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Disclaimer

This document was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor the University of
California nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific
commercial products, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government or the University of California. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or the University of California, and shall not be used for
advertising or product endorsement purposes.

This report has been reproduced
directly from the best available copy.

Available to DOE and DOE contractors from the
Office of Scientific and Technical Information
P.0. Box 62, Oak Ridge, TN 37831
Prices available from (615) 576-8401, FTS 626-8401
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U.S. Department of Commerce
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Materials Science and Engineering

Daniel ). Nikkel, jr.

volution of Anisotropic Yield Behavior

Manufacturing and Malerials Engineering Division

Mechanical Engineering

Arthur A. Brown and James Casey

University of California
Berkeley, California

We have developed an experimental capability for measuring the yield behavior of elastic-plastic
materials under multiaxial loading conditions. This enables us to determine the multi-dimensional
vield surface of the material, both in its initial state and as it evolves during large inelastic deforma-
tions. This surface, and its functional representation, is an essential component of the constitutive
theory for non-linear anisotropic elastic-plastic materials. Experimental data provided by this facility
aids the development of more physically realistic and complete models for materials undergoing large

inelastic deformations.

Introduction

Generally speaking, polycrystalline metals
subjected to loads or deformations initially exhibit
elastic (reversible) behavior. However, if the defor-
mation or loads become large enough, the material
begins to exhibit plastic behavior (that is, there is no
longer a one-to-one correspondence between stress
and strain, the stress response is path dependent,
and residual—plastic—deformations remain after
external loads are removed.) This gives rise to the
theoretical idealization of an elastic-plastic material,
and in particular, the notion of a yield function,!

f(sk,,e,f,,k,...) = g(ek,, e,ﬁ},k,...)

This relationship, a key ingredient of the constitu-
tive theory of elastic-plastic materials, describes the
boundary between loads (or deformations) that
produce only elastic behavior, and those that result
in inelastic deformation (Fig. 1). Here, s;; denotes
the components of the stress tensor; e, denotes the
components of the strain tensor; ef, denotes the
components of the plastic strain tensor; k iS a scalar
measure of work hardening; and the ellipses repre-
sent other inelastic state variables that may be
present, depending on the constitutive theory.

For fixed values of the inelastic variables, the
yield condition described by f= 0 (or g = 0) can be

interpreted geometrically from the point of view
of stress space (or strain space), the multi-
dimensional space whose axes are the components
of stress (or strain), as a surface that bounds the
region in which only elastic behavior occurs (the
elastic region). As long as the loading of the material
is such that the current state is enclosed by the yield
surface, the material responds elastically. But if the
loading causes the current state to intersect the
yield surface and try to move outward from this
surface, inelastic behavior occurs and plastic defor-
mation results. The current state never moves
outside the yield surface, but instead the surface is
pushed along with it, and may also change shape as
the inelastic deformation increases.

Most plasticity models implemented into numerical
codes assume a fixed shape of the yield surface (for
example, elliptical). What distinguishes different
models is how the yield surface evolves, for example
by allowing it to rigidly translate or to change in size
while maintaining its shape according to some
strain- (or strain-rate- or temperature-) dependent
hardening law. While the initial yield surface of
isotropic materials may be reasonably represented
by an ellipse, subsequent to even moderate plastic
deformation, the shape of the yield surface in real
materials can change significantly (Fig. 1). For this
reason, simple representations of the yield function
will be satisfactory only under very restrictive loading
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conditions (for example, monotonic or uniaxial), and
are totally inadequate for general multiaxial loading
conditions, during which loads can reverse and
change direction during the history of loading.
Motivated by these considerations, and the fact
that the vast majority of experimental data available
is for uniaxial (and generally monotonic) loading, we
have developed an experimental capability to map
out the yield surface at various fixed states of large
inelastic deformation under multiaxial states of
loading. By determining the yield surfaces on a
single specimen at multiple fixed states, the evolu-
tion of the yield surface during plastic deformation
can be observed, and better quantitative representa-
tions of the yield function and hardening character-
istics of the material can be developed. This will
lead to better constitutive equations for anisotropic
materials undergoing large inelastic deformations.

