh moves with the material but
requires defining the streamlines when the material passes through an Eulerian frame.
In the latter case the the evolution equation (14) is reduced to an ordinary differential
equation along its characteristic line (since the material derivative reduces to only the
local term) and can be integrated as:

Hds = :C(d’, e, S)sdz, (18)

The distrib~ mn of the internal variable can also be evaluated over the entire workpiece
simultaneously by forming a weighted residual from ((14). The material derivative is ex-
panded to show the local and convective contributions separately. The convective velocity
again is the relative velocity between the material and the reference frame as defined by
the m~’sh velocity (which may be stationary or moving). The residual then appears as:

I‘{ [:(s)+q+(s)–cs]N+fv}W*=L
N, ~

(19)

Following standard finite element practices, the internal variable and its time derivative
are approximated over an element with shape functions and nodal point values. For a
transient analyis, a Crank-Nickolson center-difference approximation for the nodal values
of the internal variable and its time derivative over a time step are then introduced, giving
a matrix equation for the nodal point va!ues of the internal variable at the end of the time
step:

(
I

where

d] - [~] – \~]]{$~+A~}= [-[c’] - [Mj + [H]]{st} (20)

[c’] = ; 1[N]%[lv]dv (21)

v

[M] = &
I

[N]TIN]dV

v

(22)

[H] = :
I

[N]T{u”}~[N”]dV (23)

v
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The linearization of the evolution equation as written in (14) implies that the matrix
defined in (21) will depend on the interned variable (ie. the solution). A predictor-corrector
method was employed so that the [C’] matrix was based on values of the internal variable
corresponding to the mid point of the time step. A stability criterion exists for ensuring
that the internal variable always remains positive[7]. The maximum time step defined by
this criterion was considerably larger than the time steps used in the simulations which
were chosen to guarantee accuracy in the integrations. The velocity field and temperature
are treated as constant over the time step while integrating the internal variable. For
a steady-state analysis using an Eulerian reference frame, the local term of the material
derivative van’.shes and (2o) simplifies to a matrix equation for the steady-state distribution
of the internal variable.

‘lYansient and steady-state procedures

In the transient forming analyses presented, the updating of the problem over a small
time step consists of moving the body coordinates to reflect the deformation, determining
the temperature at the end of the time step, and integrating the evolution equations for the
material state. Changing the body’s geometry in the simplest case involves integrating the
nodal point velocities with an Euler integration technique. Depending on the application,
this may lead to such seve’e element distortions that the element mappings to an a~xii!ary
plane produce negative J acobians. Before this situation is reached the accuracy of the
computations deteriorate;, al?;loubb this degradation may be difficult to detect. A moving
mesh algorithm was used that permits interior points of a mesh to move independently
from the material velocity. The mesh velocity was defined so that the element distortions
were minimized. Mass convect ion re!at ive to the moving reference frame defined by the
mesh velocity must be accommodated in the integration of evolution equations that are
inherently tied to material particles and care must be taken to avoid dispersion errors that
arise in convection dominated problems. A problem-specific muving mesh algorithm has
been used in the upset welding application discussed later. Details of the technique are
documented in [8].

In the steady-state forming applications, the finite element mesh remains spatially
fixed and the workpiece moves through the mesh. The model equations are written in
an Eulerian reference frame and explicitly include necessary convective terms for the heat
transfer and internal variable evolution. An iterative algorithm is employed in which the
solutions for the velocity field, temperature distribution, and internal variable distributions
are repeated, each time using the most recent approximations of the various distributions,
until convergence is reached.

