
Razvoj izdelkov in orodij,
prototipna in maloserijska proizvodnja

tel +386 (0)3 426 46 00
fax +386 (0)3 426 46 11
cae@tecos.si – www.tecos.si

TECOS
Razvojni center orodjarstva Slovenije

Življenjska doba izdelkov je vedno krajša, posledièno mora biti krajši èas od ideje do prototipa ter masovne proizvodnje. Kako to zagotoviti? 
Klasièna metoda preizkusov in napak z veliko intervencijami, nepredvidljivim in neprièakovanim delom, je èasovno potratna. Edini 
naèin je uporaba najsodobnejših raèunalniško podprtih tehnologij, podkrepljenih z veliko znanja in izkušnjami.
Tecos je s svojimi izkušnjami in uporabo najsodobnejših raèunalniško podprtih tehnologij 
zanesljiv partner na podroèju snovanja novih izdelkov, orodij in tehnologij.

Product lifecycle is getting shorter every day, putting more and more pressure on shortening the time from idea to prototype and serial 
production. The old fashion way of trial and error needs a lot of interventions, unpredicted manual labour is time consuming. The 

only way is the use of the most advanced computer supported technologies, backed up with knowledge and experience. 
With its vast experience and use of the state-of-the-art computer supported technologies Tecos can be 

a reliable partner to your company in the field of product, mould and technology design. 
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0 INTRODUCTION

Improvement of production processes has
always been an important goal in metal forming
industry. The aim is to develop cost effective and
stabile forming processes where the number of non-
conforming products (scrap) is reduced to the
minimum. Numerical simulations are used daily
for validation and optimization of forming
processes [1] and [2]. They replace physical
experiments for reducing costs and speeding up
product development. But numerical models are
based on the exactly defined constant set of the
input parameters (material properties, friction
conditions, machine settings etc.), which in reality
scatter considerably during production.
Technological solutions are therefore achieved
without actually understanding exactly how stabile
they are. This results in product loss which can be
as high as a few percentage of the production
volume [3].

Many authors are dealing with the problem
of predicting stability of forming processes [3] to
[9] but in many cases the approach is too complex
and too time consuming for industrial use. The aim
of presented research is to develop the simplest
possible optimization approach which gives

reliable results is the shortest time possible. In
practice this means with minimum possible number
of numerical simulations. The proposed
methodology which consists of numerical
simulations, response surface methodology and
stochastic optimization is described in Section 1.
It was successfully applied during the development
of forming procedures for forming of automotive
parts. In section 2 it is shown how it is possible to
predict scatter of final properties of the product
based on scatter in input parameters. In section 3 it
is used for optimization of forming process with
respect to uncontrollable scatter of input parameters
with the aim to avoid high scrap ratio.  In the end
the results are commented upon and the conclusions
are given in Section 4.

1 PROPOSED METHODOLOGY FOR
PREDICTION AND INCREASING THE
STABILITY OF FORMING PROCESSES

In general metal forming process, the input
can be categorized as energy (for powering the
press), information (contained by CAD models) and
unreformed material (sheet metal, bars, etc.). The
response is the deformed product or actually the
selected properties of product (e.g. the geometry,
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thinning, final material properties due to hardening
of input material, etc.). Also entering the process
are control input variables (the variables that can
be controlled by the process engineer – for example
shape of the forming tool, setting on the forming
press) and noise input variables (the variables that
cannot be controlled by industrial settings
(temperature for example). The control variables,
the noise variables and also some of the input
variables are stochastic variables.

The presence of stochastic input variables
will cause variations of the response - the properties
of the products. If the response deviates too much
from the intended properties of the products the
products may not be acceptable. A stable process
is a process which is insensitive to the variations
of the stochastic variables influencing the process,
i.e. when the expected scatter of the input
parameters (material properties and position,
machine settings, friction conditions, etc.) do not
cause unacceptable properties of the final products
[10].

In our research the following approach
(integrating numerical simulations, the response
surface methodology and stochastic optimization
based on Monte Carlo method) was used to study
and optimize the stability of the considered
stamping process.
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Fig. 1. Magnetic core
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Fig. 2. Studied forming sequence

Table 1. Expected scatter of input parameters Table 2. Experimental design matrix and results of
numerical simulations
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Fig. 4. Predicted versus actual response Fig. 5. Probability chart for predicted h

Fig. 6. Sensitivity chart for predicted h
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3 OPTIMIZATION OF FORMING PROCESS
AIMING AT MAXIMUM ROBUSTNESS

In some cases it is not enough only to predict
the scatter of final properties of product, but it is
also necessary to optimize the production process.
Stamping process for production of part, whose
geometry and approximate dimensions are
presented in the upper part of Figure 7, was studied.
In this case the object of study was prediction of
reject rate and optimisation of stamping procedure.
The selected stamping procedure is presented in
the lower part of Figure 7. Drawbead was planned
in stage 2 to prevent wrinkling in the walls of the
part. The two main input parameters which could
be optimized during development of forming
procedure were: the initial shape of the blank (size
of the cut-out produced in stage 1, defined by
parameter a), and properties of drawbead (defined
by restraining force F

db
). If the cut-out is big and

restraining force F
db

 is low then material flow into
the die cavity is less constrained and only minor
sheet thinning but higher wrinkling is expected. On
the other hand if the cut-out is small and restraining
force F

db
 is high, then material flow into the die

cavity is more constrained and lower wrinkling but
danger of excessive sheet thinning and localization
is expected.

In Table 3 the most important input
parameters, their nominal values and expected scatter
of values are presented, based on of the data previously
gathered [10] and on industrial experience.

The optimum solution was searched for within
the following search space: cut-out a = 0 to 90 mm
and restraining force F

db
 = 0.02 to 0.08 kN/mm. If

a equals 0, no cut-out is produced at all and a should
not be greater than 90 mm, otherwise there is not
enough material in the blank to form the product
with the required dimensions. Restraining force
F

db
 = 0.02 kN/mm can be ensured by a modest

drawbead and restraining force F
db

 = 0.08 kN/mm
can be ensured by strong drawbead.

Fig. 7. CAD model of the studied part and selected forming procedure

Table 3. Expected scatter of input parameters
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In metal forming, the combination of input
parameters leading to a successful forming
operation and acceptable products is defined as a
technological window of the process. For the
studied example, where the only two input
parameters that could be varied were the following:
the size of the cut-out a and the drawbead force
F

db
, therefore the technological window can be

easily determined by several numerical simulations
or experimental trials (see Fig. 8).

The questions arose how to evaluate and
how to maximize the stability of the forming
process. What is the optimum size of the cut-out
and what is the optimum setting of the drawbead

force F
db

 for the maximum stability? Intuitively, it
would be reasonable to set parameters exactly in
the middle of the technological window. But is this
really the best solution?

The following approach was used to answer
this question. A numerical model and the results
calculated with average input parameters are
presented in Figure 9. The surfaces of the tool parts
were defined as rigid. The blank sheet was
discretized by quadrangle elements, representing
the material with an elasto-plastic constitutive law.
For the material hardening determination the
Krupkowski law was used. The friction between
the blank and the tool parts was modelled by the
Coulomb’s Law. Prediction of localization was
done by comparing the strain states to the Forming
Limit Curve (FLC) that was determined as
described in [14]. Prediction of wrinkling was done
by comparing the heights of the wrinkles to the
selected critical value. The allowed thinning was
selected to be 20% for the studied example in
compliance with the requirements of the customers
from automotive industry.
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D
L
 is defined as the danger of localization, D

T
 is

defined as the danger of extensive thinning, D
W
 is

defined as the danger of wrinkling, ε  is the critical
actual strain path (shown in Fig. 9), ε

FLD
 the allowed

Fig. 8. Technological window for the studied
stamping process

Fig. 9. Numerical model and results
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strain path (shown in Fig. 9), s
0
 the initial sheet

thickness, s sheet thickness at the product, s
min

allowed minimum final sheet thickness, h
w
 the height

of the wrinkles detected on the product and h
w max

allowed height of the wrinkles. Finally D is defined
as the parameter predicting the danger that any of
the unwanted output properties will occur. If the
value D is low, the technological safety is high. In
the case of D>1 the product is unacceptable (at least
one of the unwanted output properties occurs). In
our research a three level Box-Behnken Design of
experiments was used. Later the empirical models
(termed the response functions) were developed,
which approximated the relationship between the
response of a system (danger of localization,
excessive thinning and wrinkling) and input
variables of the system affecting the response.
Response functions are given by:
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Once the response functions were obtained,
the Monte Carlo techniques were used for the
determination of the optimal setting of input
parameters a

opt
 and F

db opt
.