Progress

The experimental determination of the yield
surface of the material under two-dimensional
loading is carried out by loading a specimen under
multiaxial conditions and probing until the point of
yield is reached, then backing off and probing in a
different direction in stress space, until the entire
surface is mapped out. A multiaxial MTS hydraulic
test machine with an axial load capacity of
450,000 Ibf and + 20,000 in.-Ibf in torsion is used
for these experiments.

Although it can operate in either load, strain, or
displacement control modes, it was found best to
carry out all testing in load control. For the small

Figure 1. Initial yield
surface, and
measured points on
two subsequent yield
surfaces, for a single
1100 aluminum spec-
imen. The subse-
quent yield surfaces
for pre-loads to point
A, and then to B,
show significant devi-
ation from an ideal-
ized ellipse, even
though the strains
involved are moder-
ately small.

'&P
’%‘%ﬁ*ﬁ“
.
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load and strain increments being used during yield
surface probing, it was found that this method gave
the best level of accuracy.

Preliminary tests showed that the ratio of load
noise to load increment was significantly smaller
than the ratio of strain noise to strain increment,
and further, that displacement control was impossi-
ble, since the rotation increment corresponding to
the desired rotation step size was more than a
factor of 100 smaller than the noise in the rotation
measurements.

There are three basic issues to be addressed in
the development of this experimental capability:
1) specimen design and preparation; 2) aulomated
control of the testing machine; and 3) experimental
methodology for the determination of yield.

Specimen Design

A specimen to be used for mechanical behavior
characterization should have a gage section where
the state of stress and deformation during testing
are homogeneous, as are the material properties.
For axial and torsional loading, this suggests using a
thin-walled tubular specimen. To map out the entire
yield surface (in the two-dimensional axial-torsional
sub-space of stress-space), it is necessary to subject
the specimen to positive and negative torsional
loads in combination with tensile and compressive
axial loads.

Moreover, one must be able to apply a large
enough stress to cause significant plastic deformation
(up to 20%) for the full range of experiments under
consideration. A thin specimen can be susceptible

é%ﬁi%?%&@%%@%W&%@m@ﬁ%@“ﬁ@m&@@&m&%ﬁg e
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to buckling, and while making the specimen thicker
makes it more resistant to buckling, this reduces the
overall stress that can be applied to the material
and compromises the homogeneity of the stress and
strain state in the gage section during torsion.

In addition, it is desirable to make the overall
specimen geometry compatible with other experi-
ments making use of the machine so as to avoid
redesign of fixturing.?2 Balancing these contrasting
goals, a specimen geometry was arrived at, consist-
ing of a circular cylinder 9 in. long (4 in. gage
length), 2 in. inside diameter, with a 0.1-in. wall
thickness. These specimens were machined out of
thicker walled stock of 1100 aluminum, and the
ends were potted with conical sections of epoxy to
allow for gripping.

For the mechanical properties in the gage
section to be sufficiently homogeneous, the
microstructure of the specimen must be much finer
than the wall thickness. This was accomplished
through heat treatment. The first heat treatment
tried, following Bell,> whose experiments we
wished to compare ours with, resulied in extremely
large grains that were unacceptable. The heat
treatment process that was found to give the best
grain structure followed Phillips?: heating to
650 °F in 15 min, and maintaining for 1 h, followed
by furnace cooling. This resulted in equiaxed
grains with an average size of 0.003 in.

Test Machine Conirol and Data Acquisition

The numerical control of the test machine and
the data acquisition are coordinated via a custom
application written in LabView II for this project.
This program communicates with the test machine’s
load cells and receives input from four strain gages
affixed to the specimen. Three of the strain gages
are in a 45° rosette, bonded in the center of the
gage length such that the center gage element is in
the longitudinal direction, and the other two
elements are aligned at 45° to each side of the
longitudinal axis.

