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I. A decomposition of the strain rate into its elastic and plastic components.

This is shown in the Equation below.
E=g°+&” Eqn 10

This can be integrated over the time interval to provide As=Ag’ +Ae”. The

elastic part is recoverable, whereas the plastic part of the strain is not.

2. A vyield function which Jgoverns the start of (¢” shown in Figure 2.5), and
continuance of plasticity. The evolution equation for yield of the elastic-

plastic surface is typically denoted below for the yield condition:
Yield condition: flo,q)=0 Eqn 11

Where g is used to denote an internal set of variables to the model and may
include items such as temperature dependence etc. The yield function is a
mathematical criteria used to define the onset and continuance of plastic

flow. This is shown in the Kuhn-Tucker relationships defined below:

flo.9)s0 <« Ai=0
flo=0 © i=0 Eqn 12
A flo.g)=0

3. A flow rule which is used to determine the plastic flow increments. Ina
constitutive model, the strain rate is additively decomposed into its plastic

and elastic components, and the rate of plastic flow is given by the equation

below.
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Flow rule: . &7 = Ar(o.q) , Eqgn I3

Where A is the plastic rate parameter and r(c,q) is the plastic flow vector

defining the relative magnitudes of the strain components.

4. Evolution equations for internal variables, such as strain hardening relations
which would govern the evolution of the yield function. The evolution is

defined in terms of the scalar multiplier 1 and a hardening function h.

Evolution equations: g=Ah(o,q) Eqn 14

Example: isotropic hardening is often used and is generally a function of the

history of plastic deformation.

Plasticity is also path dependent and dissipative and may be associative or
non-associative depending on the plastic flow direction. A large part of the
energy is used to plastically deform the metal, and this energy is irreversibly

converted to other forms of energy in the metal structure and into heat.

The reader is referred to T Belytschko et al * for a more comprehensive

treatment of computational plasticity.

2.9  Deformation speed

Although the majority of physical metal forming takes place at relatively low
punch speeds {in the order of 0.5 m/s), it is not always possible to

numerically simulate a forming process at this speed using dymamic explicit
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techniques. This is illustrated by the following example. Given the minimum

stable time increment for the central difference integration scheme:

Minimum time:  At< L 7 Eqn 15

JVE[p

Where L is a characteristic length, E is Young’s Modulus, and p is the

material density. From this it follows that for an element length of | mm,
and material properﬁéﬁ for steel, the minimum time increment is
approximately 2.E-9 seconds. For a forming process where the punch speed
is 0.5 m/s and the distance travelled is 100 mm, this translates to over one
million iterations through a dynamic explicit code. Although this is feasible, it
may require several weeks of computing tirﬁe. In order to make the

simulation process commercially viable, one of two types of numerical

trickery is employed:

I. The punch speed is artificially increased. If strain rate dependence is
included in the model, then the increased punch speed will cause the

plasticity calculations to over predict the material yield and flow values.

2. The density of the material is artificially increased. This has the effect of
changing the speed of sound in the material, and hence increasing the

minimum time by the square root of the density scaling factor.

If the analysis is sped up using one of these schemes, additional artificial body

forces are introduced into the model. This has implications if the aim of the
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2.1

analysis is to correctly predict the reaction force on the tooling, since the

artificial body forces will be transferred to the tooling, along with the plastic

forming induced loads.

Punch reaction force

As has been néted above, there are iséues involved in modelling the puhch
reaction force correctly. Mamalis reported® good correlations between
experimental and numerical results for the forming of deep drawn square
cups. However, closer inspection of the presented data shows oscillation
spikes in the numerical simulation data. The difference between the
simulation and the experimentally recorded data is as much as 20%( ;'nvsome
areas of the process in this case. However, other experimental results® have
been compared to numerical simulation and have produced excellent

correlation in punch force versus displacement.

Wrinkling

The areas where wrinkling will occur are of great interest to the analyst,
since the majority of formed metal parts are designed to be smooth. The
analyst therefore considers wrinkling to be a defect. Correlation work
between experimental and numerical simulations of wrinkling has been done
for conical cups’. The conclusions reached were that the numerical codes
used were sufficient to predict the area of wrinkling, but not the exact

number or size of wrinkling.
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When attempting to predict wrinkling, it is important to differentiate
between implicit and explicit integration FEA codes. Wrinlding is a problem

of equilibrium state, and thus it is more difficul¢® for implicit codes to predict

‘wrinkling correctly. Wang’ indicated that commercial FEA codes using

" implicit FEA codes will not produce wrinkling, whereas explicit codes tend to

produce wrinkles naturally. However, recent work'® using bifurcation theory
has however shown that implicit codes can also be used to model wrinkling

successfully.

