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Nonlinear Finite Element Analysis of Machining
and Sheet Metal Forming
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Simulations are presented of machining and multistage sheet metal forming that improve on the accuracy of
existing approaches by incorporating accurate representations of additional physical phenomena. In the � nite
element simulation of machining, chip formation is simulated without using a separation criterion. This capability
has been successfully used to investigate fundamental aspects of machining such as the shape of the primary and
secondary shear zones, chip curl, the size effect, and the uniqueness of machining. The analysis of multistage
forming incorporates the effects of material property changes due to heat treatments between forming stages.
Results of simulated forming operations are employed to evaluate the effectiveness of intermediate die shapes and
heat treatments in improving the sheet metal formability. It is found that intermediate heat treatments enhance
the ability of intermediate die shapes to promote uniform deformation of the sheet.

Introduction

M ANY manufacturingprocesses involve complex interactions
among a multitude of phenomena, such as plasticity, fric-

tion, heat generation, heat � ow, material damage, phase changes,
bifurcation, etc., that are dealt with in separate disciplines such as
mechanics, tribology, heat transfer, materials science, and mathe-
matics. Since the time of Tresca’s1 studies on the extrusion and
machining of metals that led him to postulate the criterion for plas-
tic deformation that carries his name, there have been signi� cant
improvements in our understandingof the manufacturingprocesses
resulting from many advances in these disciplines.However, manu-
facturingprocesses,such as machiningand sheet metal forming, for
example, still pose ample challengesto researcherstrying to analyze
these processes accurately.

Currently the design and development of manufacturing pro-
cesses in industry is primarily based on empirical knowledge, with
additional experimentation carried out as needed. This approach is
costly, time consuming, and leads to nonoptimal manufacturing. It
is estimated2 that the annual cost associated with machining and
grinding in the United States alone is $115 billion. Thus, small in-
creases in the ef� ciency of our manufacturingoperations can result
in signi� cant savings.

Since the advent of modern computational analysis techniques,
concertedefforts have been made to simulate and analyzemanufac-
turing processes accurately. In this paper we describe the develop-
ment of numerical techniquesand computationalcodes for compre-
hensive analysisof machiningwithout incorporationof a separation
criterionand of multistage sheet metal forming includingthe effects
of intermediateheat treatments.Continuousenhancementsto the � -
delity of analysis of manufacturing processes and determination of
accurate values for critical inputs needed for these analyses are pre-
requisites for optimal design of manufacturing processes.

Background
Machining

The main approaches to modeling the physics of machining can
be classi� ed into the following analysis types.
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Slip-Line Field Analysis
The term slip-line � eld refers to two families of lines orthogonal

to each other that represent the directionsof maximum shear stress
in a plastically deforming volume of material. The Hencky and
Geiringer equations (see Ref. 3) can be used to obtain the cutting
forces and hydrostatic stress and velocity � elds and strain rates in
the plastic zone. Various slip-line � elds have been proposed for
representing the deformation in machining. The radius of curvature
of the cutting edge of the tool and the variation of the shear strength
of the material with strain, strain rate, and temperature complicate
the analysis tremendously.4 ¡ 6

Mechanistic Models
In this commonly employed approach, machining is described

as a combination of shear deformation at the primary deformation
zone, shear and friction at the chip– tool interface, and indentation
by the cutting edge.7 ¡ 10 These models usually have unknown con-
stants that need to be obtained for each cutter geometry and mate-
rial combination either by experimentationor from a database that
can provide information about the shear angle, friction coef� cient,
and shear stress in orthogonal cutting. Such mechanistic models
are descriptive in the sense that they cannot be used to predict the
machining behavior of a new material based only on its properties.

Atomistic Analysis
Some researchers have modeled the machining process at the

level of the individualatoms of the workpiece and the tool.11 ¡ 16 The
tool and the workpiece are both modeled as separate collections of
atoms. Each atom interactswith its neighborsaccordingto assumed
force laws that express the interatomic forces as functions of the
interatomic spacing.