One extra axial strain gage is placed diametri-
cally opposite to the rosette and is used to check
that the specimen is properly aligned and that no
bending occurs during testing. The data inputs to
the LabView program are the test machine’s axial
force, axial stroke, torsional load, and rotation,
along with conditioned signals from the strain
gages. The operator can specify end states (either
as loads or displacements), as well as ramp rates
of force and torque (or stroke and rotation) for
gelting from one fixed state to the next. Up to four

different sets of cross-plotted output data are
simultaneously presented, to visually observe the
nature of the material behavior (Fig. 2).

Experimental Methodology for
Determination of Yield

The surface that we are trying to map is the yield
surface at an arbitrary fixed inelastic state. Ideally,
all points on a given yield surface should be deter-
mined without inducing any further plastic deforma-
tion to the specimen. In practice, however, a point
on the yield surface can only be determined by
reaching, and slightly exceeding, the yield point.

The challenge therefore, in developing an experi-
mental procedure for mapping the surface, is to do
it in such a way that all the points necessary to
characterize a given surface (probably a minimum
of 10 points) can be located while changing the
inelastic state (and hence the surface itself) as
little as possible. The procedure that has been
developed can detect yield without producing a
plastic strain greater than 5 x 10, with a good
level of repeatability.

From whatever load state the specimen is currently
in, a linear load path segment in stress-space is
specified, and is carried out in step increments in
which no component of stress changes by more than
50 psi. Under multiaxial loading conditions, to see
yielding occur, it is necessary to watch multiple
components of the response simultaneously.

Observing the raw stress/strain response for
different directions is not sufficiently sensitive to
determine yield as soon as is desired. Instead,
prior to reaching the yield surface, data is taken
during purely elastic behavior, then the path is
retraced. A best linear fit to the stress/strain
response is determined, and a new modified strain
measure for each component direction of interest
is defined as the actual strain minus the fitted
linear elastic response.

When the load vs modified strain outpuf is
observed during the test, the point at which yielding
begins to occur is much clearer (Fig. 2). Prior to
reaching the proportional limit, the data points are
on a nearly vertical line. When three successive
data points (with 1-microstrain error bars) fall
away from the abscissa in three out
of the four load vs modified strain plots (corre-
sponding to different strain-gage directions), the
specimen is considered to have yielded, and a point
on the yield surface is identified. The load is then
reversed, taking the specimen back to a state within
the yield surface, and a new end state is sought.
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This process is repeated until a sufficient
number of poinis have been located on the yield
surface to characterize it. Once the yield surface
for one inelastic state is so obtained, an excursion
involving plastic deformation can be applied to
the same specimen, and the process described
above can be repeated to map the yield surface
for the new inelastic state.

Figure 1 shows actual measured data from a
single 1100 aluminum specimen, where the initial

Figure 2. A typical
cross-plot of output
data during loading
and unloading, show-
ing (a) load vs strain;
and (b) load vs the
modified strain
measure described in
the text. The yielding
of the material is
more readily seen in
the load vs modified
strain plot. The oper-
ator must simultane-
ously observe four
such plots, corre-
sponding to different
strain-gage directions,
to ensure detection of
yield for an arbitrary
direction of loading.

Cams e

-

]
g%% -
.

e
=

Engineering Research Development and Technology

yield surface is shown, along with the measured
surfaces after first applying a tensile stress of
2400 psi (point A, where the axial plastic strain is
approximately 0.11%), and subsequently following a
path along which both axial and torsional loads
varied, to point B (where the axial plastic strain is
approximately 0.96%, and the plastic shear strain is
approximately 1.4%). Even with these moderately
small strains, the deviation from an idealized elliptical
yield surface is clearly seen.
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Future Work

We now have the ability to conduct novel experi-
ments in finite plasticity. At present, the procedure
requires significant operator expertise and interac-
tion. Speed of testing could possibly be improved by
automating the yield surface probing and mapping
process via some control algorithm. However, this
may not be a practical possibility in the near term,
since the output data needs to be interpreted with a
great deal of judgment during testing.

