19 DANMARK (10 DK/EP 2825384 T3

(12) Oversaettelse af
europaeisk patentskrift

Patent-og
Varamaerkestyrelsen

(51) Int.Cl.: B 41J 2/045 (2006.01) B 29 C 67/00 (2006.01)
(45) Oversaettelsen bekendtgjort den: 2016-08-22

(80) Dato for Den Europaeiske Patentmyndigheds
bekendigorelse om meddelelse af patentet: 2016-05-04

(86) Europeeisk ansggning nr.: 13715886.1

(86) Europzeisk indleveringsdag: 2013-03-12

(87) Den europaeiske ansggnings publiceringsdag: 2015-01-21
(86) International ansggning nr.: EP2013000717

(87) Internationalt publikationsnr.: WO2013135367

(30) Prioritet: ~ 2012-03-14 DE 102012004988

(84) Designerede stater: AL AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HR HU IE IS IT LI LT LU LV
MC MK MT NL NO PL PT RO RS SE SI SK SM TR

(73) Patenthaver: Arburg GmbH + Co KG, Arthur-Hehl-Strasse, 72290 Lossburg, Tyskland

(72) Opfinder: DUFFNER, Eberhard, Fichtenstrasse 2, 72181 Starzach, Tyskland
KESSLING, Oliver, Alte Bergstrasse 15, 72290 Lossburg-Lembach, Tyskland
KRAIBUHLER, Herbert, Unterbrandi 28, 72290 Lossburg, Tyskland

(74) Fuldmaegtig i Danmark: PATRADE A/S, Fredens Torv 3A, 8000 Arhus C, Danmark
(54) Benaevnelse: Fremgangsmade til afgivelse af en volumenstrom

(56) Fremdragne publikationer:
EP-A1- 2 266 782
WO-A1-03/041875
WO-A2-2004/062890
US-A- 5002 475
US-A1- 2007 211 128



DK/EP 2825384 T3



10

15

20

25

30

DK/EP 2825384 T3

Description

The invention relates to a method for discharging a volume flow consisting of
successive drops to produce a three-dimensional object according to the
preamble of claim 1.

A method according to the preamble of claim 1 is known from EP 2 266 782 A1,
wherein the therein disclosed device delivers solidifiable material plasticized with
a plasticizing unit known in injection molding technology in a fluid phase into a
material storage. The material storage is pressurized and this pressure is used
to discharge the material in the form of drops via a clockable discharge opening
in order to produce a three-dimensional object in a construction chamber. The
fluid phase of the material comprises a temperature dependent viscosity. A solid
body joint is used for discharging the drops at the discharge opening, the
pretension of which can be regulated. For this purpose the operation point of the
solid body joint is measured and readjusted, if necessary. Specific
displacement/force curves can be driven with an actuating element actuating the
solid body joint, in order to targetedly and consciously influence the form of the
drops.

Such a method is likewise known from DE 10 2004 025 374 A1, wherein drops
of one reaction component are discharged and brought into contact with a basis
reaction component present on a substrate, in order to produce a three-
dimensional object with varying material characteristics layer by layer. This
causes an object section, wherein a gradual transition from one material
characteristic to another material characteristic is obtained. The drop size can be
regulated in dependency of a measured layer thickness without having attention
to the viscosity of the processed material which viscosity may eventually change
during the production process.

It is known from EP 1 886 793 B1 to couple a plasticizing unit known in injection

molding technology to a pressurized material storage means to produce a fluid
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phase of a material. To produce an object on an object support in a construction
chamber, this material is discharged in the form of drops via a discharge
opening, it being necessary to apply a high pressure and generally also high

temperatures due to the adhesive strength of the material.

In this device the advantages of plastics parts production using standard
materials used conventionally in injection molding is combined with the
possibility of producing plastics parts for single-item or small batch production. It
allows parts to be produced without a mold which parts have properties similar to

those of injection-molded parts.