In addition to these difficulties, various works’ have shown that the initial
mesh has a large effect on the number of wrinkles. This is obvious when one
realises that the mesh forms numerical bifurcation points from which
buckling initiates. The extent and number of wrinkles is then governed by

the available energy and the mesh initiation points.

Mesh quality

The quality of the mesh used to perform an analysis has an effect on the
results. A mesh which contains distorted elements will introduce spurious
stiffness in the distorted elements, as will a mesh whose elements are too
large, thus not providing sufficient resolution in areas requiring it. However,
the degree to which an element can be distorted without introducing
addftionaf spurious stiffness is dependent on the element formulation and
thus will vary even for two similar elements implemented in two different

finite element analysis software programs.
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2.43 Choice of element formuiation

‘Typica! simulation of metal forming processes is carried out using shell
elements in order to reduce the amount of computing time. These elements
are either four noded or three noded shell elements. Typically, FEA codes

“do not implement full i;wtegration shell elements into their explicit packages,

due to the extra computational expense.
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3 Finite element simulation relating to forming

" While the theory necessary to complete a finite element solution of the metal

~ forming process is well defined, the mechanics of simulating the process also need to

be investigated.

31 Press setup

A hydraulic or flywheel press is used to deliver the energy necessary to carry
out the metal fcrminggcperation, T)fpf@lly, the tooling is clamped into the
Press, and the workpiece or “blank” is placed between the tooling. The
tooling clamps the blank, and the punch stroke commences. During this
stroke, ;he punch tooling is used to deform the workpiece into the die

tooling.

3.2 Corresponding finite element model

This process is idealised into 2 three stage process within the finite element
model. Stage one is used to set the tooling into the correct positions.
During stage two, the blank holder tooling or “binder” clamps the
workpiece. The actual forming of the blank (shown in blue in Figure 3.1} is

then completed as stage three.
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3.3

3.4

3.5
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Figure 3.1 : The Three Stages of Simple Two dimensional forming

Initial state

The initial state is characterised by the initial positions of the vafious
components necessary for a numerical simulation. It may be necessary to
apply velocities to the components to move them into the desired posiﬁons,
necessary for the simulation. It is also during this state that boundary
conditions are applied to the tooling. Typical boundary conditions allow for
translation in only one direction and possibly also symmetry of the

workpiece.

Contact

Contact is declared between the various surfaces necessary to simulate the
physical process. Friction properties for the contact condition are typically

assumed values unless accurate friction data is available.

Movement of tooling

The tools are moved by applying velocity boundary conditions. If the
boundary conditions are applied as displacements, then the energy necessary

to move the tooling may be applied by the FEA code in a discontinuous
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manner. This is evident as acceleration spikes applied to the tooling. If the
purpose of the simulation is to acquire punch loading data, then the
acceleration spikes will be manifest in this data too, possibly to the exclusion

‘of any useful punch force load information.

3.6 Forming limit diagrams

Once the forming simulation is complete, the results can be examined.
Often however, the most important criteria for the designer are the finished
part quality and manufacturability. While quality can be measured directly
from the simulation, in terms of areas of wrinkling, or thinning, the issue of
manufacturability is not so easily measured. Itis difficult to tell if a part will
tear during the forming process, since finite element failure models are not
built into the simulation. In practice, an experimentally determined failure
diagram (Forming Limit Diagram or FLD) is created using principle strains
until failure, and the theoretical results are overlaid onto this diagram. An

example diagram is seen in Figure 3.2.

Major Strain
4
Failure area

Failure Limit line
? Necking Limit line

Numerically predicted
strain path

—» Minor Strain
0
Figure 3.2 : Example Forming Limit Diagram with strain path overlay
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If the theoretical results are within the failure area on the diagram, then the
part is assumed to fail during manufacture, and the designer must attempt

some other method of producing the part, possibly by modifying the tooling

geometry.