We plan to use these experiments to aid in the
development of better constitutive equations for
non-linear plasticity. We plan to examine materials
of particular programmatic relevance, such as tanta-
lum, which is a target material for the Multi-Scale
Material Modeling effort. These experiments can be
used to test predictions of models coming out of the
multi-scale approach.

We also plan to conduct experiments to address
an open question in the continuum theory of finite
plasticity, namely the correct identification of the
plastic strain tensor in the context of general finite
deformations.>%
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odeling of Shear Localization in Materials

Donald R. Lesuer and Mary M. LeBlanc
Manufacturing and Materials Engineering Division
Mechanical Engineering

Robert A. Riddle and Bert R. Jorgensen
Defense Technologies Engineering Division
Mechanical Engineering

The deformation response of a Ti alloy, Ti-6Al-4V, has been studied during shear localization. The
study has involved well-controlled laboratory tests on a double-notch shear sample. The results have
been used to provide a comparison between experiment and the predicted response using DYNA2D
and two material models (the Johnson-Cook model and an isotropic elastic-plastic-hydrodynamic
model). The work will serve as the basis for the development of a new material model that repre-

sents the different deformation mechanisms active during shear localization.

Introduction
Shear Localization

Shear localization is a common deformation and
failure process that occurs when deformation is
concentrated in a single macroscopic shear zone. It
can occur in many materials at moderate and high
strain rates due to localized, adiabatic heat produc-
tion. Zener and Holoman! have estimated that
during simple punching of a metal plate, the temper-
ature increase in a shear band due to adiabatic heat
production can be as high as 1000 °C. This increase
in temperature produces thermal softening in the
band and localization of plastic flow.

Shear localization is observed in many material
processing operations, as well as during the in-
service performance of materials. Typical material
processing operations in which shear localization is
observed include material cutting, numerous form-
ing operations (such as rolling and forging), and
material polishing.

In many cases, the success or failure of these
processing operations is defined by shear localiza-
tion. It is typically observed during the ballistic
penetration and perforation of armor materials, the
performance of munitions and explosive fragmenta-
tion, all problems of interest to programs at
Lawrence Livermore National Laboratory (LLNL).

Despite its common occurrence and importance,
shear localization remains poorly understood and is
difficult to model accurately. Much of this difficulty
arises from the large strains and adiabatic heat
produced which, in turn, causes increases in
temperature with resulting changes in material
microstructure, material properties, and deforma-
tion mechanisms. Large changes in strain rate are
also produced.

Progress

Material models that can adequately represent
the deformation response during shear localization
must account for large strains (and the resulting
strain hardening or softening), as well as large
changes in strain rate and temperature. Several
models have been developed that can represent, to
varying degrees, the high rate deformation response
of materials. Examples include models by Johnson-
Cook (JC),%2 Zerilli-Armstrong (ZA),34 and
Follansbee-Kocks (mechanical threshold stress
model)®. Two of these models (JC and ZA) have
been introduced into the DYNA codes. Of these two
models, the JC model is much more widely used,
primarily because of the availability of material
constants in the constitutive equations.

The objective of this project is to critically assess
the ability of existing material models to represent
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the deformation response of materials during shear
localization. We have done this using well-
controlled laboratory experiments involving a
double-notch shear sample. The experimental
results have been compared with the predictions of
the DYNA2D code using the JC model, as well as an
isotropic elastic-plastic-hydrodynamic (EPH) model
commonly used for large strain problems. The work
will serve as the basis for the development of a new
material model which represents the different defor-
mation mechanisms active during shear localization.

Material Models

The formulation for the JC model is empirically
based, and represents the flow stress with an equa-
tion of the form,

c=[A+Be“][1+cmé*][1—T*], (1)

where ¢ is the effective stress; € is the effective plas-
tic strain; ¢° is the normalized effective plastic
strain rate (typically normalized to a strain rate of
1.0 s71); T ke homologous temperature; n is
the work hardening exponent; and A, B, C, and m
are constants.