The results of the optimization procedure are
presented on the left hand side of Figure 10. It is
predicted that maximum stability (minimum reject
rate) can be achieved when the forming procedure is
performed with the settings a

opt
 = 70 mm and

F
db opt

 = 0.04 kN/mm. The forming tool was produced
with regards to the results given above. It is presented
on the right hand side of Figure 10. After the
preliminary testing in the tool manufacturing company
it was decided that the geometry of the drawbead,
which provides restraining force F

db
 = 0.04 kN/mm,

would be selected appropriately, but the cut-out
produced in stage 1 would be 20 mm higher that the
theoretically calculated optimum choice.

Finally Figure 11 shows the sensitivity chart
for the danger of the unwanted output properties D
which was calculated based on the contribution of
each input parameter to variance. It provides us
with the ability to quickly judge the influence of
the scatter of each input parameter to the studied
process stability.

Fig. 10. Results of the optimization procedure

Gantar.pmd 28. 05. 08, 13:49255



256

��������	�
�����	
�
�������
��
����������
�����������
��������� 
��!���"

%������%��"�&�	�#
���'�

From the Fig. 11 the following conclusions
can be extracted:
1. Process stability is most sensitive to variations

of the hardening properties of the material
(especially hardening coefficient C).

2. Variations of other input parameters (initial
sheet thickness, yield stress, orthogonal
coefficient of anisotropy and coefficient of
friction) are of minor importance.

4 DISCUSSION AND CONCLUSIONS
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Using this approach the optimization
process can be performed with the minimum
number of time-consuming numerical simulations.
The method is simple, appropriate for industrial
use. It is especially appropriate for cases where the
number of input parameters taken into account is
relatively low (lower that 10). In such cases it gives
excellent results with low number of required (and
for complex industrial examples many times quite
time consuming) numerical simulations. For
solving the cases where the number of input
parameters is higher the number of numerical

simulations required becomes large no matter
which design of experiments is used. In such cases
other optimization approaches give results faster.
Only the so called “technological reject” is
evaluated. The reject resulting from other reasons
(failure of the tool, wrong setting of the machine,
etc.) is not the subject of the presented paper.

In order to confirm the presented results
of optimization, the mass production with
different settings of input parameters should be
observed. In industrial practice this is impossible
to achieve since companies are unwilling to
perform changes on the tool and run the
production with undesirable settings just to
measure the increase of the reject rate. But the
experts from the production floor were satisfied
with the presented calculations and results.

In future the cost function must be integrated
into the optimization procedure in order to correctly
optimize the studied production processes from the
economical point of view. For example, in some
cases it is reasonable to use cheaper raw material
with higher scatter of properties although the
production is performed with higher scrap ratio.
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0 INTRODUCTION

This paper summarizes the research work
developed by the Mechanical Engineering Area of
the University of Zaragoza in cooperation with
Foundation AITIIP technological center.

The results are focussed to determine
apparent viscosity values of talc filled polyolefins
in the nozzle of the injection moulding machine
and to register operational parameters during
injection of large parts such us bumpers and
washing machine tubs in order to establish
relationships with typical defects like flashes or
short shots.

There are different methods for viscosity
measurement of molten polymers [8] to [10]. The
capillary rheometer determines the relathionships
between viscosity and shear rate, temperature and
pressure variations. For this reason this is the most
used way to fully characterizate the rheological
behaviour of a thermoplastic grade in order to
develope further calculations such us injection
moulding simulations.

One of the goals of this research work is to
determine apparent viscosity in an injection
moulding machine during operation [10]. Some
advantages can be gained with this technology. First
is a real-time viscosity calculation of the raw
material used for producing injected parts which
is highly dependent of the lot of supplied material.
Second is the monitorization of the variations in
viscosity values on-line to advance potential fails
in injected parts. Third is the influence of scale
effects that differ from measurements made through
a capillar channel less than 1mm diameter and those
made through mould and machine channels from
2 to 20 mm thickness. Other is the information
obtained about the injection moulding processing
parameters on-line, the possiblity to establish
relationships with part defects and the additional
option to determine the properties of materials that
cannot be tested in the laboratory such us recycled
materials and re-used scrap material.

The injection moulding of large parts
through very large series over than 1,000 cycles
per day is critical because very small defects like
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short shots and flashes are highly dependent on the
viscosity of the material and it can vary depending
the lot of raw material. This complex process can
be improved using especial sensors for pressure
and temperature measurement in the nozzle of the
machine. They will be usefull for apparent viscosity
determination and also for small variations
detection in processing parameters that could
induce these defects that affect to less than 1% of
the part but force to reject heavy parts and even
stop the production lines.

1 APPARENT VISCOSITY MEASUREMENT

1.1 Equipment - Monitorized Nozzle

A customized nozzle (Fig. 1) has been
developed with an internal channel of 12 mm
diameter and 300 mm length. It has been installed
in an Italtech 3000T/WP19800 machine, suitable
for large parts injection such us car bumpers,
containers and washing machine tubs. The nozzle
is equipped with three chain heaters controled by
thermocouples to control the temperature of the
molten material, and two kistler 4083A sensors for
melt pressure and temperature measurement. These
transducers are assemblied to their charge
amplifiers. The plastication unit is equipped with
a wire potenciometer and hydraulic pressure sensor.
A complete system of computer, software,
acquisition card, signal conditioning, etc. complete
the measure chain.

Another nozzle has been simultaneously
developed with an internal channel of 3mm
thickness, 20 mm width and 100 mm lenght. It has
been intalled at a JSW 85EL II machine.

1.2 Apparent Viscosity Measurement - Theory

One of the crytical problems when injecting
large parts is to maintain production parameters
inside a process window if using large amounts of
raw material whose viscous properties can vary
between different lots. For this reason it is necessary
the use of an apparatus that allows to determine
viscous properties during production machine
operation [10] to [13] and [15]. In this case the
monitorized nozzle is assembled between the
plasticating cylinder and the mould the measure
the properties of the molten plastic.

The procedure the measure the apparent
viscosity consists in make free purges of the
cylinder through this nozzle with constant screw
speed. Pressure losses and temperatures are
measured with the sensors, also screw position is
measured with the wire potenciometer. Actual
temperature of the molten plastic is also measured
with a contact phyrometer placed in the injected
mass after each purge. Graph curves like showed
in figure 2, and time dependent data were stored in
the computer.

The screw speed is a calculation by
derivating screw displacement and the flow rate
(Q) by multiplying the speed and the cross section
of the channel.

Wall shear rate (γ
w
), wall shear stress (τ

w
)

and apparent viscosity (η
app

) are calculated using
this formulae (8), (9) and (14):
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Where, Q is the channel flow rate, R is the
radius of the nozzle channel, ∆P is the difference
of measured pressure values in the transducers and
L is the distance between transducers.

1.3 Experimental Viscosity Calculation

Six different screw speeds and three different
temperatures were programmed and each trial was
repeated five times. This calculations are made each
purge cycle to obtain one value of apparent viscosity
associated to a shear rate and temperature value.Fig. 1. Nozzle with sensors for 3000T Machine
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After a complete test up to 90 results have to be
fitted to construct a viscous model.

The results obtained for a 20% Talc filled
Polypropilene, Hostacom XM2 R19L, were
compared with those found in Moldflow material
database and the raw material supplier, Basell,
database. Also, the actual lot of material has been
characterizated in a Gottfert 1,500 capillary
rheometer. The fifth source of material data has
been the results obtained from a similar procedure
with a sensored nozzle with rectangular cross
section operated in a 85Ton electrical machine.

Resultant data have been fitted using Visdat
application to calculate Klein model constants for
viscosity calculation accordingly to this equation:

where:
η [Pa·s] represents apparent viscosity,

γ [s-1] represents shear rate,
T [ºC] represents mass temperature,
a

1
 ... a

6
are model constants.