Cutting is simulatedby forcing the atoms comprisingthe tool into
the workpiece. It is observed that dislocations are generated at the
cutting edge and move in a zigzag path to the free surface, resulting
in a broadzoneof shear as opposedto a shearplane.Upon continued
infeed of the tool, a succession of progressiveshearing motions are
found to result in the formation of a chip. Note that no criterion for
separation of the atoms is needed in these simulations.

Though this type of analysis can lead to accurate analysis on a
small scale providedthe interatomicforce laws for the work material
and for the chip– tool interface are accurately known, it is currently
not possible to extend this analysis to the scales of most practical
machining operations.

Finite Element Models
Various researchers17 ¡ 21 have carried out Lagrangian analyses

of metal cutting incorporating the parting line concept. Usui and
Shirakashi,22 Obikawa and Usui,23 and Maekawa et al.24 have used
material propertyvaluesas a functionof strain rate and temperature,

2176



MADHAVAN, GANDIKOTA, AND AGARWAL 2177

obtained from split Hopkinson bar tests. However, in their analyses
also, a crack is introduced ahead of the cutting tool to allow ma-
terial separation. It has been demonstrated that these analyses that
incorporate node separation along a parting line neither re� ect the
true nature nor the magnitude of the stresses and strains found close
to the cutting edge and, thus, do not simulate the machining process
accurately.25

Euleriananalyses26 ¡ 28 can handle largedeformationsof themate-
rial becausethe mesh is � xed in spaceand thematerial� ows through
the mesh, therebyavoidingproblemsofmesh distortionand theneed
for a prede� ned parting line. However, such procedures require it-
erative modi� cation of the assumed chip geometry to satisfy the ve-
locity boundary conditions and typically cannot yield information
about the residualstresses in thematerial.MarusichandOrtiz29 have
developed a Lagrangian � nite element model of machining using
continualremeshingand an explicit solutiontechnique.Their model
incorporates thermal effects as well as fracture criteria for the ma-
terial and is able to predict localized shear deformation in the case
of high-speed machining. Analysis of low-speed machining using
these explicit solution techniques is computationallyexpensive.

From the considerations presented, it is clear that � nite element
analysis offers signi� cant promise toward furthering our under-
standing of machining and for prediction of the outputs of the ma-
chiningprocess.However, the accuracyof the analysis is principally
dictated by how accurate a physical model of the machining pro-
cess can be realized. Our model based on the many similarities
observed between wedge indentationand cutting, obviates the need
for arti� cially introducing a separation criterion for metal removal
in machining. Elastic deformation, various plastic � ow rules, arbi-
trary strain hardening, adhesion, friction, etc., and the dependence
of these properties on temperature and strain rate can be modeled.

Sheet Metal Forming
Theoretical analysis of even simple metal forming operations

necessitates broad assumptions to generate tractable governing
equations.30 Finite element analysis is the only practical tool for the
analysis of realistic sheet metal forming operations with complex
three-dimensionalgeometries,multiple formingsteps, complexma-
terialmodels, etc., that has been proven by a number of studies.31 ¡ 33

In the aerospace industry, many of the practical forming opera-
tions requiring the forming of aluminum sheets into complex ge-
ometries involve multiple forming stages with intermediate heat
treatments between the stages, to avoid failure in the sheet. Though
a vast amount of literatureexists on variousaspectsof � nite element
analysisof sheetmetal forming,veryfew researchershaveaddressed
multistage forming simulations with intermediate annealing. This
paucity may be attributable to the lack of use of intermediate an-
nealing by the automotive industries, partially due to the higher
formability of steels and partially due to the economics.

Logan et al.34 and Thomas et al.35 have used single-stageforming
operations to estimate the number of forming stages, interstage an-
neals, and the punch depth for each preform. For this purpose they
used a failure factor, de� ned as the ratio of the actual strain in the
sheet to the failure strain given by forming limit diagrams. Wu and
Yu36 have analyzed the sequence of operations required for hydro-
forming a tubular engine cradle, but changes in the stress state due
to unloadingand material propertychangesdue to intermediateheat
treatments were not considered. It is known from a wide body of
literature31,37,38 that accurate representationof material properties is
essential for accurate analysis of forming processes. It is, therefore,
essential that � nite element simulationsof multistage forming oper-
ations should accurately represent the change in material properties
due to any intermediate heat treatments.