Finite Element Simulation relating to Forming
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4 Michigan Experimental Facilities

4.1

Introduction
A calibrated fiywheel press was made available at the University of Michigan’s

Stamping Laboratory bx Professor Jack Hu. The press allows for binder
force control via a hydraulic pressure monitoring and feedback system. The
press operates in one of two speed modes, namely either 12 or |8 strokes
per minute. A picture of the press prior to instrumentation is shown below

in Figure 4.1.

Figure 4.1 : University of Michi Fl eel Press prior to
Instrumentation

It is important to note that the experiments were performed in the United
States of America and all results were obtained in imperial units. These,

together with the Sl equivalent are reflected in this document.

Experimental Work 24



4.2

4.3

Press

The press is shown in its fully instrumented state in Figure 4.2. The
instrumentation is capable of recording binder pressure, punch force and

displacement and the forces on the press frame.

Control of the binder pressure is provided via a feedback mechanism which
allows binder pressure control in increments of 500 psi (3.45 MPa). The
binder pressure is supplied via 8 hydraulic cylinders each equipped with a

load cell to enable the feedback force to be monitored.

Figure 4.2 : University of Michigan Press fully instrumented

The tooling is placed inside the press, and secured via a bolted arrangement,

with the die attached to the lower half of the Press.

Press safety

The Press s instrumented with a laser curtain around it. This prevents the

press from operating if anyone is too close to the press during operation.
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The controls also require both hands of the operator to be used to starta

press cycle.

Press forming operation

In order to form a blank, the cycle shown in Figure 4.3 is followed once the

press is operational.

/' Blank Blank Stant
Preparstion ‘ alignment in Diata Losd Binder
with oil Press logeing '
i Stop dats logaing Retriove Blank
Press Cycde | gndsaveiofle  omme——gme!  and shuldown

Figure 4.3 : Press Operation Cycle

All the blanks were laser cut to exactly the same shape and were consistently
aligned within the press by aligning them against electrical tape placed on the
tooling. Since the tape was thinner than the blank, it did not interfere with
the forming operation. However, the tape was thick enough to allow blank

alignment against its edge, thus ensuring consistent placement against two

edges.

4.5 Logging of press data
The data was logged through an Analogue to Digital ISA card plugged into

the data-logging PC. This was a 16 channel card, and was set to sample the

inputs 100 times per second. The following data was logged:
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Punch position ‘
Master binder pressure cylinder pressure - required calibration
Loadcell on binder cylinder N (8 data inputs) - required calibration
Load on left of press frame
Load on right of press frame
Load on punch

¢ & ¢ & & =@

The initial phase involved calibration of the press, during which the press was
put through a known cycle, to produce vcltage calibration values for the

cylinder pressure {psi) and the feedback on the binder cylinders (tons).

The punch displacement sensor is a linear induction sensor with a static

calibration value of 0.8 volts/inch (0.3} voits/cm).

The master binder cylinder pressure is the actual pressure in the binder
cylinders. This value can be checked against the value that the Press was set
- to deliver for the Press cycle. In addition, this value needed to be calibrated

at Press start-up, to provide a conversion factor from volts to psi.

individual loadcell’s on each of the eight binder cylinders which allowed
feedback of the loads on the binder. The values also needed to be calibrated

at Press start-up to convert the values from volts to tons.

The sides of the press separating the die (bottom half) from the binder and
punch (top half) are calibrated with a preset sensor which provided the
maximum load in tons on each side from a strain gauge for a press cycle.
This strain gauge is also connected to the data !ogging system. The scaling

factor for the strain gauges is derived by equating the maximum recorded
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load on the preset sensor and the maximum recorded value on the data

logger from the strain gauge.

This scaling factor is also applied to ihe strain gauge data from the punch to

get the punch reaction force in tons.

" The data was saved in a CSV format file with the number of data points

recorded per second as the only header information (100 /sec in all cases).

4.6 Using the load on left / right of press for calibration

The press is instrumented with a data readout that provides that maximum

load in tons that occurs on each side of the Press frame separating the die

from the punch during a forming stroke.
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Figure 4.4 : Experiment 2, Load on Left of Press
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Figure 4.4 shows the data for the load on the left side of the Press in Volts.
The peak value is shown ih the figure is 0.381 volts, which corresponds to
3.7 tons. |t should be noted that there is a large amount of noise in the
voltage signal. This can be seen in Figure 4.4 at the top of the initial voltage

climb.