The result of data fitting has been complex
because of the origin of the measured points that
differs roughly from a conventional capillary
rheometer. Table 1 shows the selected values at 3
different temperatures (column 1), wide range of
calculated shear rate (column 2), measured
viscosity (column 3) and calculated viscosity with
Klein model after data fitting and six constants a

i

calculation (column 4). It has been necessary to
filter some information further 6% error from fitted
data (column 6) so it can be concluded, the
precision of this way of viscosity measurement is
less precise than capillary rheometry.

Table 2 summarizes a comparison between
calculated constants for Klein model (column 1)
from different sources. The coefficients in the

Fig. 2. Air purge data acquisition
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Table 1. Comparison between measured and fitted data
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second column result after fitting the measured
viscosity values obtained for the same lot of raw
material using a capillary rheometer.

The third column shows the coefficients
obtained using the same raw material and the
monitorized nozzle with rectangular cross section.
The fourth column shows the coefficients obtained
using the nozzle with sensors described in this
paper. Tha last row evidences the accuracy of the
fitted coeffients in terms of standard deviation
below 1.32%. With all this coefficients a complete
plot for apparent viscosity can be drawn, and all
necesary values of viscosity as a function of shear
rate and temperature can be determined for
injection moulding simulation.

Different curves representing shear rate
influence in viscosity calculation at a temperature
of 240ºC are plotted in Figure 3. Calculated Klein
models are used for this plots. The differences in
the curves are similar at different temperatures
(200ºC, 220ºC, 240ºC) and the qualitative tendency
is quite similar. The differences are caused mainly
for the use of Newtonian model for vicosity
calculation that is suitable for capillary rheology

but not for thick sections as in the nozzle. This
phenomenon has been introduced in previous
studies [1] to [7].

The results show how the differences in
viscosity values increase with the cross section
thickness of the measurement apparatus. In this
case, the prediction on viscosity with the 3x20 mm
section nozzle is no more than 9.5% higher than
with the reometer. The differences measured with
the 12 mm section nozzle grow up to 30% higher
that with the nozzle at the highest shear rates
(> 4.000 s-1). The values coming from the material
supplier database are coincident with the
rectangular nozzle and evidence differences with
those measured in the rheometer that depend on
the lot of raw material, quite different from that
one tested in the laboratory prior this research work.

2 SHORT SHOT CHARACTERIZATION

2.1 Experimental Work

Short shots are one of the most common
defects when injecting large plastic parts. These

Table 2. Comparison of Klein model constants

Fig. 3. Comparison of plots from differen Klein models at 240ºC temperature
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kind of defects are extremely severe because they
prove that processing conditions are unstable or
unsteady. The result of a short shot implies the
refuse of a heavy part of several kilograms weight
because of a very small defect of just a few grams.
The visual inspection in-line of the produced parts
is needed to prevent failed parts are delivered
involving additional costs.

A complete parameter registration has been
developed up to 2.37 cycles during a test of a
mould for washing machine tubs. The monitorized
nozzle has been used in combination with the
hydraulic pressure transducer of the injection
machine and the Statistic Process Control (SPC)
of the machine.

It has been proved the productive parameters
follow different patterns depending on a raw material
lot. For this reason injection parameters must be
readjusted periodically because of the viscosity
variations, specifically those related to injection and
packing phase. The different lots of raw material
are certified for production of parts between a range
of values of Melt Flow Index so that variations in
rheological behaviour of the molden plastics must
be assumed in the production lines. It influences the
thermal response of the material in terms of heat
generated during plastification process by means of
viscous heating of the melt. Melt temperature
variations induce fails such us short shots as shown
in Figure 4. For this reason, the monitorized nozzle
is used to check temperature evolution and to control
the plastic viscosity monitoring pressure losses
between transducers.

Table 2 shows the most relevant parameters
when producing these parts. Results for 1.940 parts
completely filled (column 2) demonstrate they are
produced under stable parameters. The standard
deviations are 0.033 for injection time, 0.487 for
hydraulic pressure, 0.071 for nozzle temperature
and 0.446 for screw displacement. Also measured
hydraulic pressure, pressure in both sensors in the
nozzle and average hydraulic pressure during
packing are quite stable. Results for 430 short shots
(column 3) show the effect of viscosity increment
with lower mass temperature. The reduction of
mass temperature of 9.968 ºC is due to a reduction
of viscosity of raw material that reduces roughly
the contribution of viscous friction to plastic
heating.

Two plots of the registered parameters of
correct and failed parts are shown in Figures 5 and
6. These plots show the evolution of several
properties through the cycle time. The optimum
process shown in Figure 5 is developed under high
hydraulic pressure conditions over 190 bar (PH).
Total volume injected is nearly proportional to
screw displacement (Carr). Temperature variations
in the nozzle during a cycle are neglectable (T_1
and T_2). In Figure 6 it can be observed that melt
temperature decreases 3.54% and consecuently
nozzle pressure increases. Defects occur when the
hydraulic pressure reaches the injection pressure
limit (200 bar). From this moment the end of filling
phase is delayed (22.72%) because of the reduction
of screw speed and a total screw displacement is
reduced (5.96%) inducing short shot.Fig. 4. Short shot at the end of filled cavity

Table 2. Operation parameters and deviations
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2.2 Simulation Work

A complete simulation has been done
with Moldflow 5.0 software. Simulations have
been developed using measured material
viscosity data and measured processing
conditions as inputs. A limit of 200 bar in
injection pressure has been introduced so, as
this limit has been reached the programed
injection time has extended up to 18.08 s that

Fig. 5. Optimum cycle parameters

fits with the measured time in the machine of
18.5 s.

Results have demonstrated that operation
under these conditions increases roughly injection
pressure and short shot appears because the slower
displacement of the injection screw that stand the
flow front to freeze. Figure 7 shows the results of
the simulation regarding mould filling. Comparing
this image with Figure 4 it can be predicted the
exact location of the short shot.

Fig. 6. Parameters when short shot appears
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3 DISCUSION

The use of monitorized nozzle to determine
apparent viscosity of molten polymers in an
injection moulding machine has been accurate
enough to compare results with those obtained from
differen sources. But data fitting and construction
of Klein model has demonstrated less accuracy than
capillary rheometry. This unaccuray grows at high
shear rate values due to divergences between the
fully developed flow pattern through a capillar and
the flow pattern through a thick channel.

Comparisons between results from different
sources have demonstrated that as thicker is the
cross section greater are the differences between
viscosity predictions. Also the calculation of
pressure losses when filling thick cavities or
runners is less accurate as they are thicker because
of the assumptions made for polymer flow
modellisation.

The experimental work with large parts
evidences that small variations in raw material
properties influence process parameters such us
pressure and temperature without varying
processing conditions, so that, monitoring those
parameters with a nozzle with sensors fits to
suitable process control.

Graph plots of processing parameters show
that short shots could be prevented because they
appear as a consecuence of gradual degradation in
processing conditions as slow decrease of melt
temperature and increment of pressure needed for
complete mould filling. This incident occurs after

several cycles as different lots of raw materials are
still mixed so that an alarm could be installed
attached to the monitorized nozzle or temperature
conditions could be automatically readjusted.

Concordance between actual filed parts and
simulated ones allows to manage the inspection
activities of the produced parts easily, revealing the
risk zones of them. The results of the simulation
have fitted the defects obtained in the experimental
work when using the material data generated with
the monitorized nozzle better that those available
in the database.

A similar work has been developed to
prevents fails like flashes (Fig. 8), but results have
not been succesful. All these defects have appeared
suddenly, without oriented variation in processing
parameters. The main reason for this defects has
been the temporal obstruction of some of the gate
points or hot runners.

Fig.7. Short shot simulation

Fig. 8. Flashes in large parts
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4 CONCLUSIONS

A monitorized nozzle has been used to
measure apparent viscosity and calculate Klein
model for a talc filled polypropylene. Estimated
error increases with the dameter or thickness fo
the cross section through the nozzle due to
differences in the flow behaviour with capillary
rheometer mainly. Several phenomena have been
also detected like increments of viscosity up to 20%
with higher level of pressure downstream, and
viscous heating through the nozzle at high shear
rates.