APPLICATIONS

Upset welding simulation

In the upset welding experiments, tapered rods of 304 stainless steel are placed end-
to-end in a hydraulic press and are loaded to a stress approaching the room temperature
yield stress (Figure 1). While under load a direct current electric pulse is discharged
through the rods. In the short duration of the pulse (approximately 0.25 s) the resistive
heating raises the temperature of material near the landing to nearly 0,8 of the melt
temperature, The combination of high stress and elevated temperature produce significant

9



plastic deformation near the landing. The thermal, electrical, and mechanical responses
are tightly coupled. The electrical response is affected by temperature-dependent changes
in the resistivity and by changes in the rod geometry with deformation. The temperature
field is influenced by the current density distribution because it produces the resistive
heating and by the changes in “rod geometry The deformation field is depend mt on the
mechanical state whose evolution is strong~y influenced by the temperature and by the
temperature sensitivity of the kinetics of the plastic flow as described by the yield criterion.
Properly accounting for these modes of coupling is necessary to simulate the process with
the accuracy needed to study the use of internal variable models fof describing the plastic
deformations.

An axisymmetric mesh of the top quadrant of the end-to-end rod geometry was con-
structed to exploit the problem symmetry. The angle of taper was 15° and the land
diameter was 0.5 cm. The measured current and axial force, available from laboratory
welding experiments carried out on the same rod configuration, were imposed as time-
resolved boundary conditions. The technique based on f~,ming a weighted residual from
the evolution equation was used to integrate the internal variable. Additional explanation
and results of other cases are available in [7].

Hart’s constitutive equations~2], simplified to include only a scalar internal variable
(the hardness), were used in the simulation. A mechanical analogy of the model has two
parallel legs; one leg having a frictional (nonhardening viscoplaatic) element and the other
having a series combination of an anelastic spring and a rate-dependent plastic (hardening
viscoplastic) element. The frictional element represents the resistance to dislocation glide
from the frictional force acting on slip planes:

(24)

where
– Q~

a = aoexp(~)

The stress in this element generally is small in comparison to the stress in the plastic
element, except at either high strain rates or low temperatures. The plastic element
represents the plastic flow resistance controlled by dislocation motion past strong barriers:

where

d’= “ -Qo.
l’O(&)mexp(— ~fl )

(25)

The plastic flow resistance increases with straining due to an increase in the barrier strength
with the density of dislocations. The scalar internal variable quantifies this barrier strength
in a continuum sense and is referred to as the hardness, The anelastic element is responsi-
ble for the apparent anisotropy predicted by the model, The tensor strain in this element
is partially recovered on unloading since it is in parallel with the (viscophstic) frictional
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element. We have chosen to neglect this element since it describes relatively short tran-
sients (in monotonic straining) in comparison to the overall hardening observed in stress
strain curves for large strains. The evolution of the hardness is described by an equation
that predicts a diminishing hardening rate for increasing hardness or decreasing (plastic
element) stress:

;(0-) =Cc,o”d’’(;)+q”
u-

(26)

The hardening rate is never zero if the plastic element is deforming, so that a saturation
value of the hardness does not exist. However, the rate of hardening constantly decreases
with continued straining. Because the plastic and frictional elements act in parallel, the
following compatibility equations apply:

(27)

These equations define the observable stress and rate of deformation in terms of the quan-
tities acting on each leg of the mechanical analog.

‘l%e evaluation of parameters for Hart’s model for 304 stainless steel used in the upset
welding experiments is discussed in detail by Eggert and Dawson~7]. Briefly, the elastic
shear modulus is a handbook value and the activation energy ,Qo, is taken from torsion test
data of McQueen et al. 19]. Values of ao. M, and Q~ were taken from the relaxation data
fits reported by Kumar et al. [10] for the equations of the frictional element. The values of
A, m, and the hardness in the annealed state were also taken from those results. Constant
deformation rate compression tests[l 1] were used to determine the remaining constants: ~0
being related to the initial stress level and co, n, and m’ being chosen to match the overall
increase in stress with strain hardening, The initial value of the hardness of the stainless
steel rods was estimated from the tensile yield stress measured at room temperature and
the computed value of the stress in the friction element using the parameters as determined
above. Values for the constants in Hart’s model that were used in the simulations are given
in Table 1.