Experimental information about changes in material properties
due to intermediate heat treatments is limited. Gol’tsev et al.39 and
Takakura and Yamaguchi40 used tensile tests to study the effects
of intermediate solutionizing and annealing treatments on failure
strains for aluminum alloys (D16AMO and JIS 13A). It was found
in two-stage and three-stage tests that the total strain at failure in-
creased with increasing values of strain in the initial stage(s), es-
pecially for solutionizing heat treatment.39 This behavior could be
modeled by de� ning an effectiveness coef� cient to describe the

ability of the heat treatment to reduce the effective plastic strains,
thereby restoring ductility.

Parsa et al.41 studied the effect of interstageannealingon the lim-
iting redrawing ratio of cups using a two-dimensional rigid–plastic
axisymmetric analysis. Annealing was represented by changes to
values of the strength coef� cient K and strain hardening exponent
n and by zeroing out the plastic strain in the material model. This is
equivalent to assuming an effectiveness coef� cient of unity for the
intermediate annealing process.

The experimentsand simulations reviewed indicate the need for a
capabilityto representintermediateheat treatmentsaccuratelyin full
three-dimensional analyses of multistage sheet forming processes.
We describe the development of such a capability for the widely
used commercial software LS-DYNA. Simulations of multiple-
stage forming of an aircraft engine nacelle inlet lip have been used
to compare the effectiveness of intermediate die shapes to the ef-
fectiveness of intermediate material property changes in extending
sheet metal formability.

Machining as a Wedge Indentation
Analysis Procedure

Based on similaritiesbetween experimentallyobserved deforma-
tion patterns in machining and indentation of ductile metals, and
from atomistic analyses of these two processes, it has been shown
that they are equivalent.25 Therefore, � nite element simulations of
the machining of ductile materials that result in the production of
continuous chips do not have to incorporate separation or failure
criteria for the work material. As further proof, consider that many
processesinvolvingpure plastic deformationresult in large amounts
of new surface generation.For instance, if the length of an isotropic
tension test specimen were doubled, the surface area increases by a
factor of

p
2. In machining, the tool concentrates the new surface

generation next to the cutting edge so that the new surfaces that
are generated divide the material into the chip and the workpiece.
Problems caused by mesh distortion due to intense localized defor-
mation that occurs close to the cutting edge can be circumvented
by remeshing and rezoning. On this basis, an iterative Lagrangian
� nite element model (FEM) has been developed that simulates ma-
chining using periodic remeshing of the workpiece to offset mesh
distortions due to deformation caused by the infeed of the tool.

Cuttingis simulatedby forcingthe tool to move into theworkpiece
in small increments. Contact elements prevent penetration of the
tool into the workpiece and generate stresses that cause the work
material to deform. When a predetermined value of the equivalent
plasticstrainis exceededat any point in theworkpiece,a new mesh is
generatedto representthe deformed con� gurationof the workpiece.
During remeshing, the mesh is adaptively re� ned to make it � ner
in the regions of high gradients of stresses and strains, as well as
in regions of high plastic strain increments, and coarse elsewhere.
After interpolation of the stresses and strains onto the new mesh,
the analysis is restarted by further infeed of the tool.

The method just described has been implemented using a combi-
nation of two commercial FEM packages. The creation and re� ne-
ment of the meshes (preprocessing) and processing of the results
(postprocessing) are both done using the P3/PATRAN package.The
actual solutionof each step in the simulation,when the tool is moved
incrementally into the workpiece, is performed using ABAQUS.
The use of commercial packages lends � exibility, robustness, and
dependabilityto theanalysis.For instance,recentchangespermit the
use of LS-DYNA as the solver so that explicit dynamic simulations
can also be performed.