A monitorized nozzle has been used to
register injection moulding parameters of
thousands of washing machine tubs. Also sets of
patterns of operation parameters have been
compared in free of defects parts and failed ones.
Short shot defect has been characterizated.

The progressive evolution of parameters
from good to failed parts allow to establish
knowledge based criteria to predict fails such us
short sort.
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0 INTRODUCTION

The modern industrial praxis is oriented
towards the environmental friendly production
consisting of low lubricant use, optimum set-up of
forming operations as well as development of new
innovative forming processes. One of the most
attractive forming processes at the moment applied
for small batch production and prototype
production of very complex components and parts
is single point incremental sheet metal forming. The
technology is very flexible, has ability to quickly
response to part geometry modifications with
minimum expense and on the other hand requires
essential longer forming time per part in
comparison to conventional forming processes, like
deep drawing, bulging, etc. [1] and [2]. Some
products performed with SPIF are presented in
Figure 1. However, majority sheet metal forming
operations require by more pretending forming
operations the use of lubricants involving additives,
like phosphorus, sulphur, zinc, etc., which are
unsafe for several reasons. In order to avoid any
unsafe influences the special airing systems,

electrostatic filters and protective clothes are
needed. Beside all, the intensive application of
lubricants and use of inappropriate ones demand
cleaning of the workpieces after forming and before
their assembly into the final product or before
additional procedures of surface treatment
(colouring, galvanizing, welding, etc.). Generally,
the cleaning costs may reach up to 10 % of product
price [3].

All above mentioned are the reasons why
the liquid lubricants in forming operations have to
be minimized or even replaced with thin hard

Fig. 1. Products performed with SPIF
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coatings. In the production companies the hard
coatings (like TiN, TiCN, TiAlN, CrN, etc.) are
frequently used at least twenty years to protect and
enhance the lifetimes of tools by dry machining in
metal cutting applications. In contrast to cutting
tools, the majority of forming tools is still uncoated.
This is due to the large size and complex shape of
most conventional forming tools, which makes it
difficult to apply a coating and to obtain good
adhesion between the coating and the substrate
material [4]. Furthermore, in the case that coating
fails on the forming tool because of poor adhesion,
coating fragments could become a source of
abrasive particles within the system. This could lead
to poor surface quality of the product and even to
the destruction of a very expensive tool. There are
also many other reasons why the hard coatings are
not frequently used in forming applications. One of
the most important is the relatively high coefficient
of friction generated by most of the commercial
ceramic coatings [5], which leads to a high
temperature between the tool and the workpiece and
consequently to a sticking of the formed material
on the forming tool surface. However, in recent years
remarkable progress has been done in the field of
hard coatings deposition as well as on the
development of coatings on the basis of hard carbon
(e.g. diamond like carbon - DLC). These coatings
with the major portion of the graphite bonds have in
contrast to conventional bonds excellent frictional
properties whereat they are still very hard. Because
of low friction coefficient and high hardness the DLC
coatings could be one of the most appropriate for
the movable machine parts protection and also for
the forming operations, especially for the
incremental forming where only small hemispherical
tool head has to be coated.

However, the aim of this research was to
investigate the possibilities of using hard coatings
on the forming tool by single point incremental
forming technology from the frictional properties
and temperature between the workpiece and
forming tool point of view.

1 SPIF – PROCES DESCRIPTION

Single point incremental forming, also
known as dieless forming, is nowadays well known
sheet metal forming method. The sheet metal could
be formed to a complicated shape without a
dedicated die (Fig. 2).

The rod-shaped forming tool with a smooth
hemispherical head is clamped into the spindle of
the forming machine. The forming tool is usually
made of hard material like cemented carbide. The
sheet metal is positioned and clamped with the
upper blank holder. It is pressed towards the lower
blank holder in which the simple die is placed. The
whole support tool is inserted and fixed on the
worktable of the forming machine. While the
forming tool presses and locally deforms the
workpiece directly under the tool head with a very
small value of deformation, the blank holder and
die remained fixed during the entire forming
process. As the forming tool follows the
predetermined tool path and gradually forms the
workpiece in a series of incremental steps until it
reaches the final depth it is also spinning at a certain
number of revolutions per minute. The steps and
process parameters of single point incremental
sheet metal forming are shown in Figure 2.

2 DEPOSITION OF THE USED COATINGS

In this investigation three different coatings
(CrN, DLC and TiAlN + DLC) were used. The
coatings were prepared by different PVD
procedures at JOANNEUM RESEARCH, Leoben
Laser Centre and Institute “Jozef Stefan” in
Ljubljana, respectively. The investigated coatings
were deposited on a hemispherical tool head made
from cemented carbide and/or ball bearing steel
(100Cr6). Before deposition the coatings were
grounded and sputter-cleaned in order to obtain
optimum adhesion between coating and substrate.
The CrN coating was deposited in a Balzers BAI
730 thermionic arc ion plating apparatus. DC ion
etching was performed using Ar ions. During
deposition Cr targets were evaporated by electrons

Fig. 2. Principles and steps of SPIF
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using Ar as the working gas, while N
2
 was used as

the reactive gas. Other deposition parameters are:
base pressure below 2 mPa, working gas pressure
200 mPa, deposition temperature 450 °C and film
thickness 3 µm. The CrN coating was chosen for
its antiadhesive properties.

The DLC coatings were prepared in a
semiindustrial apparatus. The ion etching was
performed by the anode layer source using Ar ions.
The films were deposited by pulsed laser deposition
using four Nd:YAG lasers ablating the carbon
targets. As source for hydrogen and nitrogen, C

2
H

2

and N
2
 were used, respectively. The deposition

temperature was below 100 °C. The film thickness
was around 1 µm. For this purpose a multilayer
coating was deposited, which was achieved by
introducing the reactive gases. The structure was
a-C / a-C:N. In this case the individual layers have
a different ratio of sp3 bonds, hardness and
toughness. In this way the multilayer structure was
high sp3/ low sp3/ high sp3/ low sp3 etc.

In order to obtain optimum adhesion a
composite coating (a hard base coating - TiAlN and
a relatively soft topcoat – multilayer DLC) was
prepared. However, prior to the DLC coating
deposition a TiAlN intermediate layer was
deposited. The TiAlN coating was deposited by
sputtering in a commercial CemeCon CC 800
apparatus, which is equipped by four unbalanced
magnetron sources, while the substrates are
mounted on planetary holders. Ion etching is
performed in RF mode using Ar ions. For
deposition, N

2
 is used as reactive gas and a mixture

of Ar+Kr as working gas, yielding a film thickness
of about 3 µm. The working pressure was around
700 mPa, while the base pressure was below 2 mPa.
The deposition temperature is around 450 °C. The
TiAlN coating was chosen as being a proven
protective coating with high hardness (3500 HV).

After TiAlN intermediate layer the DLC coating
was deposited in the same way described in
previous paragraph.

3 EXPERIMENTAL WORK AND RESULTS

3.1 Tribological Test

Since the friction coefficient can not be
measured during single point incremental forming
the tribological tests were performed on a pin-on-
disc test machine, which presents in the initial
testing stage the most reliable method to describe
the actual conditions during SPIF. It is worth
pointing out that in case of pin-on-disc test the tool
contacts the workpiece over the same rounded loop
repeatedly whereas in case of SPIF the forming tool
never exactly touches the same workpiece area.

However, tribological tests were carried out
under dry and oil lubricated sliding conditions. The
upper specimens were the forming tools with the
diameter of 10 mm made of cemented carbide and
coated 10 mm bearing steel balls, respectively.
Bearing steel balls (100Cr6) were included in the
investigation in order to investigate the possibility
of replacing cemented carbide with cheaper
substrate. Coated and uncoated forming tools were
loaded against rotating 1 mm thick steel sheet plates
made from cold-rolled DC05 steel mounted on a
hardened 100Cr6 discs, used as a load support (Fig.
3). The normal load applied was 10 N, which
corresponds to a maximum Hertzian contact
pressure of 1 GPa and sliding speed set to 0.03 m/s.
Sixty minute tests corresponding to a total sliding
distance of ~100 m were performed at a relative
humidity of 50% and a room temperature of 20°C.
Oil lubricated tests for uncoated cemented carbide
forming tools serving as a reference point were
performed with a standard forming oil SYLAC80-
05, which does not contain chlorine and steel plate
being submerged in lubricant. Prior to testing all
test samples were ultrasonically cleaned in ethanol.