To produce such individual parts or small batch sizes, such as for example
samples, further manufacturing processes are also known, which are known
widely as "prototyping" and "rapid manufacturing". Such parts are produced
without using molds, i.e. without using forming molds, the geometry in most
cases being produced on the basis of 3D data. These geometries are produced
in a wide variety of forms using appropriate means such as melting powder
layers by the application of heat, for example by means of a laser, generative
systems such as printing processes, the powder particles being bound in

different ways, or also using so called melt strand methods.

In practice it has been found that when using the method known from EP 1 886
793 A1 for production purposes, a relatively long construction time is needed for
one part. Although as little melt as possible is kept in the melt pressure generator
and thus in the entire system through the geometric construction, on the other
hand this amount must not be too little, since otherwise every opening of the
outlet opening on the discharge of the drops has a significant dynamic effect on
the pressure level, which the melt pressure controller cannot track due to the
inertia thereof. On the other hand, the amount of plastics discharged is
dependent on the following parameters: temperature, the liquefied melt in the
pressure generator, melt pressure and outlet nozzle geometry and also opening

times and stroke of the orifice plate of the outlet opening and also the viscosity of
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the molten material influenced by the total residence time. In addition, the
intrinsic viscosity of the plastics material reduces viscosity at higher shear rates,
which in turn affects drop size and their tendency to coalesce with drops which

already previously have been discharged.

The prior art also discloses a measurement method in which material discharge
per unit time from the nozzle is determined. The value is stated in g/10 min, the
plastics material being forced through a nozzle with a diameter of 2.095 mm by
means of a plunger. The necessary force is applied by a weight. When stating
the values the test temperature and nominal mass used must always be stated.
The method is defined according to DIN EN ISO 1133. When determining the
MFI value, which corresponds to the melt flow rate, established in this way, the
fluidity of the plastics material is determined only at a defined operating point.
Any change in fluidity as process parameters change, in particular as a function

of residence time, is not taken into account.

Based on this prior art, the object of the present invention is to provide a method

for achieving a constant, discontinuous volume flow.

This object is achieved by a method having the features of claim 1.

According to the invention, the process-related instantaneous initial intrinsic
viscosity is determined at a starting point or reference point and used as a
correcting variable for drop size by means of the process control element. The
control variable is the pressure in the material storage means, wherein the
average displacement velocity of the pressure-generating conveying element per
discharged drop is determined as a measured variable and changes thereto with
otherwise constant process parameters are used as correcting variables for the

pressure.

The closed-loop control enables the compensation of disturbing influences or

differences in general intrinsic viscosity for example resulting from fluctuations in
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raw material batches relative to an independently measured model reference
point. Similar disturbing influences may also arise as a result of the residence

time of the material in the material storage means.

Pressure is advantageously applied by an injection screw, on which a non-return
valve is mounted as closing element. Such a non-return valve may exhibit a
leakage flow, which may be taken into account by a correction factor when

determining characteristic values of the control algorithm.

Further advantages arise from the subclaims and the following description of an

exemplary embodiment.

The invention is explained in greater detail below with reference to an exemplary
embodiment illustrated in the figures, in which:

Fig. 1 shows a flow diagram for determining the system characteristic
value and the initial drop size,

Fig. 2 shows a flow diagram for characteristic value control ensuring
constant drop size with pressure as the control variable,

Fig. 3 is a partially sectional view of a device for producing a three-

dimensional object.

Detailed Description of preferred embodiments

The invention will now be explained in more detail using examples in reference
to the enclosed drawings. However, the embodiments are only examples which
are not supposed to restrict the inventive concept to a certain configuration.
Before the invention is described in detail, it should be pointed out that it is not
limited to the particular components of the device and the particular method
steps, since these components and methods may vary. The terms used herein
are merely intended to describe particular embodiments and are not used in a

limiting manner. In addition, where the description or the claims uses the singular
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or indefinite article, this also covers a plurality of said elements, providing that

the overall context does not unambiguously indicate otherwise.