Matrix of experiments

Both 0.6 mm and 0.8 mm thick laser cut blanks were available, along with
binder pressures in increments of 500 psi (3.45MPa), two possible Press
cycle speeds, namely |12 and 18 press strokes/minute and a shut height ofvz
inches (50.8 mm). Thls allowed varidus permutations of press characteristics
to be tested. These experiments are shown in Table 4.1 along with the

corresponding recorded maximum Press load on the left and right sides of

the Press,

Table 4.1 : Matrix of Experiments

1 2 500 06 12 - -

2 2 1000 06 12 3.7 35
3 2 1000 038 12 55 50
4 2 1000 0.8 18 ‘ 55 50
5 2 1000 0.8 18 55 50
6 2 1000 0.8 18 55 5.0
7 2 1500 06 12 4.0 37
8 2 1500 038 12 57 52
9 2 2000 06 12 40 37
10 2 2000 08 12 42 4.0
11 2 2000 06 12 42 4.0
12 2 2000 0.8 12 6.0 55
13 2 2000 0.8 18 6.0 55
14 2 2500 06 12 45 42
15 2 2500 08 12 6.2 55
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4.9

_ As can be seen from Table 4.1, various experiments were repeated,

sometimes with different results in peak Press load (for example,

experiments 9, 10and [ 1).

'Macro to process data files

A Visual Basic macro was written to run within the Microsoft Excel VBA
runtime environment. This macro imported the raw data file and processed
it. The macro determines forming start énd end, then splits the data up into
individual worksheets for each data logging device while copying only the
relevant data within the forming sequence. Once the data is split, each
worksheet’s data is processed using the calibration data to produce a

formatted chart of the data.

The user needs to change only the name of the data file to load, and to set
the SPM variable correctly before executing the macro. The SPM variable is
used to provide displacement data. An example of the raw data can be

found as Appendix B.

Issues with data

There were various issues with the recorded data, including: number of
significant digits recorded for calibration factors and a displacement

transducer which was faulty. Each of these is dealt with in turn below.
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4.9.1 Significant digits of the punch calibration factor

The maximum values are listed in the last two columns of Table 4.1.
When these values are correlated with the voltage output of the
same strain gauge, a scaling factor for all strain gauges can be

cbtained,

ideally, the smling factor for the left and the right side of the Press
should return the same value, however, this is not the case, and so
the two values are averaged to provide a global scaling value for the
strain gauges. Since the maximum load reading is only provided to
two significant digits, there is considerable scope for round-off as |
ilustrated by the example below

Table 4.2 : Effect of significant digits on scaling factors

0 2 Left (2 significant digits) : 7 9.71
No 2 Right (2 significant digits) 366 - 35 9.56
Test Left (3 significant digits) 381 3.66 9.61
Test Right (3 significant digits) | 366 3.52 962

As can be seen by Table 4.2, if the maximum load reading in tons was
increased from two to three significant figures, there could be a
better co?relaﬁon between scaling factors for the left and right side |
of the Press. Since both these values should be the same, it was
decided to average the left and right sides of the press load scaling
factor, and use this averaged value as a scaling féctor for the punch

force,
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4.9.2

4.9.3

Binder load case: 500 psi

The binder is hydraulicaliy controlled via a feedback loop. This allows
a constant pressure in psi to be applied to the hydraulic cylinders
controlling the binder. Available pressure settings are from 500 psi
(3.45 MPa) to 2500 psi (155 MPa) in increments of 500 psi (3.45
MPa). However, Mr jian Yao who instrumented and operates the
press noted that the 500 psi (3.45 MPa) setting did not return
accurate measurements due to insufficient pressure on tﬁe blank,
which results in thg blank being capable of lifting the binder as it

wrinkles during draw-in.

Broken punch displacement transducer

After the data was logged, it was noticed that the punch displacement
sensor was not functioning correctly. Unfortunately, there was
insufficient time to order and take delivery of a new sensor. Due to
this issue, the displacement data is inferred from previous work by

Mr Navin Jahajeeah'’.

These prior experimental results, results obtained from Experiment 2
(typical of displacement data), and a curve fitted trend line are shown
in Figure 4.5. This is overlaid with red and green lines showing the

start and end of the punch contact with the blank.
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The time scale in Figure 4.5 is measured from when timing
commenced, and thus the start of timing is arbitrary relative to the
point when the forming stroke commences. Data is sampled 100
times per second, and a lot of scatter can be seen prior to the stroke

commencement.

o Experimental data Oid data ——Displacementcurve fit

y=0.0181x- 0.4723x° + 4.7043% - 22,241 + 50.701x* - 51.504x + 24.353

B
8 § 7
B

o

-]

<

Displacement (inches)

—
T

M.