During testing coefficient of friction was
monitored continuously as a function of time, while
contact surfaces were analyzed after the test by
means of Optical Microscopy (OM) and Scanning
Electron Microscopy (SEM).

Figure 4 shows coefficient of friction curves
for different coatings tested on Pin-Disc machine
against DC05 steel plates. In the case of cemented
carbide forming tool - pin, which was used as aFig. 3. Pin-on-disc test
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reference material, coefficient of friction reached
steady-state values of about 0.1 if running with
forming oil and between 0.4 and 0.45 when running
dry (Fig. 4). Relatively high friction under dry
sliding conditions indicates adhesion of DC05 steel
to the cemented carbide forming tool surface.

CrN coating deposited on bearing steel ball
and tested dry showed even higher initial friction
of over 0.5, which dropped during first 20 m of
sliding as contact surfaces accommodate to each

other and smoothening takes place. However, as
sliding proceeds coefficient of friction starts to
increase and after 100 m of sliding reaches values
of about 0.65. Steady friction increase and its
abruptions indicate adhesion of DC05 steel to the
CrN surface (Fig. 5), followed by adhered material
removal. As sliding proceeds contact temperature
will increase, thus intensifying the process of DC05
steel adhesion and friction increase (Fig. 4).

On the other hand, DLC coating deposited
on the 100Cr6 balls showed low initial friction
against DC05 steel even under dry sliding
conditions, with the coefficient of friction being in
the range of 0.15 to 0.18. As shown in Figure 6 no
adhesion of the DC05 steel could be detected in
the early stages of sliding. However, as sliding
proceeds DLC coating gets removed, either by
spallation or wear causing adhesion of DC05 steel
to the steel substrate (Fig. 6) and friction increase
(Fig. 4).

When deposited on cemented carbide
forming tools DLC coatings showed immediate
failure, as indicated by high friction recorded at
the very beginning of sliding (Fig. 7), and

Fig. 4. Coefficient of friction curves for cemented
carbide forming tools and 100Cr6 coated balls

Fig. 5. SEM micrograph of CrN coated ball
tested against DC05 steel after 100m of sliding

Fig. 6. SEM micrographs of DLC coated 100Cr6
ball tested against DC05 steel after (a) 10 m of

sliding and (b) 100 m of sliding
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confirmed by surface analysis. Further sliding
showed similar friction as recorded for uncoated
cemented carbide forming tools, indicating
adhesion or transfer of DC05 steel material to the
cemented carbide substrate. Surface analysis
confirmed DLC coating spallation, which is
probably caused by unsuitable coating adhesion to
the cemented carbide substrate, followed by
transfer of steel sheet material to the cemented
carbide substrate.

Use of TiAlN support layer considerably
improved tribological behaviour of DLC coating
when deposited on cemented carbide forming tools,
with the DLC coating preventing DC05 steel
material transfer for about 20 m of sliding (Fig. 7).
However, even with the TiAlN support layer DLC
coating eventually failed, leading to cemented
carbide/steel contact conditions and material
transfer, as shown in Figure 8.

3.2 The Temperature Measurements

The increase of the forming tool temperature
usually has a positive influence on the formability
but sometimes when the temperature is too high it
could cause the sticking of the workpiece material
on the forming tool, what leads to the fracture of
the workpiece. Beside this, high temperature could
also have negative influence on some hard tool
coatings. For example, in the case of the tools
coated with DLC coating high temperature causes
coating spallation because of its poor thermal
stability, which beside high internal stresses is one
of the greatest weaknesses of the DLC coatings.
All above mentioned is the reason why the
temperature between the forming tool and

workpiece material play so important role in order
to assure perfection of the single point incremental
formed parts.

In order to define real forming tool
temperature arising from friction between forming
tool and workpiece during SPIF the production of
pyramid-shaped part was used as a case study
(Fig. 9).

The SPIF experiments were carried out on
the CNC milling machine Mori Seiki with the
FANUC MSC-521 control system. Due to its
frequent use in sheet metal forming production, the
same material (DC05) selected for tribological tests
was used. Material properties for cold-rolled DC05
steel were obtained by a uniaxial tensile test and
are shown in Table 1.

Table 2 shows the selected process
parameters for SPIF, which are based on
preliminary tests [6].

Fig. 7. Coefficient of friction curves for DLC
coatings when deposited on cemented carbide

pins

Fig. 8. OM micrograph of TiAlN+DLC coated
cemented carbide forming tool after 100 m of

sliding against DC05 steel

Fig. 9. Pyramid-shaped part used as a case study
and its approximate dimension
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The contact temperature was measured on
the forming tool for three different contact
conditions: liquid lubricant, dry contact and hard
coating, respectively. The results of the contact
temperature were obtained using special IR
thermography camera ThermaCAMTM S60 with the
accuracy of ± 2°C [7].

In the first case the workpiece surface was
oiled and the contact temperature was measured at
the end of the uncoated cemented carbide forming
tool rotating in natural direction (NTR). The results
in (Fig. 10) show slight increase of the temperature
during whole forming process. At the end of the
process the maximum temperature of 48.7°C could
be observed. In case of additional forming
procedure the essential increase of tool temperature
could not be expected because of the oil presence.

In the second case TiAlN+DLC coated
cemented carbide forming tools rotating in natural
direction was analyzed. The TiAlN+DLC coating
was selected because it shows the best results by
tribological tests. However, the temperature
measurement results of such coating system shows
similar trend of the temperature curve like the curve
obtained by liquid lubrication system, whereas the
former lies a little higher (Fig. 10). The reasons
could be found in higher friction coefficient (Fig.

7), the absence of cooling/oiling system and very
unsuitable coating adhesion and coating spallation
in the contact zone during SPIF as presented in
Figure 11. Similar results were obtained also by
the tribological test (Fig. 8).

When dry contact is taken into account two
various tests involving different cemented carbide
forming tool rotation strategy were analyzed. Two
reasons for concern over the tool rotation strategy,
relative to the tool motion, are the heating that occurs
and consequentially the quality of the SPIF formed
product [6]. The most obvious origin of heating due
to the tool rotation strategy are sliding and rolling
friction. As the tool travels over the workpiece
surface it could rotates in natural or unnatural
directions relative to the tool motion. In the case of
natural tool rotation (NTR) with the optimum
rotation speed relative to the feed rate according to
preliminary tests [6] the tool rolls over the workpiece
surface during whole forming process. Therefore,
excessive heating could not be observed. The results
of the thermography analysis during whole SPIF
process is evident from the diagram in the Figure
10, whereas the temperature distribution of dry
contact between the cemented carbide forming tool
and workpiece rotating in NTR after the forming
time of 6 min presents Figure 12.

Table 1. Material properties of DC05 steel Table 2. Applied SPIF process parameters
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Fig. 10. The tool temperature in dependence of
time during SPIF by various lubrication methods

Fig. 11. OM micrograph of TiAlN+DLC coated
cemented carbide forming tool already after first

SPIF formed part
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In contrast to NTR the forming tool in the
case of unnatural tool rotation (UTR) slides along
the workpiece surface, kneading the base material
(Fig. 13b), whereat extreme heating due to the large
value of sliding friction could be observed. After a
few number of revolutions the temperature reaches
an extremely higher value (T

max
 = 150°C) than in

the other three cases (Fig. 10). Beside this, the
sticking of the workpiece material on the forming
tool appears (Fig. 13b), while in the case of NTR
no base material sticking and excellent surface
quality could be observed (Fig.13a).

The temperature distribution of dry contact
condition using UTR after the forming time of 117
secs. presents Figure 14.

4 CONCLUSIONS

In the case of incremental sheet metal
forming with a hemispherical rigid tool the coating
ability to prevent the adhesion of the workpiece is
as important as its wear resistance, because of the
long forming tool path in order to achieved final
product. Usually, the coatings with high wear
resistance have besides high friction coefficient also
high tendency to sticking of formed material what
does not represent the best solution for improving

tool lubrication properties by SPIF. Furthermore,
the poor adhesion of the coating may lead to the
coating crumbling and consequently to the forming
tool damaging. On the other hand the coatings with
low friction coefficient and anti sticking condition
do not reach high wear resistance.