Blunt and sharp tools have been used to simulate the machining
of perfectly plastic, as well as work hardening, materials. These
simulationshave reproducedmany of the experimentalobservations
and havebeenused to formulatenovelexplanationsfor someof these
observations.

Results and Discussion
Figure 1 shows four different stages in the simulation describing

the distribution of plastic strain, hydrostaticpressure, normal stress
in the cutting direction x , and the von Mises stress, respectively.For
this simulation,frictionandadhesionat thechip–tool interface,work
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a) Distance cut = 0:35 mm, contours of plastic strain

b) Distance cut = 0:88 mm, contours of hydrostatic pressure

Fig. 1 Stages in the simulation of machining with 20-µm tool cutting edge radius, 200-µm depth of cut, frictionless chip–tool contact, and elastic
perfectly plastic work material with yield strength of 350 N/mm2 .
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c) Distance cut = 1:21 mm, contours of ¾xx

d) Distance cut = 1:74 mm, contours of effective stress

Fig. 1 Stages in the simulation of machining with 20-µm tool cutting edge radius, 200-µm depth of cut, frictionless chip–tool contact, and elastic
perfectly plastic work material with yield strength of 350 N/mm2 (continued).
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Fig. 2 Steady-state distribution of the increment of equivalent plastic strain within the workpiece during the 111th infeed of the tool: µ = 0; distance
cut = 0:63 mm.

material hardening,and temperatureand strain rate effects were not
considered. The yield strength of the material was assumed to be
350 N/mm2 . The cutting edge radius was taken to be 20 l m and the
depth of cut was 200 l m.

The principal zones where deformation occurs are in a primary
shearzoneand in a triangularsecondaryshearzonenear the rakeface
(Fig. 2) similar to those discussedelsewhere in the literature.4,5,42,43

To note that the triangular secondary deformation zone exists even
in the absenceof frictionbetween the chip and the tool, but produces
very small magnitudes of strain so that it may not be detected by
experimentaltechniques.The normalstress (Fig. 1c)on the tool rake
face is uniformly high along the rake face except near the end of
chip–tool contact where it rapidly decreases to zero. Friction at the
chip–tool interfacehas beenfound to decreasechip curl and increase
cutting forces.25 The residual stress in the workpiece, when thermal
effects are ignored in the analysis, is found to be compressive, as
seen in Fig. 1c.The hydrostaticstress (Fig. 1b) is highlycompressive
near the cutting edge of the tool, decreases toward the middle of
the primary shear zone, and then increases again near the shear
plane exit (the place where the shear plane breaks out onto the free
surface). Such a variation of the hydrostatic stress results in a shear
zone (Fig. 2) that is similar in shape to the shear plane proposed by
Dewhurst.43 This curvature of the shear zone, mainly the decrease
in the shear angle near the shear plane exit, seems to be the cause
for chip curl.

A novel explanation for the size effect in machining has been
formulated based on that deformationof work material close to the
cutting edge of the tool is much higher than the average deforma-
tion in the chip, as seen in Fig. 1a. As the depth of cut and thus the
thickness of the chip is reduced, the speci� c energy of machining
will increasebecausea greaterproportionof the material removed is
highly strained. It has been observed in these simulations that as the
cutting edge radius increases, the cutting force, the speci� c energy,
and the average contact pressure increase, making the machining
process more akin to indentation. The strain rate is also observed
to vary across the chip cross section as can be inferred from the
different widths of the primary shear zone (Fig. 2). The strain rate

near the shear plane exit is very high and accompanyingsmall-scale
shear localization may be the reason that wrinkles are observed on
the free surface of chips.