The values of A, B, C, n, and m are determined
from an empirical fit of flow stress data (as a func-

| »A: -
e -
.
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tion of strain, strain rate, and temperature) to
Eq. 1. For shear localization problems, we can
assume that an arbitrary percentage of the plastic
work done during deformation produces heat in the
deforming material. For many materials, 100% of
the plastic work becomes heat in the material.
Thus, the temperature used in Eq. 1 can be derived
from the increase in temperature, according to the
following expression:

. oB n+1
: pc(n 4= 1) o -

where AT is the temperature increase; o is the
percentage of plastic work transformed to heat; c is
the heat capacity; and p is the density.

The EPH model uses an arbitrary effective
stress/effective plastic strain curve, while a tensile
cut-off pressure is defined for the principal stress
spall criterion. A linear polynomial was chosen to
define the hydrostatic equation of state. Material
properties were derived from handbook data. The
model is a popular choice for large strain plasticity
problems. However, it does not account for strain
rate or temperature effects and thus its accuracy for
predicting deformation response during shear local-
ization is largely unknown.

AT

Experiments

The double-notch shear sample, which is shown
schematically in Fig. 1, is designed to produce a
homogeneous strain state of pure shear in the gage
section of the sample at a reasonably constant
displacement velocity. Deformation in the gage
section becomes localized and adiabatic shear can
result. The samples were loaded using a split
Hopkinson pressure bar (SHPB) apparatus and data
was obtained at strain rates of 1073 to 1074 s71. A
schematic diagram of this apparatus is shown in
Fig. 2.

In the SHPB tests, the strain histories for the
incident (g;(t)) and transmitted (ep(t)) waves were
measured and analyzed to determine the nominal
shear stress/strain/strain-rate response of the
sample during the shear test. The stress and strain-
rate response were calculated from the following
expressions:

T(t) = EA—AOaT(t) : 3)
and
1) ==k 1), &)
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with

&(t)+ e (t) =£q(t), (5)

where 1(t) is the shear stress; E is the elastic modu-
lus of the bar; A, is the cross-sectional area of the
bar; A is the specimen shear area; «'y(t) is the
shear strain rate; €, is the longitudinal sound veloc-
ity in the bar; L is the gage length; and ex(t) is the
reflected strain in the bar. The resulting strain in
the sample, €(t), was obtained by integrating the
strain rate history:

v(t)= [ . ©)

During FY-97, experiments and simulations of the
double-notch shear experiment were done for a Ti
alloy, Ti-6Al-4V. The tests were done at a number of
different projectile velocities to get experimental
results over a range of strain rates.

Results and Analysis

Modeling. Simulations of the experiment were
performed using the finite element code DYNA2D
and the two material models described above, the
isotropic EPH model (number 10) and the JC model.
The simulations were used as an aid in both Specimen
and experiment design, as well as to evaluate the
material models.

For the specimen design studies, three notch
configurations were considered. Additional details
of the simulations and the results are available in
other references.6.7

Previous studies®Y using the double-notch shear
specimen have shown that significant plastic bending
can occur in the sample, which can cause deviations

Signal
conditioner

W fm
digitizer

from the desired strain state of pure shear.
The finite element simulations show that these
bending effects can be minimized with proper speci-
men design. The results showed that a specimen
containing a square notch (with corner radius equal
to .002 in.) on all four sides of the sample had the
highest ratio of shear strain to bending, and thus
was selected for the experimental work.

The resulting specimen, shown in Fig. 1, is a
significant improvement over test sample configura-
tions used by other investigators. Simulations were
also done to show the influence of important experi-
mental variables, such as projectile length, incident
bar length and strain gage placement. Results here
were a significant aid in experiment design and data
interpretation.