1.80 ' 280 3.80 4.80 5.80 6.80
Time (sec)

At a time point of approximately 3 seconds (corresponding to
roughly 3 inches [75 mm] punch travel), the transducer used to

measure the stroke stops functioning correctly. From this point on,
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in order to follow the punch cycle, one must use the overlaid old

data.

At a time of 3.4 seconds, the strain gauges start to output a voltage
potential, and it is assumed that this is the point at which contact and

forming commences. This point is indicated by the intersection of the

two red lines cross on Figure 4.5. After a 2.5 inch (63.5 mm) travel
of the punch, the bottom dead centre (BDC) of the stroke is reached

(indicated by the intersection of two green lines on Figure 4.5).

After BDC, the stréin gauge voltage drops to zero within less than 0.1
seconds (10 data points at 100 readings / second), as the punch leaves
the formed blank within the die, and returns to top dead centre
(TDC). At some point on the return stroke, the punch picks up the
linear displacement transducer, and the readings again assume the
rest of the expected curve. Once TDC has been attained, the data
continues with a !afge amount of scatter about a constant position,

showing no drift.

The data for the punch displacement was typical for all the

experiments. Since the forming procedure takes place past the point
where the displacement transducer is broken, no useful displacement
data is available for any of the experiments, other than that which can

be inferred from prior experiments.
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5 Preparation for Numerical Simulation

5.1

5.2

5.3

Introduction

Before numerical simulation can be undertaken, certain physical information

is needed. This includes the geometry of the tooling, and the material data

| né&eséary to model the metal to be formed. Other information such as

friction and binder pressure is also necessary.

The tooling for the Prégs consists of various pieces made up by a local
manufacturer within Ann Arbour, Michigan. Although the University of
Michigan retains original Unigraphics solid model CAD files, the toc;ling has
been modified to the extent that the existing CAD files are now essentially
useless. Therefore, it was decided to obtain accurate tooling surface

descriptions by using a Co-ordinate Measuring Machine.

Co-ordinate measuring machine (CMM) data

A co-ordinate measuring machine was used to provide point data on the
surface of the tooling. However, the CMM machine was extremely old, and
thus only low resolution data was available. In addition to this, the CMM

machine’s probe was unable to fit within the die.

Plaster casts for CMM

A plaster-caste was made of the die, and the plaster caste was then scanned
with the CMM. The CMM data was provided in 2 tekt file of XY, Z points
and converted to DXF format by a program written in the Perl scripting

language. The Perl program is supplied as Appendix A.

Preparation for Numerical Simulation
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54 Punch geometry

’Figure 5.1 shows the raw CMM data for the punch, along with some curves

(in red) used to fit surfaces onto the CMM data.

Note that the above figure does not contain any CMM data for the corner
radii of the punch. These corners were guesses by sweeping the existing

edges around the perimeter of the punch.

The punch geometry also needed to be re-orientated so the surface that first
contacts the blank was parallel to the blank. This is because the punch was

not aligned prior to the original X)Y,Z data scan with the CMM machine.

5.5 Rhino3d surface model

Once the XYZ data was converted to a DXF file, the data was imported into

Rhino3D (www.rhino3d.com). The points were then used as the basis for

curves which in turn were used to create surfaces. The surfaces were
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exported as IGES files and either used directly in the case of the punch, or

used to cut a solid in the case of the die.

56 Die geometry
Figure 5.2 shows the CMM data for the die which is also incomplete, as only

thé inner Sie profile and some of the sidewall cross-sections are defined.
However, once the X, Y, Z data points have been translated into a DXF file,
the points can be imported into a CAD program and used to construct
curves. By lofting the cross-sections curves and using the inner die profile as
a guide curve, the die geometry was constructed to within a dimensional

tolerance of approximately | mm.
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Figure 5.2 : Raw CMM data for the Die tool

Alignment of the data to a reference plane again needed to be performed.
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5.7  Scan blank shape

The blanks were laser cut steel sheet, either 0.6 or 0.8 mm thick and are
shown in Figure 5.3. After the blank’s were laser cut, a grid pattern was acid
etched onto the steel to enable strain measurements to be taken after
forming. The shape of the blank was determined by a prior PhD student

using LS-DYNA in an attempt at creating a perfect shaped blank.