Because the � nite element simulation described earlier has been
shown to be capable of representing the physics behind machining
with high � delity, it is feasible to use this simulation to explore the
uniqueness of the machining process. This has been carried out by
perturbing the chip and observing the response of the process.44

Figure 3a shows the shape of the chip in the scenario in which it
was arti� cially thickened and cutting resumed by further infeed of
the tool. The thickness of the chip can be observed to have come
back to its original unperturbedvalue. Figure 3b shows the comple-
mentary scenariowherein the abruptlythinnedchip can be observed
to have come back to its original thickness. From the sharpness of
the transitions back to the normal thickness of the chip, it can be
deduced that the normal mode of deformation is quite stable and
that there are no other alternate stable modes of deformation. Ex-
perimental and theoretical studies44 also indicate that the mode of
deformation is indeed unique, and this uniqueness is possibly due
to the applicabilityof the principleof minimization of energy to the
machining process.

Simulation of Multistage Forming
of an Engine Nacelle Inlet Lip

Analysis Procedure
In the production of many hydroformed components, the blank

is deformed incrementally in several stages, with intermediate heat
treatments, to reach the � nal shape of the component.The design of
the die used in each of the stages determines the strain in that stage
and the remaining ductility of the sheet. At the end of some of the
stages of forming, the sheet is heat treated to increase its ductility,
before the subsequenthydroforming stage.

We have developed a capability for analyzing multistage sheet
forming accuratelyby incorporatingthe effectsof material property
changesdue to various typesof heat treatmentsbetween the forming
stages. In each of the stages, the blank is formed to the shape of the
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a) Steady-state shape of the chip after it was abruptly thickened

b) Steady-state shape of the chip after it was abruptly thinned

Fig. 3 Study of uniqueness of machining by perturbing the chip thickness.

die used in that stage by the application of pressure on one side
(top) of the elements. At the end of the stage, the stresses in the
elements are relieved and the strains are nulli� ed while maintaining
the deformed geometry of the part, including the sheet thickness
variations. New material properties, corresponding to annealing or
solutionizingtreatment of the component, are used for the elements
of the sheet, and changes to the die shape are incorporated. The
simulation is then continued by applying pressure to the top of the
elements representing the sheet.

In the presentstudy, the commercial softwarepackageLS-DYNA
is used to perform nonlinearexplicit � nite element analysisof sheet
metal forming. Compared to implicit � nite element analysis, ex-
plicit dynamic simulations have the inherent advantageof avoiding
matrix inversions and iterations for nonlinear material properties

and contact. The solution time for explicit dynamic simulations is
proportional to the number of degreesof freedom, whereas it varies
approximately as the third power of the number of degrees of free-
dom for implicit analyses.32 Buckling and wrinkling can be simu-
lated naturally using explicit dynamics. In addition a wide range of
featuresare availablewithin LS-DYNA, speci� cally tailoredtoward
metal forming simulations. Hypermesh and PATRAN are the pre-
processorsused to model the geometryof the tools and the sheet and
to generate the input � les for LS-DYNA. The results are postpro-
cessed using LS-TAURUS to produce stress, strain, force, pressure,
and energy plots.

Simulation of multistage forming is accomplished by modifying
an output � le containingelement stress and strainvalues that is writ-
ten by LS-DYNA at the end of each stage of analysis and using it
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a) First stage

b) Second stage

c) Third stage

Fig. 4 Shapes of the dies used for the three stages in the forming of the engine nacelle inlet lip.

as the input � le for the next stage. Figure 4 shows the shapes of the
� rst-, second-, and third-stagedies used for three-stage hydroform-
ing of the engine nacelle inlet lip. The depths of these dies are 3.81,
8.13, and 11.68 cm, respectively.The blank is an elliptical annulus;
the outer and inner major diameters are 104.1 and 21.3 cm, respec-
tively. The thickness of the sheet is 1.6 mm. Because the die shapes
are symmetric about the x –z plane, only one-half of the geometry is
modeled. Symmetric boundary conditions are imposed on the sheet
nodes along the line of symmetry, the x axis.

The FEM of the blank consists of 4420 four-noded Belytschko–

Wong–Chiang elements with nine integration points through the
thickness, whereas the dies are made up of 2252, 2002, and 2015
elements for the � rst, second,and third stages,respectively.The dies
are speci� ed to be rigid bodies, and all of the degrees of freedom
are constrained.