The deformed configuration for a sample tested
with a projectile velocity of 1000 in./s iS shown in
Fig. 3. The specimen is near the point of maxi-
mum deformation and bending in the specimen is
evident. Contours of effective plastic strain are
also shown and illustrate that deformation is
concentrated in an arc through the gage section.
Similar deformation patterns and failure modes
were obtained for both the JC and the EPH mater-
ial models. Post-test examination of tested
samples confirms the predictions of the simula-
tions and shows that deformation was concen-
trated in an arc through the gage section.
However, the JC model predicts greater deforma-
tion for a given projectile impact velocity. This is
primarily a result of the softening caused by
temperature increases in the shear zone.

Experimental Results. Experiments were
conducted over a range in strain rates from an aver-
age shear strain rate of 3.8 x 103 to 1.1 x 104 s~1.
The shear siress and shear strain were calculated

Figure 2. Schematic
diagram of the split
Hopkinson pressure
bar apparatus used to
load the double-notch
shear specimen.

Waveform

digitizer
- a
computer
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using Egs. 3, 4, and 6. The effective stress and
effective plastic strain were then determined from
the following expressions:

o=+3t (7)

and
e, =(1~1/G)/+3. ®)

where o is the effective stress; €, is the effective
plastic strain; and G is the shear modulus. The
effective stress/effective plastic strain response of
the sample is shown in Fig. 4 for a test conducted at
7000 s~!. The adiabatic temperature rise in the
sample is also shown in the figure. Sufficient flow
localization occurred to promote ductile fracture
with a shear strain of about .25 (effective plastic
strain of about .14). Despite the limited strains-
to-failure, a temperature increase in the sampie of
about 40 °C is expected.

Figure 5 shows a macro-photograph of a typical
failed sample. Examination of samples deformed to
strains near, but slightly less than, the failure strain
showed cracks at the square corners of the gage
section. The cracks resulted from the stress concen-
tration at the corners and were the origins of failure.
Final shear fracture occurred along an arc in the
gage section due to intense plastic shear, which is
consistent with the predictions of the finite element
simulations shown in Fig. 3. The critical condition
for shear fracture was obtained before significant
thermal softening could be obtained.

The stress/strain response of the sample, as
predicted by the simulation, was determined for an
element in the center of the gage section.
Calculations were done for both the EPH and the JC
material models. The results are shown in Fig. 4,
and compared against experimental data. The EPH
model predicts flow stresses that are typically 200 to
300 MPa greater than those observed experimentally.

Figure 3. Simulation
results showing the
deformed configura-
tion and contours of
effective plastic strain
for the double-notch
shear test. Sample
was loaded with a
projectile velocity of
1000 in./s.

e
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The calculations also predict a positive work
hardening rate that is not observed experimentally.
Some of these differences are due to the material
model, which does not account for adiabatic heat,
the resulting increase in temperature, and the
decrease in strength. Experimental data available in
the literature shows that the 40-°C increase in
temperature observed here could lower the flow
stress by about 100 MPa.1® For the JC model, the
predicted flow stress in the sample is about
100 MPa higher than that observed experimentally.
Thus, the JC model shows closer agreement with
experimental data than the EPH model. In addition,
the JC model shows some thermal softening due to
adiabatic heatl production, which is consistent with
experimental observations.

Figure 4. Simulation results and experimental data of effective
stress vs effective plastic strain for the double-notch shear
sample shown in Figure 1. Results are shown for both the
Johnson-Cook and the elastic-plastic-hydrodynamic material
models. Adiabatic temperature increase is shown in the figure.
Deformation rate is 7000 5.

Fracture
surface

B - e =
Figure 5. Macro-photograph of a typical fractured sample.

The fracture surface is indicated. Final fracture occurred along
an arc in the gage section due to intense plastic shear.

Summary and Conclusions

The deformation response of a Ti alloy, Ti-6Al-4V,
has been studied during shear localization. The
study has involved well-controlled laboratory tests
involving a double-notch shear sample. The results
have been used to provide a comparison between
experiment and the predicted response using
DYNA2D and two material models. The primary
conclusions from the study are as follows:

1) The deformation of the double-notch shear
specimen has been studied using finite element
analysis and an optimal specimen design for
obtaining shear stress/shear strain data at high
rates has been established.