The computed voltage and temperatures for several locations of increasing distance
from the landing are shown in Figure 2, along with the corresponding experimental records.
The computed temperature responses compare well with the observed behavior except
that the computed values reach higher peaks before cooling begins, The rate of cooling
also agrees well with experiment, The voltage initially rises as the resistivity increases
with temperature, but eventually decreases as the rods become shorter and wider with
deformation. The computed voltage increase is higher than what is observed, but not
sufficiently so to explain the error in the computed temperatures.

The hardness histories for three points are shown in Figure 3 along with the tem-
perature histories of the corresponding points. It is evident that the temperature plays
an important role in the amount of hardening that occurs. At the outside radius of the
landing the high temperatures inhibit hardening during the deformation and the change
in hardness is almost nonexistent. Away from the landing where the highest temperatures
achieved are much lower, a great deal more hardening results: o” increases from its initial
value of 380 MPa to nearly 450 MPa.
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The comparison between measured and computed displacements is shown in Figure
4, Here the measured displacement actually is the true measured value minus a computed
correction for the thermoplastic expansion of the rods (the amount of this correction also
is shown). The displacements computed with the internal variable model are generally in
good agreement with the observed response, particularly in estimating the final displace-
ments. The displacements evolve too slowly, however, which may be due to having ne-
glected the shorter transients near the reloading yield point. Typically metals demonstrate
plastic straining on reioading at stresses below the flow stress observed before unloading.
The constitutive model as it was used with only a single scalar variable does not capture
this behavior and would appear to be too stiff in the regime where plastic strains are just
beginning on reloading,

An additional simulation was performed on this geometry to test the sensitivity of the
results to variations in the initial hardness. Tor this simulation the initial hardness was
reduced to 320 MPa while all other material parameters and boundary conditions were
kept the same. The results were improved in two respects: first, the rods deformed more
gradually at early times, although not to the d( ~ree measured, and second, the computed
final rod profile more closely resembled the actual rod. The total axial displacements at
the end of the weld were very similar for the two cases, however.

Slab rcdling simulation
.

The rolling of an aluminum slab was simulated with using the mathematical model
outlined in the previous sections. The rolling of thick sections is usual!y done at high
temperature where the flow stress is lower and the ductility is higher than at low tem-
perature, In this hot or warm working regime, the material is strain rate sensitive and is
often modeled as viscoplastic. However, the strain rates in rolling frequently exceed 10s- 1
and strain hardening can appreciably change the flow stress during the process. For this
reason, the rolling process has been analyzed using a constitutive model that embodies
strain hardening effects through the evolution of an internal variable,

In the sim~~lations, an aluminum slab (Figure 5) was compressed between two rigid
rolls to reduce its thickness, The rolls had an outside radius of 10 cm and rotated at
a constant angular velocity of 10 rad/s, making the velocity of the roll at the roll/slab
interface equal to 1 m/s. A variety of rolling conditions were simulated, with reductions
ranging from 10 to SO percent, starting temperatures rangilig between 0,5 and 0,7 of the
melt temperature, and roll/slab friction ranging frcm sticking to backward slipping along
the entire contact length, Heat losses from the free surfaces ahead of and behind the rolls
and between the slab and roll were included, The free surface positions wer ~ adjusted
to assure that the velocity of points on the free -was parallel to the surface, The results
of varying the reduction are summarized here; detail= of all of the simulation results are
available in [12].

The aluminum was represented using Hart’s constitutive model, again simplified to
include only one internal variable, The parameters appearing in the model were evaluated
for 1100 Aluminum using data from several sources. The shear modulus is a handbook
value, while the activation energies were taken from values reported by Sheppard and
Wright 113]. Stress relaxation data[14] were used to evaluate ~, M, m, and u;. Constant
strain rate compression data[15] were used to fit the remaining constants, n, m’, co, ~o, and

12



,

a.. The evolution equation was integrated using the streamline method out lined earlier.