The Barlat three-parametermaterialmodel is used to representthe
anisotropicbehaviorof the 2024 aluminum alloy used for the sheet.
The inputs to the material model obtained from uniaxial tension
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Table 1 Material properties of 2024 aluminum in O and W conditions
obtained from tension tests

Material type E , GPa q , kg/m3 m K , MPa n R00 R45 R90

Al 2024-O 64.9 2790 0.308 351 0.225 0.98 1.15 0.91
Al 2024-W 68.6 2790 0.312 779 0.337 0.78 1.12 0.86

c)

Fig. 5 Fringes of the increment in equivalent plastic strain during the third forming stage for the case when a) the sheet is annealed at the end of the
� rst and second stages and b) the sheet is not annealed. The arrow in panel b points to the region of strain localization shown magni� ed in panel c.

tests along the 0-, 45-, and 90-deg directions in the plane of the
sheet are given in Table 1. Coulomb friction at the contact between
the sheet and die is modeled with static and dynamic friction coef� -
cients equal to 0.05. The pressure on the sheet in each of the stages
is ramped up from 0 to 13.79MPa in 0.4 s, representing approxi-
mately a 10-fold speed up over the actual process. In addition, the
density of the sheet material is scaled up 386 times, to speed up the
explicit time stepping. Comparisons of the ratio of kinetic energy
to internal energy of the sheet are used to ensure that inertial effects
are negligible.

Results and Discussion
Effect of Intermediate Heat Treatments

Three different forming scenarios are simulated to compare the
effect of annealing to the effect of intermediate die shapes on
the strain distribution in the sheet. In the � rst scenario, the blank
in the O-temper is formed to the shape of the � rst die, annealed
back to the O-temper, formed to the shape of the second die, an-
nealed, and formed to the � nal shape in the third stage. As already
mentioned,annealingis accountedfor by zeroingout the strainsand
the stresses in the sheet between the hydroforming stages.
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Table 2 Results for maximum incremental and total equivalent plastic strains at the end of
each of the three forming stages for the various scenarios considered

Stage 1 Stage 2 Stage 3

Incremental Total Incremental Total
Forming type Minimum Maximum maximum maximum maximum maximum

Annealed 0.001 0.092 0.24 0.24 0.32 0.32
Unannealed 0.001 0.092 0.246 0.339 0.41 0.79
Single stage 0.008 2.203

Table 3 Results for minimum and maximum sheet thickness at the end of each of the three
forming stages for the various scenarios considered

Stage 1 Stage 2 Stage 3

Forming type Minimum Maximum Minimum Maximum Minimum Maximum

Annealed 1.42 1.52 1.25 1.58 1.07 1.62
Unannealed 1.42 1.52 1.23 1.58 0.95 1.61
Single stage 0.24 2.69

Fig. 6 Fringes of sheet thickness at the end of the third forming stage (in.).

In the second scenario, the intermediate heat treatments are ne-
glected. The blank in the O-temper is formed sequentially to the
shape of the � rst-, second-, and third-stagedies, without intermedi-
ate annealing. The equivalent plastic strain is not zeroed out and is
allowed to accumulate through all of the stages.

Figures 5 and 6 show the effect of annealing between the hy-
droforming stages by presenting comparisons of the increment in
equivalentplastic strain and sheet thickness, respectively,at the end
of the analysisof the third forming stage. The fringe patterns shown
in Figs. 5 and 6 provide a qualitative picture of the difference in
deformation patterns caused by annealing.