2) The simulations show that deformation is
concentrated in an arc through the gage section.
Post-test examination of fractured samples
shows that the simulations for both the EPH
and the JC material models can represent the
macroscopic deformation and fracture patterns
observed in the sample.

3) For the Ti-6Al-4V alloy studied, shear fractures
were obtained with a shear strain of about .25.
A temperature increase of about 40 °C is
expected.

4) The EPH model predicted flow stresses that
were 200 to 300 MPa higher than experimental
data. The calculations also predicted a positive
work hardening rate that is not observed experi-
mentally.

5) The JC model predicts flow stresses in the test
sample that are closer to experimental data
than the EPH model. In addition, the model
correctly predicts the thermal softening
observed experimentally.
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odeling of Casting Microstructures and Defects

We have developed and implemented a micro-model for uranium that uses experimental results to

estimate nucleation and growth kinetics.

Iintroduction

Our interest in casting is linked to Department of
Energy (DOE) efforts to reduce hazardous waste and
scrap produced by metal component fabrication
processes. Improved processes for manufacturing
plutonium and uranium components, for example,
can minimize scrap metal, contaminated waste, and
possible radiation exposure, and reduce the cost of
equipment and facilities.

Casting is an ancient art that has been a
trial-and-error process for more than 4000 years.
To predict the size, shape, and quality of a cast
product, manufacturers typically cast full-size proto-
types. If one part of the process is done incorrectly,
the entire process is repeated until an acceptable
product is achieved.

One way to reduce the time, cost, and waste
associated with casting is to use computer modeling
to predict not only the quality of a product on the
macro-scale, such as distortion and part shape, but
also on the micro-scale, such as grain defects.
Modeling of solidification is becoming increasingly
feasible with the advent of parallel computers.

There are essentially two approaches to solidifi-
cation modeling. The first is that of macro-
modeling, where heat transfer codes model latent
heat release during solidification as a constant,
based solely on the local temperature. This
approach is useful in predicting large-scale distortion
and final part shape. The second approach, micro-
modeling, is more fundamental. The micro-models
estimate the latent heat release during solidification

using nucleation and grain growth kinetics.
Micro-models give insight into cast grain morphology
and show promise in the future to predict engineering
properties such as tensile strength.

The micro-model solidification kinetics can be
evaluated using first principles or experiments. This
work describes an implementation of a micro-model
for uranium that uses experimental results to estimate
nucleation and growth kinetics.

Progress
Mathematical Formulation

The primary and most obvious phenomenon
controlling casting is the transfer of heat from the
cooling metal to the mold and surroundings. The
present needs of many foundries are being satisfied
by relatively simple heat conduction modeling that
merely indicates regions of risk for shrinkage porosity.
Using empirical information, foundry engineers
successfully cast parts used in life-critical applica-
tions, such as jet engine turbine components. !

However, DOE’s vision is to move from empiricism
to science-based design.

Heat conduction analysis codes model latent heat
release during solidification as a constant, based
solely on the local temperature. The next step in
solidification modeling is to make the latent heat a
function of the solidification fraction, which depends
on the nucleation rate and grain growth rate.
Equation 1 expresses an energy balance for a small
volume of liquid, equating the change in internal
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energy to heat lost by convection to the environment
plus generation of latent heat during phase change:
a.. A dv,

pe hV(T T.)+pL = (1)
where V; is the evolution of solid.

Equation 1 can be re-arranged to give the rate of
change of temperature for the control volume:
ﬂz__fl_é(T_Tm)+££V_s.
dt pcV dt

The first term on the right hand side of Eq. 2
reflects the effect of casting geometry (the ratio of
the surface area of the casting to its volume) on the
extraction of sensible heat; the second term takes
account of the continuing evolution of latent heat of
fusion during solidification. It can be seen from this
equation that during solidification, heating will
occur if the second term on the right of Eq. 2
becomes greater than the first one. This is known
as recalescence, and is shown graphically in Fig. 1.