The simulations gave the expected trends in the slab behavior with increased amounts
of reduction in a pass. The rate of deformation increased from a peak value of -30 s-]
at 10 percent reduction to *120 s- 1 at 50 percent reduction. The largest values occurred
near the slab surface at the first and last points of contact with the roll. The temperature
distributions corresponding to three different reductions and the same initial temperature
are presented in Figure 6. The temperatures increase rapidly in zones ~f high deforrr at ion
rate due to heating by viscous dissipation. Since these zones are near the surface, the
surface temperatures are higher than the centerline temperatures for a given reduction,
The chilling effect of the JOll is evident from the contour plots. The overall temperature
rise for an initial temperature of 0.60~ is approximately 50 K at 50 percent reduction,

The hardness changes produced by rolling are shown in Figure 7 for reduction ranging
from 10 to 50 percent and an initial temperature of 0.60~. The combination of higher strain
rates and la}’ger strains at the highest reduction cause large changes in the hardness, with
the final hardness at the surface rising to more than twice its initial value. Lesser reductions
produce less hardening, but the changes are significant even at 10percent reduction.

The trends of increasing hardness with reduction have been compared to the relative
changes in yield stress measured for rolled 1100 Aluminum (Figure 8). Both the surface
and centerline harnesses are plotted as functions of the reduction for the lowest initial
temperature cases examined (0.W~). The measured yield stresses lie between the two
curves from the centerline and the surface harnesses. Mo;e importantly, the slopes of the
computed and mensured curves are very sirailar, demonstrating that the internal vtiriablc
(hardness) is a good measure of the magnitude of the property changes induced by strain
hardening during rolling.

Slab drawing simulation

The final example presented is the simulation of the drawing of aluminum slabs. The
stress state in the deformation zone near the slab centerline can exhibit hydrostatic ten-
sions during slab drawing. In some cases this causes small voids to grow and thereby
decrease the apparent densit} of th~ workpiece material. Rogers and Coffin! 16] have re-
ported experimental data that quantifies thie effect fox a variety of drawing conditions,

The simulations here duplicate one of the cases that they reported.

A multipass drawing operations consisting of three passes through rigid dies having
a 20 degree die angle was simulated (Figure 9). In each pass the nominal reduction was
20 percent, reducing the initially 5 mm thick slab to 2.56 mm after the three passes. The
baldness (of Hart’s model) and the porosity were assumed to be uniform through the sl~.b
prior to the first pass, The distributions of hardness and porosity through the slab thickness
at the start of the secoi~d and third passes were taken from the final distributions of the
preceding passes, The starting temperature at the beginning of each pass was aasumed to
be uniform (373 K) since the slab could cool between passes. The slab WM drawn through
the assumed f’rictionless dies at a constant product velocity of 1 cm/s, The surface position
ahead of the die was adjusted to assure that it was a streamline, Convective heat t~anufer
was aasumed to take pl~ce from the free surfaces and between the slab and the dies.

The symmetric half of the deformation zone was discretized with nine node Lagrangian
elements each having continuous biquadratic velocity approximations and discontinuous
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bilinear pressure approximations. The spurious pressure mode exhibited by the nine node
elements was removed by the pressure filtering method reported by Sani, et al. [17j. The
pressure distribution also was smoothed to form a continuous linear distribution over the
computational domain. The additional attention to the pressure solution was required to
obtain pressures that were physically realistic and that could be used successfully in the
damage evolution integration. Details of the numerical formulation as well as additional
simulation results are available in [18].

The plastic slip behavior was represented by Hart’s model simplified to include only
the scalar internal variable (the hardness). The shear modulus and activation energies
were taken from handbook values. A combination of relaxation data and constant rate of
deformation compression data were used to evaluate the remaining constants as described
under the slab rolling application. The material parameters thus obtained are listed in
Table 1.