Table 2 summarizes results for the maximum plastic strain and
the maximum increment in plastic strain in each of the stages, and
Table 3 summarizes results for sheet thickness at the end of each

of the three stages, for the two scenarios with and without interme-
diate annealing. It can be observed from Table 3 that the minimum
sheet thickness at the end of the second stage is similar for the anal-
yses with and without annealing. A clearly discernible difference
between the two scenarios is seen at the end of stage three due to the
sharply lower sheet thickness in one particular region near the inner
edgeof the unannealedsheet,where localizedneckinghas begun,as
shown magni� ed in Fig. 4c. The maximum plastic strain increments
for the two scenarios, with and without intermediate annealing, are
signi� cantly different at the end of both the second and third stages.
It is always observed that the simulation of the scenario incorpo-
rating intermediate annealing shows a lower increment in plastic
strain. This indicates that annealing leads to more uniform strain
distributions within the sheet. A similar observation has also been
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Fig. 7 Fringes of sheet thickness when the sheet is formed to the � nal geometry in a single stage; note wrinkles at the outer corner and localized
necking in a region along the inner edge.

made by Parsa et al.,41 albeit from the results of two-dimensional
cup forming analysis. Note that the difference in strain increment
between the annealed and unannealed forming operations is much
higher for the third stage than for the second stage. This is again due
to the localized necking already pointed out.

Effect of Intermediate Die Shapes
In the third scenario studied, the sheet is formed to the � nal shape

in just one stage using the third-stagedie of the three-stageanalysis.
The difference between this and the second scenario is that the
sheet, while being formed to the � nal shape, is not forced to take on
the shapes of the � rst and second dies. The deformed shape of the
sheet and the results for sheet thickness at the end of single-stage
forming to the � nal shape are presented in Fig. 7.

We can also observe from Tables 2 and 3 that the maximum plas-
tic strain (2.203) in single-stage forming is much higher than the
maximum accumulated strain (0.794) in the simulation without in-
termediateannealing.The minimum shell thicknessis also observed
to bemuch lower (0.24 mm comparedto 0.95 mm), indicatinghighly
localizeddeformation.Figure7b is a magni� edviewof a regionnear
the inner edgeof the sheet producedin a single forming stage,where
such localized necking of the sheet can be clearly observed. The re-
sults lead us to the conclusion that intermediate die shapes seem to
promote a more uniform distribution of the strain in the sheet, by
facilitating material � ow from regions being compressed to those
being stretched, while preventing wrinkling and the accompanying
localized sheet thinning.

Conclusions
We have described an accurate FEM of machining wherein chip

formation is simulated without recourse to separation criteria. This
capability has been successfully used to investigate fundamental
aspects of machining such as the shape of the primary and sec-
ondary shear zone, chip curl, the size effect, and the uniqueness of
machining.

A capability for analyzing multistage forming accurately by in-
corporating the effects of property changes in between forming
stages is also described. Application of this capability to analy-
sis of multistage forming of an engine nacelle inlet lip shows that
it is important to consider the effects of intermediatematerial prop-
erty changes of the sheet in simulations to determine the number of
stages needed for forming and the die shapes in those stages. The
variousscenariossimulated indicate that impositionof intermediate
die shapes leads to more uniform deformation of the sheet. Inter-
mediate heat treatments that nullify the plastic strains in the sheet
enhance this effect.

The � nite element simulation capabilities presented and the re-
sults of simulations discussed illustrate the need for accurate rep-
resentation of a range of physical phenomena to ensure the � delity
of analyses of manufacturingprocesses.A predictivecapability can
be realized, provided standardized experimental techniques to de-
termine the inputs for the � nite element analyses are developed.
For machining, such important inputs include the chip– tool contact
conditions and temperature and strain-rate dependence of material
properties. For sheet metal forming, friction, anisotropic material
properties,and the effectof annealingon thepre-strainedsheetareof
importance.Once the accuracyof the inputs is ensured,experiments
have to be conducted to study the accuracy of the simulation itself.

Transition from accurate analysis capability to an optimal de-
sign capability is yet to be tackled for the processes studied here.
Present computational limitations do not allow utilization of such
simulations in an optimizationprocedure, such as a gradient search
technique, due to computational cost of these simulations. In the
foreseeablefuture, it is anticipatedthat understandingof the physics
of theprocesses,providedbya limitednumberof � niteelementanal-
yses, will be used to establish design heuristics to guide the search
for an optimum design of these manufacturing processes.
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