V; depends on the number of nucleation sites (N)
and the grain growth rate (dR/dt), as shown in Eq. 3:

(2)

dv, 5 dR
i VTR e ] FE Ry
dt e dt( S) )

Micro-models estimate V  during solidification
using nucleation and growth kinetics. Several
kinetic rate equations have been reported in the
literature. Two different models can be used for the
nucleation law: continuous nucleation, or instanta-

neous nucleation. An example of a continuous
nucleation rate law is shown in Eq. 4:
dN dar
— =BT, -T)—. 4
pm BT, —T) g (4)
For an instantaneous nucleation model, the
number of grains per unit volume, N, is determined
by counting the number of grains in a micrograph of
the casting.
An undercooling-dependent equation was used to
estimate the growth rate (Eq. 5):

dR _

=~ Y (5)

Phase change | |
temperature
[

Figure 1. Solidification curve. The curve is the temperature
solution of Eqs. 2, 3 and 5, using the variables defined in
Table 1. Notice the prediction of recalescence at 50 s.

Table 1. Symbols and values used in the solution of Eqs. 2, 3, and 5.

A Area 6.0 x 10~ m?2

@ Heat capacity 920 J/kg °C

h Convection heat transfer coefficient 2 W/m?2 °C

I Latent heat 4.44 x 105 J/kg

N Number of nucleation sites 1.0 x 108 grains/m®
R Grain radius

T Temperature

1 Environment temperature 25 °G

T, Phase change temperature 660 °C

t Time

Y Volume 1.0 x 1078 m3

V. Solid volume fraction

B Nucleation rate law constant

P Density 2698 kg/m3

0 Grain growth law constant 3.0 x 1076 m/s (°C)?
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Equations 2, 3, and 5 form a system of ordinary
differential equations which can be solved numerically
for the temperature, solid fraction, and grain radius,
as a function of time. Figure 1 shows the temperature
response for a hypothetical material with properties
defined in Table 1. Notice the phenomenon of
recalescence occurring at a time of 50 s.

Obtaining Rate Constants from
Experimental Data

The evaluation of the Kinetic laws based on first
principles is in the formative stages. An alternate
approach is to evaluate the rate constants from
experimental results on a simple casting, and then
apply the laws to a production casting model. This
can be accomplished by recording temperature
versus time data from a solidification experiment,
and then using an optimization method to calculate
the grain growth constant, p, by minimizing the
difference between the experimental data and the
temperature response calculated by Egs. 2, 3, and 5.

We validated the experimental procedure using
aluminum. The recorded temperature data for the
top thermocouple in the sample is shown in Fig. 2.

A schematic of the experimental apparatus is
shown in Fig. 3. The size of the crucible and insula-
tion was designed by numerical modeling to produce
axial solidification. Notice the horizontal shape of
the calculated temperature contours at the bottom
of the crucible where we are trying to produce axial
solidification (Fig. 4).

The initial condition for all materials in the model
was set to 1673 K. Convection and radiation bound-

i

Figure 2. Temperature history recorded by the top thermocouple
in Figure 3, for aluminum solidification in the crucible.

i
o
|
!
i
-

Figure 3. Schematic of the experimental apparatus. The
apparatus was designed using numerical modeling to produce
1-D axial solidification, shown in Figure 4.

ary conditions were specified on all exterior
surfaces with a convection heat transfer coefficient
of 5 W/m? °C, an ambient temperature of 298 K, and
a surface emissivity of 0.8.

Future Work

We have developed a methodology to calculate
solidification kinetic rate constants and have vali-
dated the experimental procedure using aluminum.
Future plans are to conduct the experiment using
uranium. We plan to calculate the rate constants
using the Global Local Optimization code.3
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Figure 4. Calculated
temperature (K)
contours during
solidification.

Notice the horizon-
tal shape of the
contours at the
bottom of the
crucible where we
are trying to
produce axial solidi-
fication between the
two thermocouple
positions, as indi-
cated in Figure 3.
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