However, from the investigation could be
concluded, that CrN coating shows good load-
carrying capacity when tested against DC05 steel,
while high friction and high tendency for the DC05
steel to adhere to CrN surface does not make CrN
coating a good candidate for dry forming of used steel.
On the other hand, DLC coating shows low friction
against DC05 steel even under dry sliding conditions,
but adhesion is relatively poor. Using multilayer DLC
coating with TiAlN support layer the adhesion and
the tribological properties of DLC coating can be
improved, but the adhesion is still not good enough
because of long forming tool path in order to achieved
final product. Furthermore, the thermography
analyses shows that the low temperature appeared by
the hard coating system does not have influence on
the adhesion of the DLC coating. It has been found
that is the tool temperature directly connected with
the friction condition for particular SPIF parameters
used. The increase in the tool temperature appears
with the increase in the friction coefficient.

Fig. 12. The temperature distribution of dry
contact, NTR, forming time 382s

Fig. 14. The temperature distribution of dry
contact, UTR, forming time 117s

Fig. 13. The uncoated cemented carbide forming tools and workpieces after SPIF: (a) natural tool
rotation – NTR and (b) unnatural tool rotation - UTR
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However, if appropriate adhesion between
the forming tool and coatings could be achieved
the coatings on the basis of carbon (DLC) seem to
be the best solution for improving the tribological
properties by incremental sheet metal forming
processes, because they may restrict or even
eliminate the usage of commonly used lubricating
oils, which for great pretending forming operations
usually involve unhealthy additives.

In the future the investigations will be
oriented to improve DLCs long-term stability for
SPIF contact condition, either by increasing its
load-carrying capacity, improving its adhesion,
making it thicker or changing the substrate material.
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0 INTRODUCTION

Hot forging has been regarded as one of the
main processing techniques due to high productivity
and possibility of getting high deformation combined
with very good mechanical properties of products.
However, a competition from the other techniques
has been quite severe and new developments in hot
forging are still very crucial. In spite of
organizational changes and automatization of
processes, further developments in hot forging have
been connected mainly with an increase of
geometrical accuracy of forgings and with
approaching at least a near-net shape in the as-forged
condition [1] to [4]. The savings obtained by the
reduction of machining allowances and machining
operations can be quite substantial. What more,
mechanical properties of a precision forging are
usually superior to those of a forging subjected to
extensive machining. This is because the forged
microstructure is preserved intact in the precision
forging and the fibre orientation is not disrupted.

Geometrical inaccuracies of forging may be
affected by the design of the as-forged product, the
process planning and practice of the operational
sequence, the properties of the stock material and
billet, the lubricant and control of lubrication, the

tool and machine, precision of the set-up, control
of working temperature, the finish machining and
heat treatment. Precision forging is the closed die
or fleshless forging.  Relatively high geometrical
accuracy of forgings could be obtained also by
means of hot forging with a flesh. However, it
requires an optimization of tool design and tool
loading. In this paper some tooling design
considerations will be taken into account in order
to minimize side movement of the different parts
of die and hence to minimize geometrical
inaccuracy of forging.

Fast development of computer methods and
computer software has been very important in
realistic modelling of forging processes. Many
features of the forging process have already been
covered. There are still some of them, such as inter-
stage heat treatment or post-process thermal
behaviour, which have received little attention [5].
However, detailed modelling of the forging process
sequences and deformation conditions would
provide a possibility to control heat exchange and
changes in mechanical and physical properties of
deformed material as well as to control exactly a
flow of metal and tool loading conditions. This
leads, for example, to exact determination of
deformation force components including side (or
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lateral) forces in the forging die [6] and [7]. Side
forces are relatively high in production of non-
axisymmetrical or extended forgings what results
in an offset of the upper and lower dies. This offset
introduces geometrical inaccuracies into forgings
or increased wear of some parts of die cavity.

There are many well known ways to prevent
sideways movement of the different parts of die
caused by side components of force [8] and [9]:
� If possible, the parting line should be in the

same plane as the forging plane, at a right angle
to the direction of deformation; this simple way
works well mainly for axisymmetrical
impressions.

� The impression must be cut in the die block in
such a way that the parting line takes into
account local differences in slope angle to the
forging plane in order to compensate side
component of force.

� Forging of components in pairs in order to
achieve symmetry.

� Side lock – step to counterbalance side forces.
� Guiding of forging dies, common in close-die

forging, with cylindrical guideways, guide pins
and lateral or corner guides.

Most of the above mentioned methods
complicate the design of forging tools and increase
cost of the tools. For that reason application of any
method must be carefully considered. So far,
special experience and know-how have usually
been crucial for such a tool designing. Generally,
determination of directions and values of the side
forces would be very helpful in the design
procedure. This paper presents two ways of
determining side forces by means of numerical and
physical modeling. Two industrial forging
processes for the bracket lever and the valve lever
were chosen for the analysis.

1 FORGING OF BRACKET LEVER

1.1 Numerical Modeling

MSC/SuperForge software based on finite
volume method has been used in numerical
modeling of the processes. Geometrical models
were prepared by means of Solid Works software.
The dies were assumed as stiff bodies. Combined
thermo-mechanical numerical analysis has taken
into account all stages and blows of the forging
processes. Geometrical changes, residual stress and
temperature fields have been imported for all
subsequent stages.

The forging of the bracket lever, shown in
Figure 1, was performed on a crank forging press.
The lever was made of medium carbon dispersion
hardening ferritic-pearlitic steel. In industrial
practice, this bracket has been forged in several
steps from a round bar of 20 mm in diameter.

In this paper, only the operation in the final
impression has been examined. The inclination α
of parting surface of lower and upper dies
corresponding to 0, 10, 20, 30 an 40 degrees was
a variable for the analysis of forging in the final
impression (Fig. 2). Initial temperature of the
workpiece was 1100 °C and the dies were
preheated to 300 °C. Friction conditions were
defined by Coulomb’s law with friction coefficient
0.1.

A change in the inclination α of the main
part of parting surface from 0 to 40 degrees resulted
in changes in the maximum side force X (direction
x – Fig.2) as shown in Figure 3. Calculated force
components were presented as relative values, i.e.
the maximum values of side force X and forging
force Z

 
found for the inclination α=20 degrees were

assumed as 100%. It should be pointed out that the

Fig. 1. Bracket lever 6��(
�(
+���������$����������������������� �!��

������������.�α�
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smallest side force X has been just for this angle.
Values of the angle α lower or higher than 20
degrees caused considerable increase of X. On the
other hand, the forging force Z was the smallest
for α=10 degrees. Generally, the values of side
force X were equal to about 10% of the values of
forging force Z. These calculated data open the
possibility to design tools in a proper way. For
example, if a side force X should be as small as
possible then the inclination of parting surface
would be about 20 degrees. If both forces X

 
and Z

should be as small as possible than α=10 degrees
would be the best solution.

1.2 Physical Modeling

It has been essential to validate the results
of numerical simulations and to get greater
confidence in the application of side forces analysis.

As for hot forging, physical modeling has been a
valuable alternative to numerical modeling [10] to
[14]. Physical modeling based on wax is faster,
easier and less expensive than a subscale production
process.  To take all the advantages of using
physical modeling, the modeling press and 6-axis
force transducer have been used. The modeling
press is very stiff in both lateral and angular
directions. Its elastic deflections do not influence
the material flow. The 6-axis force transducer
consists of the upper and lower plates (Fig. 4). The
transducer is mounted to the base plate of the press
and the modeling tool is located on the upper plate
of transducer (Fig. 5). The upper plate of the
transducer is supported vertically by three carrying
elements V1, V2, V3 and the other three elements
support the plate horizontally – H1, H2, H3. Hence,
the vertical force Z loads mainly the vertical
carrying elements whereas the side forces X and Y
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Fig. 3. Influence of parting surface inclination on
changes (%) in maximum values of side X and

vertical Z forces (forging of bracket lever)

Fig. 4. 6-axis force transducer with vertical and
horizontal supporting elements

Fig. 5. Upper die (UD) and lower die (LD)
arrangements on the modeling press

Fig.6. History of changes in side forces X and Y
as a result of physical modeling; parting surface

inclination 20 degrees
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load the horizontal carrying elements. Upper and
lower dies for physical modeling of bracket lever
forging were made of tool resin. Preforms were
made of wax composition for which a shape of
stress-strain curve was in a reasonable agreement
with the curve for the real material. During
deformation of preform between upper and lower
dies, vertical Z as well as side X and Y forces were
measured.  Side force X has been much higher than
side force Y.