The spacing of the rectangular pattern is approximately 9 mm, and the
thickness of the lines is approximately | mm. This implies that a resolution

of the line thickness corresponds to approximately | 1% strain.

Figure 5.3 : Laser cut blank with acid etched rectangular pattern

For a deep drawn part, with strain’s up to 20%, the possible measured results

using the resolution of the line thickness are 0%, 10% and 20% strain. This is
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5.8

not a large variation, and correlation with theoretical results is dubious. For
example, a region of the part with theoretical strains of 20 to 25% would
correspond to a measured strain of 20%. Indeed, if the majority of the part

showed variations in strain of only 10%, the measured strains would be one

- of two values which bracketed the actual strain value. Although there may

be a correlation between experimental and theoretical results on a macro

scale, the resolution is too low to draw meaningful conclusions.

SolidWorks solid model
The final SolidWorks solid geometry for the die tool is shown in Figure 5.4.

The inner radius is shown in red. The edge shown in green is the edge used
to create the inner limit of the binder geometry. This edge marks the limit

of the inside surface of the binder which comes into contact with the blank.

Figure 5.4 : Final solid geometry for the Die Tool
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- The various components were imported into SolidWorks, and then arranged
in an assembly. The assembly was then exported in ACIS format (SAT file),

ready for import into ABAQUS/CAE version 6.2-1.

5.9 ABAQUS problem description setup -
The ACIS assembly file was in;:ported into ABAQUS, which reads in each

part as a separate part object, and retains the assembly position. Once the
assembly was imported and the data surfaces were stitched together, no

further geometric modelling was necessary.

5.9.1 Tooling

The tooling surfaces were configured to be rigid parts, therefore no
deformation was allowed. While this is not strictly true, it is a fair
assumption from a simulation viewpoint, as the tool surfaces are

many times stiffer than the blank.

5.9.2 ABAQUS material modef

The material model for the finite element code was needed to
correctly model the material. An elastic-plastic material model with

isotropic hardening was used.

The elastic part of the material is defined by the constants of Young’s
Modulus and Poisson’s Ratio, which were 210 x 10’ and 0.3

respectively.
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The pia;tic part of the mtérial curve is different for the two different
material gauge thicknesses (0.6 mm and 0.8mm) is shown in Figure
5.5. The material curve for the 0.6 mm was obtained from Mr
Jahajeeah'! and has not been re-verified by experimental testing due
to humerous as#ﬁrances that the data was correct. The plasﬁc part
of the 0.8 mm curve was obtained from tensile testing done at the

Centre for Materials Engineering at the University of Cape Town.

The tensile tests performed were done at various strain rates, with
very lictle difference between results’”. Therefore it was concluded
that the material was fairly strain rate insensitive and there was n§
sf:rain rate hardening law applied to the material, since this would
have interfered with the material stiffness and consequently, the

punch reaction force.
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Figure 5.5 : Plastic flow curve for blank material
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5.9.3

The forming process takes place within one second, and the
maximum strain is 20 percent. The computed maximum strain rate is
less than 0.5 per second and therefore the omission of rate

dependence in the material model is considered acceptable.

Since the material data is derived from uni-axial tensile tests, there is

no anisotropy within the model.

Friction and contact

A supplied lubricant resembling light oil was applied to both sides of

the blank before the forming operation. However the exact friction

value is unknown.

Typical friction values of 0.001 to 0.15 are used in simulations, when
the majority of the work is done in plastic forming, and thus frictién
does not play as large a role as one would expect. However, in this
instance, there is draw in of material under the binder, and friction is

expected to play a role.

Three sets of contact were setup. Contact was declared between
the die and the bottom surface of the blank, and between the top

surface of the blank, and the binder and punch, respectively.
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5.9.4

59.5

59.6

59.7

59.8

Forming sequence

Within the simulation the binder and die are brought into contact
with the blank. The die is then fixed, and the binder pressure is then

applied. The punch is then used to form the blank

Binder pressure

The binder pressure was simulated by a constant pressure load,
equivalent to the average feedback load on the binder during the

experimental forming operation.

Funch force

The punch is used to form the blank by applying a velocity profile to
the punch as a boundary condition. The reaction force on the punch

is then monitored, and this corresponds to the punch Force obtained

from the physical press.

Monitoring of variables

in addition to the standard stress and strain output, special outputs
were requested for the feedback force on the punch, the energy
histories of the blank, and the displacement and velocity curves of the

punch.