The damage model p~oposed by Cocks and Ashby[19] was implemented to describe the
growth of damage during drawing. The model is based on a single scalar internal variable,
D, that physically characterizes the area fraction of voids on grain boundaries and is a
measure of the porosity. The model, in the form implemented here, assumes that voids
grow b~ shear deformations of the surrounding material matix. The evolution equation
for the damage is:

;(D) =/3(n’,%o’)[&F- (1- D)]d’ (28)

The function ~ accounts for a multiaxial stress state such that as the ratio of mean stress
to effective stress becomes larger the damage (porosity) grows more quickly. The form of
the function defining /3 has been chosen to give a representative ratio of the mean stress
to the effective stress locally at the grain boundaries. In these simulations, the growth of
damage has been assumed to always be positive:

(29) ,

following the the arguments of Murakami and 0hno[20~ who cite reasons for difficulty of
closing voids once they are opened. Since the rate of deformation in (28) can be taken
from Hart’s model only one r,’aterial parameter (n’) remains to be evaluated. Cocks and
Ashby assign the value of the powei law creep exponent to n’, which we have taken to be
6 in the resulto presented.

Contour plots of the hardness and the porosity (the two internal variable of the sim-
ulation) are presented in Figures 10 and 11. The hardness increases on each pass with
the values near the surface being larger than along the centerline, The amount of hard-
ening decreaaes with each pass as the overall hardness increases and its rate of increase
correspondingly decrease~. The hardness changes are large over the total of three passes,
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rising from the initial value of 64 MPa to more than 180 MPa. The dam~ge can be seen to
occur predominately near the slab center where the hydrostatic tensile stresses are largest.
The growth of dama~e is modest in the first pass but increases rapidly on the subsequent
passes.

The average density changes after each pass as predicted by the simulations are com-
pared to the measured values reported by Rogers and Coffin in Figure 12. It is evident
that the overall magnitude of the density change is captured well, although the simulations
tend to predict that the growth starts more slowly. The computed rate of growth in the
final pass is greater than is observed experimentally. This computed response may indicate
that the hyperbolic dependence of the rate of damage growth on the ratio of the mean
stress to the effective stress may be too strong. Also shown in Figure 12 are the damage
changes computed assuming that the initial slab temperature W* 473 K for each pass.
The density changes are less, as expected, since the shear stresses decrease with higher
temperature according to Hart’s model.

CONCLUDING DISCUSSION

A metal forming model has been outlined that emphasizes the accurate description of
the material behavior during large strain forming processes. The model is structured to

permit the use of rate dependent plasticity models that describe the changing flow proper-
ties of the material through the evolution of internal variables. The applications presented
were intended to demonstrate the methodology for implementing models having internal
variables and show that such models, while still a relatively new way of describing material
behavior, yield results that compare well to experimental data. The use of internal variable
models did not significantly affect the simulation costs (compared to similar simulations
using models without internal variables), in part because the transients in microstruc-
tural featurec represented by the internal variables occurred over the entire duration of
the process. Had the variables represented transients of short duration in comparison to
the process much greater computational resollrces might have been required for accurate
integration of the evolution equations. The success in including the changes in flow prop-
erties caused by plastic straining and in assessing the final state of the workpiece provides
additional incentive to improve internal variable models to describe metal behavios better
over wic!cr ranges of temperature, strain rate, and deformation.
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Parameter

ao
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co
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m’
n
G,

TABLE 1
Hart Model Parameters

304 Stainless Steel and 1100Aluminum

Units

s-’
s-l

kcal/mole
kcal/mole

—

—

GPa

Steel

1.36x 1035
8.03X 1026

98.0
21.7

3.01x 10-9
0,15
7.8
5.0
4.0
7.5
73.1

Aluminum

9.64 X 1052
5.18 X 1021

14.5
14.5

1.52 X 10-*
0.14
7,8
5,0
3.5
4.5

24.2
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Porometer VariOtiOns
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a. 10% reduction. (Interval

.
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SLAB DRAWING APPLICATION
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velocity
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..

Nominal Reduction: 200/0
Total Reduction: 49°/0 m 3 passes

Workpiece material : Aluminum

Initial temperatures : 373K, 473K
Die angle : 20”

Aluminum Slab Drawing Geometry and Boundary Conditions
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Internal Porosity after Pass III; Overall Reduction = 49 %
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