The history of changes in side forces X and
Y is shown in Figure 6. It is presented in a form of
changes in resulting side force in order to point
out the direction and value of the force from the
beginning up to the end of deformation. Broken
line shows the resulting side force just at the end
of forging. It has changed the direction over 300
degrees during the whole forging process.  Hence,
the side lock design in the die  should
counterbalance the side force from different
directions. The results shown in  Figure 6 were in
a quite good agreement with the results of
numerical simulation carried out for modeling
material (Fig. 7). The direction of the final resulting
side force is almost the same as in physical

modeling. There are some differences between
these two curves in the initial stage of deformation
when the forces are relatively small. It could be
caused by slight differences in placement of
preforms and friction conditions.

2 FORGING OF VALVE LEVER

Forging process of valve lever was analysed
by means of results of numerical modeling. The
process was performed on a forging hammer. Initial
temperature of preform was 1100 °C and the dies
were preheated to 250 °C.

The upper and the lower dies were designed
as to have fuller, blocker and finisher impressions
(Fig.8). The full process consisted of the following
stages:
• Initial upsetting (1 blow),
• Fullering  (2 blows),


�
"�

	�

% %%

Fig. 7. History of changes in side forces X and Y
as a result of numerical modeling; parting
surface inclination 20 degrees, material for

physical modeling

Fig. 8. Pre-forms placed in the blocker impressions of the lower dies for forging of valve levers
(case I and II)

Fig. 9. A forging with overlapping (case I) and a
forging without any defect (case II)
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• 900 counter-clockwise (case I) or clockwise
(case II) rotation of preform and additional
fullering (2 blows),

• Forging in the blocker impression to get the
general final shape (3 blows),

• Forging in finisher impression to get the final
overall shape (1 blow).

As an example, forging in the blocker
impression has been chosen for analysis [7]. As in
the case of bracket lever modeling, all of the
previous stages and number of blows were taken
into account during numerical simulation.
Geometrical changes and temperature fields have
been imported for all subsequent stages. The
forging obtained after deformation of preform
characterized by case I showed a forging defect in
the form of overlapping (Fig. 9). As for the case II,

the forging did not show any defect. Figures 10
and 11 present changes in lateral forces X and Y as
a function of upper die stroke (third blow). The
lateral forces have been much smaller for the case
I than for the case II. It means that the necessity to
change the preform positioning for getting the
forging without overlapping lead to a considerable
increase in values of lateral forces (case II). What
more, the directions of the highest resulting side
forces were different during the course of the
process as shown in Figure 12 for the finisher
impression (case II). It means that the guiding of
the upper and lower dies is necessary in the
analysed forging process for getting a high
geometrical accuracy of forgings.

3 CONCLUSIONS

� There are many ways to prevent sideways
movement of upper and lower dies caused by
side forces. Choice of the way would be
supported by the results of numerical modeling.

� Numerical modeling of the bracket lever forging
for various inclinations of the parting surface
has been helpful in minimizing the lateral force.
The lowest values of lateral force and forging
forces have been found for the inclination angle
of about 10 degrees.

� The results of bracket lever numerical modeling
have been in a good agreement with the results
of physical modeling. Hence, a method of
numerical modeling with taking into account
all stages of forging process and changes in
physical and mechanical properties of deformed
bodies has been a valuable tool for finding force
components, including side ones.
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Fig.10. Changes of the lateral force in X
direction for two cases of preform orientation

Fig.11. Changes of the lateral force in Y direc-
tion for two cases of preform orientation

Fig.12. History of changes in side forces X and Y
in finisher impression of die (case II); a,b,c –

high values of the resultant side forces at differ-
ent stages of the forging process
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� Necessity to avoid the overlapping defects in
valve lever forging resulted in a considerable
increase in values of lateral forces.

� The ratio of lateral to vertical forces was up to
about 10% in the two forging processes
analyzed in this paper.
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0 INTRODUCTION

CNC toolpaths are based on NC programs
which are created using CAM systems. These systems
utilize different methods and mathematical algorithms
for calculating or optimization of toolpaths, which
can givevery different results with the same parameter
settings ;�<
��7
;(<. In our past work we have noticed
that arrangement of the points along the toolpath can
have a substantial influence on the machining time
and finished surface of the part.

1 EXPERIMENT PREPARATION

With the presented experiment we wanted
to prove that the toolpath point arrangement could
influence on machining time and a quality of the
finished surface. We tested four different toolpaths,
which were calculated with four different CAM
algorithms using same settings.

The geometry of the part was presented by
a half-sphere with a diameter of a 24 mm. On a
bottom it transforms to a 3 mm radius (Fig. 1). The
stock was a cylinder with a 30 mm diameter. The
stock material was AlMgSi0.5.

All the experiments were made on a Sodick
MC430L milling machine (Fig. 2 and Table 1).

The test tool had the following features:
- Tool manufacturer and type:  OSG WXS-LN-EBD,
- Tool type: ball mill,
- Tool Diameter: 2 mm,
- Tool Radius: 1 mm.

The test toolpath had the following common
parameters:
Toolpath strategy: all the tested toolpaths had
identical programmed toolpath strategy – cutting
the surface with the helical moves from top to
bottom (Fig. 3).
Toolpath tolerance:  0.002 mm (Fig. 4)
Feed rate: we tested the toolpaths with two feed

Fig.1. Part CAD model Fig.2. Sodick MC430L milling machine
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rates (1,500 mm/min and 4,000 mm/min)
Spindle speed: 28,000 min-1

Cutting depth: Ap = 0.1 mm
Cutting stepover: Ae = 0.008 mm (Figs. 5 and 6)

DIFFERENCES BETWEEN TOOLPATHS

The only attribute by which the toolpaths
were distinctly different was the way the points
were arranged along the toolpath. Algorithms that

are used for toolpath point calculation differ from
one CAM program to another. Even though the
toolpaths look the same they don’t have the same
point arrangement along the toolpath. For our test
we have used four different toolpaths:

Toolpath 1: Stochastically arranged points
Toolpath 1 had stochastically and unevenly

arranged points along the toolpath. Because the
calculating algorithm was not optimized the NC

Table 1. Machine data

��������	�
	���������� �������������������������

�	��
����
�������� ����������������

������
���

��� ������������������ !�

"	#�	$$
�
�	%���� !&��'�

(	�%�)

���	%
�� ����*����

"	#�%������	�
%
�� Ø6 mm �

�

Fig. 3. Toolpath strategy Fig. 4. Toolpath tolerance

Fig. 5. Toolpath stepover from top view Fig.6. Toolpath stepover from side view
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program consisted of 10-times more points than
any other tested toolpath (Fig. 7).

The toolpath section (Fig. 8) demonstrates
that the distances between the adjacent toolpath
points can vary between 0.002 mm and 0.05 mm.

Fig. 9 shows enlarged section of the
toolpath. It can be noticed that there are 5 points
on a section, which is only about 0.01 mm long.

Toolpath 2: Evenly arranged points that don’t show
a pattern along Z-axis

This toolpath point’s arrangement displays
no recognizable pattern along Z-axis (Fig. 10). The
distances between the adjacent toolpath points are
relatively constant and vary between 0.25 mm and
0.35 mm (Fig. 11). When comparing Figure 10 to
Figure 7 it can be clearly noticeable that toolpath 1
has much higher density of points then the toolpath
2.

Toolpath 3: Evenly arranged points that show a
distinct pattern along Z-axis

This toolpath consisted of substantially
smaller number of points than toolpaths 2 and 4
(see Tables 3, 4 and 5). In this was mainly the result
of the CAM algorithm leaving out the points on
the lover portions of the test part where the toolpath
radius is larger. Some sections of the toolpath had

Fig. 7. NC program simulation of toolpath 1 Fig. 8. Section of toolpath 1

Fig. 10. NC program simulation of toolpath 2 Fig. 11. Enlarged section of toolpath 2

Fig. 9. Section of the toolpath 1

Kopac.pmd 28. 05. 08, 14:42282
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smaller distances between adjacent points than
other sections (Fig. 13). The toolpath simulation is
shown on Figure 12.