Input deck issues

The file that the ABAQUS solver reads describes the problem and is
called an input deck, or input file. An example is shown as Appendix

E with the node and element data removed and replaced with
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*include statements (shown in red). Currenty, ABAQUS/CAE v6.2-|
does not allow the creation of mass elements. These eleménts are
needed to give the rigid tooling elements mass in the finite element
simulation. Thus the simulation cannot be run from within ABAQUS

~ CAE, but instead néeds to be exported as an input deck and then

modified to add the mass elements for the tooling.

Once the input deck was modified, the ABAQUS solver was run
* manually with the input deck. To help with running several jobs in
succession (a process known as batching), a Perl program was written

which executed jobs in succession.

65.10 Post processing

ABAQUS macros were written in Python which allowed the punch force
history and Model Energy history to be extracted from the data file. This
data could then be imported into Microsoft Excel and the values graphed on

the same graph as the Experimental values.

In addition to this, ABAQUS/Viewer was used to obtain the final blank shape

after forming.
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6 Correlation of Simulation with Experiments

6.1

6.2

Introduction

The simulation of a metal forming précess within an explicit finite element

code is relatively straightforward, provided that any numerical trickery

employed to speed up the simulation does not have an adverse effect on the

results.

In order to ascertain the effect of various parameters, the forming process
first needed to be modelled in such a way that it correlated with the
{assumed) quasi-static process of metal forming. Thus the energy history of

the model is studied to determine that the process is indeed quasi-static.

Energy histories

Typically, the determination of whether a process is quasi-static or not, is
determined by whether dynamic effects play a role. This, if the internal and
kinetic energy of the metal blank is studied through the forming process,
there should not be an exf:essi\fe transfer of energy from the punch (which

does the “work” on the blank) to the blank in the form of kinetic energy.

Thus the blank should have very litde kinetic energy at the end of the
forming process, as all the energy will have been used to form the blank, thus
increasing its internal energy. This is used as an indication of the validity of

the forming simulation.
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In metal forming texts", a typical value of internal energy vs kinetic energy is
quoted as 5 %. A graph of internal energy and kinetic for the metal forming
process is shown below for Experiment 9. The initial Internal energy is due

to the contact of the binder.
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Figure 6.1 : Typical Internal Energy vs Kinetic Energy for Forming Stegk

Since the energy values are compared on the same scale, no variation in the

Kinetic energy can be seen. The Kinetic Energy for the forming step is

shown in Figure 6.2
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Figure 6.2 : Kinetic Energy for the forming step

The energy is initially high, due to impact with the tooling, but then
decreases as the punch slows down to zero velocity at the end of the

forming step.

The displacement vs. time graph is second order {constant dece!eratién of
the punch) and this translates to the non-linear horizontal axis seen in the
above two graphs. This is evidenced by the increase in data point density

towards the end of the step, as the data values are 'a}ritten out at constant

time steps, and then graphed vs. displacement.
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6.3

Displacements, velocities and accelerations for tooling

The boundary conditions used to drive the simulation are invoked by
applying a velocity profile to the tooling. Attempts were made to drive the
process using displacement boundary conditions, but due to the algorithm
implementation within ABAQUS, the punch force history is incorrect. This
is becaus}e ABAQUS uses large accelerations to enforce the discrete
displacement vs. time profile.. Since force = mass x acceleration, these
accelerations shows up as large positive and negative forces within the punch
force history to the extent that any useful data is obliterated. This is hinted
at by the ABAQUS manuals which state that one should use ?zelocity as an
applied boundary condition. When velocity is used as an applied boundary

condition, the spikes in the data disappear.

6.3.1 Binder and die boundary conditions

The binder and die were moved equally to bring them into contact
with the blank in the initial step. The binder was then fixed in space
for the second step, and the velocity boundary condition on the
binder was replaced with a force. The force equivalent to the binder
pressure was calculated using the known binder loadcell histories
which were then summed and averaged over the eight binder pistons

for the forming operation.

6.3.2 Punch displacement vs. time profile

The actual recorded punch vs. time displacement profile is shown in

Figure 4.5. However, since the displacement profile was not
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correctly recorded due to a faulty displacement transducer,
comparisons against the simulation data cannot be undertaken.
However, the inferred displacement vs. time data from prior

experiments can be compared.

Since the simulated time used to form the blank during an explicit
simulation is very much less than the actual time, it is not useful to
graph the displacement histories for both simulation and experiment

on the same set of axes.

The simulation displacement vs. time history of the punch for the

forming step is shown in Figure 6.3 below.
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Figure 6.3 : Simulation punch displacement vs. time forming step history
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It can be seen from Figure 6.3 that the total punch travel is slightly
greater than two inches. This is because the punch is not initially in

contact with the blank, and must travel slightly before contact occurs.

6.3.3 Punch velocity vs. time profile

As can be seen from the Figure above, the punch displacement is
second order, and therefore the velocity of the punch with respect to

time s said to be first order or linear.

This can be seen below in Figure 6.4 below, which shows the punch
velocity vs. time profile. The initial velocity of the punch is

approximately 5 m/s which is consistent" with other information on

the simulation of metal forming.
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Figure 6.4 : Simulation punch velocity vs. time for forming step
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6.3.4 Punch acceleration vs. time profile

Given that the punch velocity vs. time profile is linear, the

deceleration of the punch will be constant.

6.4 Experimental groupings
The experiments are broken up into natural grouping by material thickness,
and then by binder pressure. This is illustrated in the table below by colour
groupings.
Table 6.1 : Experimental groupings colour coded
Exp. | Depth | Load/Left | LoadRight | BHF pressure | Blank Thick. | Speed
No. (in) (tons) (tons) (psi) (mm) (SPM
1 2 500 0.6
2 2 35 37 0.6
0.6
0.8 8
0.8 ;
; ¢ £if 0.8 3
7 2 3.7 4.0 00 ; 0.6
8 2 5.2 57 00 0.8
0.8
0.8 g
14 2 4.2 4.5 00 0.6
15 2 5.5 6.2 00 0.8

The experiments shown in Table 6.| correspond to a broad variation of
parameters along with repetition of various experiments for experimental

result repeatability.

For example; from the table above; it can be seen that Experiments 4, 5 and

6 are all at 1000 psi (6.9 MPa) binder pressure with a 0.8 mm thick blank,
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while experiment 3 is a 0.6 mm thick blank at 1000 psi (6.9 MPa) binder

pressure.

6.5 Punch force

With the absence of displacement information to point to the start and end
of the forming stroke, one must rely on the sudden increase in the reaction
force on the punch as an indication of the start of the forming operation.
This is not completely correct, as there is a slight delay from the moment of
contact, until the reaction force on the punch rises. However, this delay
results in a small shift in the data on the horizontal (time) axis, and does not
affect the peak punch force, which is normally the object of interest within a

simulation.

There is a tendency within the literature to measure punch force vs.
displacement, since this measure is then devoid of time, and both
experimental and simulation data may be presented on the same set of axes.

This approach has been following in this work.

6.5.1 Experimental repeatability

In order to compare the experimental results with simulation, the
first concern is that the experimental results are repeatable. In light

of this, various experiments were repeated.

Experiments 3, 4, 5 and 6 were compared to each other. This is
shown in Figure 6.5 below. As can be seen from the figure, the

experimental results are almost exactly the same, even though
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experiment 3 was conducted at a press speed of |2 strokes per
minute (SPM), and experiments 4, 5, and 6 were conducted at |8
SPM. This indicates that the material is not rate-sensitive over the

limited forming speeds available on the Press.
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Figure 6.5 : Experimental Repeatability - 1000 psi BHF and 0.6 mm THK

This process was repeated for the 0.6 mm thick blank material, in
order to ascertain that the Press could cope with both the thick
material, as well as the thinner material in a consistent manner. This

‘is shown in Figure 6.6.
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Figure 6.6 : Experimental Repeatability - 2000 psi BHF and ‘0.8 mm THK

As can be seen from the figures, the experimental results are

repeatable with differences in the order of less than 5% in the area of

peak punch force.

Once the experimental results have been verified reproducible, the

next objective is to determine the friction coefficient.
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6.5.2 Vanations in friction coefficient

The friction model is a simple Coulomb law, and the friction
coefficient was varied between 0.001 (0.1 %) and 30 percent. This is

seen below in Figure 6.7.
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Figure 6.7 : Variations in friction percentage for Experiment 9

A search of the available literature indicated that a well lubricated

steel forming process has a friction value of less than 15%. This is
evidenced in the above figure, as the friction value appears to lie

between 5.0 and 7.5 percent.
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