Toolpath 4: Evenly arranged points that show a
distinct sun-ray pattern along Z-axis

The points are evenly arranged along the
toolpath and show a distinct sunray pattern along
Z-axis (Figs. 14 and 15). This means that the
distance between adjacent points on the toolpath
is rising with the toolpath depth and radius of the
surface.

3 TEST RESULTS

Each of the test parts has been machined
with two programmed feed rates. Machining with
the lower feed rate (f = 1500 mm/min) was used to
produce finished surface, the higher feed rate was
used to test machining time reduction. After

running the tests we photographed the test parts
under the optical microscope with 30x
magnification. Each part was also checked by
naked eye and photographed with a digital compact
camera.

Toolpath 1
The results of test are summarized in Table

2. The first column represents measured parameters
and the second column shows the results. Toolpath
1 machining time at 1,500 mm/min was 10% longer
than theoretical machining time. The most probable
two reasons for such a delay are the facts that
toolpath consists of 10 times more points than other
toolpaths and that in some sections we can find up
to 5 points in only 0.01 mm length of the toolpath.
The machine cannot process so many points with
the programmed feed rate, which results in
lowering the average feed rate. When we increased
the feed rate to 4000 mm/min, the machining time

Fig. 12. NC program simulation of toolpath 3 Fig. 13. Enlarged section of toolpath 3

Fig. 14. NC program simulation of toolpath 4 Fig. 15. Enlarged section of toolpath 4
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decreased for only 6.5%. Minimum detected feed
rate of 1000 mm/min at programmed 4000 mm/min
shows that the toolpath had certain sections where
the machine movement speed had to be largely
reduced.

Figure 16 represents some issues regarding
tool movement. In some sections of the toolpath
the feed rate decreased rapidly which resulted in
tool vibration and subsequently in gouges in the
surface. Large gouge about 1 mm long and 0.5 mm
wide can be seen in the upper left corner of Figure
16. As we can see on Figure 17 the gouges can be
seen with naked eye. In the real world such part
would be treated as a waste.

The other issue concerns faceted surface on
the lover section of the part. The surface texture
can be seen in Figure 17.

Toolpath 2
The results of the test are represented in

Table 3. Toolpath 2 had 10 times less toolpath points
than toolpath 1 even though theoretical machining
time and toolpath length was the same as with
toolpath 1.

Table 2. Toolpath 1 test results

Toolpath 2 machining time was 2.2% longer
than theoretical. When we increased the feed rate to
4,000 mm/min, the machining time was shortened
by 56%. Average feed rate at programmed 4,000
mm/min was 3,435 mm/min, which shows that the
toolpath 2 is much more optimized for high feed
rate than toolpath 1 (Table 3). Minimum detected
feed rate of 2,500 mm/min at programmed 4,000
mm/min confirms that the toolpath did not have any
sections where the machine movement speed had to
be largely reduced.

The other reason of round and smooth
finished surface was the fact that individual cuts
overlay previous cuts and the toolpath did not show
a sunray pattern along Z-axis (Figs. 18 and 19). The
finished surface was therefore automatically better.

Figure 18 represents the finished surface
photographed under the microscope with 30x
magnification. Surface had no gouges; all the
moves were smooth and did not produce any facets.
The same result can also be observed on Figure
19, which shows the naked eye image of the part.
Surface quality is very good. No facets or gouges
can be seen on the surface.

Fig. 16. Finished part after toolpath1 (enlarged
30-times) Fig. 17. Finished part after toolpath1
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Toolpath 3
The results of the test are represented in

Table 4. Toolpath 3 had smaller density of points
then toolpath 2 but the actual average feed rate was
lower than feed rate on toolpath 2. Toolpath 3
machining time was 5% longer than theoretical
machining time. Compared to toolpath 2 this
toolpath had certain areas where the points were
more densely packed than others (Fig.13). When
we increased the feed rate to 4,000 mm/min the
machining time shortened by 20%. This toolpath
had smaller density of points (number of points on
1 mm of toolpath) compared to toolpath 2 but the
time gain from increasing the feed rate was smaller.

This shows that the toolpath was not as much
optimized for high feed rates as toolpath 2 (Table
4). Minimum detected feed rate of 1000 mm/min at
programmed 4000 mm/min shows that the toolpath
had certain sections where the machine movement
speed had to be largely reduced.

Figures 20 and 21 clearly reveal that the
finished surface included facets. They are result of
the large distance between adjacent points on the
toolpath. On some sections (Fig. 21) they can be
as large as 0.6 mm. The influence of large distances
between adjacent points could be minimized if the
points would not show pattern along Z-axis (like
toolpath 2).

Table 3. Toolpath 2 test results
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Fig. 18. Part after toolpath 2 (enlarged 30-times) Fig. 19. Finished part after toolpath2

Table 4. Toolpath 3 test results
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The facets are clearly seen even with naked
eye (Fig. 21). In real world such part would most
probably be considered as scrap part.

Toolpath 4
The results of the test are summarized in

Table 5. Even though the toolpath density was
higher than the toolpath density of toolpaths 2 and
3 the machining time was only 2% longer than
theoretical machining time. When we increased the
feed rate to 4,000 mm/min, the machining time was

decreased by 60%. Minimum detected feed rate of
2,000 mm/min at programmed 4,000 mm/min
confirms that the toolpath did not have any sections
where the machine movement speed had to be
largely reduced.

The average recorded feed rate was 3,603
mm/min, which shows that the toolpath was well
optimized for high feed rate cutting.

Figure 22 represent the finished surface
photographed under the microscope with 30x
magnification. They demonstrate that the surface

Fig. 20. Part after toolpath 3 (enlarged 30-times) Fig. 21. Finished part after toolpath3

Table 5. Toolpath 4 test results
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Fig. 22. Part after toolpath 4 (enlarged 30-times) Fig. 23. Finished part after toolpath 4
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did not include any gouges; the moves were smooth
and short enough that they did not produce facets.

Figure 23 shows that the quality of surface
is as predicted. There are no special marks or facets
seen on the surface.

4 CONCLUDING REMARKS

Test results clearly show that point
arrangement along the toolpath has a distinct
influence on a surface quality of finished part and
machining time.

1. Influence of the toolpath points arrangement
on the surface quality

When comparing Figures 17, 19, 21 and 23
it can be clearly seen that surface quality differs
from one toolpath to another. When we look at the
parts 2 and 4 we can see that the surface is smooth
and round, while the surface on the parts 1 and 3
has gouges and facets. The results clearly
demonstrate that the toolpath tolerance is not the
only parameter that influences the quality of the
finished surface.

Results (Figs. 8, 11, 13, 15 and Tables 2, 3,
4 and 5) show that the toolpaths that had most
evenly arranged points (toolpaths 2 and 4) showed
the best results on the surface quality.

The toolpath density is important factor for
getting good surface finish quality. If the density
is very low this means that the toolpath tolerance
was not correctly set. On the other side very high
average density of points does not guarantee a good
surface quality. This is clearly presented by
comparing toolpath 3 and toolpath 4. Toolpath 4
had almost 2 times lower average point density than
toolpath 3 but the surface quality was much better.
The reason for lower surface quality in toolpath 3
is the fact that the points were not evenly arranged.

2. Influence of point arrangement on the
machining time

At relatively small feed rates the influence
of point arrangement to the machining time is not

very large. Even with toolpath 1, which had very
low quality of point arrangement, the machining
at 1500 mm/min, was only 10% longer than
theoretical machining time.

The influence gets noticeable when the feed
rate is increased. When the feed rate was increased
to 4000 mm/min the toolpaths with more evenly
arranged points (toolpaths 2 and 4) showed
noticeable decrease of machining time. On the other
side toolpaths 1 and 3 did not demonstrate almost
any decrease of machining time.
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4 SIMULATION OF DEMERI SPRINGBACK
CUP TEST (ASTM, WK8010)
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5 CONCLUDING REMARKS
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