Before looking at the procedure according to Figs. 1 and 2, first of all an
explanation will be provided of the device for producing a three-dimensional
object 50 or a component of solidifiable material according to Fig. 3. The
material, which is either in a fluid phase at the outset or is liquefiable, serves to
produce a three-dimensional object 50 by sequential discharge of drops 70. This
may for example proceed in that individual drops 70 are discharged sequentially
from an outlet opening 12b of a discharge unit 12, such that the object 50 arises
slice by slice in the construction chamber 20 on an object support 13 movable
relative to the outlet opening 12b by a drive unit 16. The solidifiable material is a
plasticized material, such as for example silicone, or a plasticizable material
such as thermoplastics or indeed pulverulent materials. These materials may be
the injection molding materials which are conventionally obtainable and are thus
relatively inexpensive, since no special rapid prototyping materials are needed.
The material may also be a material which can be melted reversibly when
exposed to heat and is thus recyclable. Any other materials may be used,
provided that said materials can be plasticized by the device and above all can

be discharged by the at least one discharge unit 12.

The material is plasticized or processed in the processing unit 11 arranged on a
supporting table 15 and pressurized by the pressure generating unit 10. The
pressure p determines as the melt temperature 8 or the cycle time tg or the cycle
movement sg of the outlet opening 12b the formation of the drops 70 and thus
the quality of the object 50 to be produced. The desired volume of the drop 70 is
in particular in the range from 0.01 to 1 mmg3. The diameter of the outlet opening
12b is in particular less than or equal to 1 mm, preferably around 0.1 mm. At a
wholly conventional conveying velocity of the conveying element of 100 cm/s,
said conveying element conveying the melt through a so-called pin gate 0.1 mm
in diameter, a value of 10,000 m/s is obtained for volume flow by area. This
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leads in the pseudoplastic mass to a laminar frontal flow with flow velocities of up
to 10,000 m/s.

The fluid phase of the material in the material storage means 12c may be
discharged via an outlet opening 12b, actuated by the drive part 12a, to yield the
object 50. At the outlet opening 12b an orifice plate may be used which
preferably takes the form of a solid body joint according to DE 10 2009 030 099
B1.

The processed material is in general a so-called non-Newtonian fluid. Its intrinsic
viscosity n is heavily dependent on arbitrary process settings such as
temperature, pressure, residence time under heat, degree of drying of initial
solid, etc.. The slice structure calculated from the CAD models of a part to be
formed is however preferably based on a constant drop size. However, since
intrinsic viscosity is inversely proportional to drop size, it is necessary, while the
object 50 is being constructed, to compensate a temporary change in intrinsic
viscosity or to make such an adjustment from the outset with regard to batch-to-

batch variation. The following method is used for this purpose.

To ensure that a preferably constant discontinuous volume flow consisting of
successive drops is discharged, the fluid phase of the material is introduced into
the material storage means 12c. A pressure p is applied to the fluid phase of the
material in the material storage means 12c. Under this pressure the material is
discharged in the form of drops 70 from a cyclable outlet opening 12b, in order
thereby to build up the three-dimensional object 50 in the construction chamber

20. The fluid phase has a temperature 6.

To keep the volume flow constant, the pressure p is controlled tracked in the
event of changes in the viscosity of the fluid phase of the material, while
maintaining the other process parameters. To this end, in step 100 according to
Fig. 1 the necessary parameters are measured, i.e. the pressure p(to), in
particular the theoretically calculated throughput volume vp(to) through the orifice
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plate, the leakage volume v (to) through the blocking ring of the non-return valve
27 and the temperature 6 of the material. In addition the frequency f of the
number of drops per second, the travel s of a conveying element, the cycle time
tg or cycle movement sg of the outlet opening 12b, the cross-sectional area As of
the processing unit, in which the conveying screw 26 is accommodated, and the

diameter dp of the outlet opening can be measured.

Hereinafter, control of the constant drop volume by means of the control variable
consisting of the pressure p produced by the conveying element (screw 26) is
described.

At the starting (reference) time

ty = ng/f
(Formula 1)

(i.e.no drops are being formed at the time t;) of component production, a
reference characteristic is formed as a substitute for theoretical viscosity,
wherein o is the time after which no drops have been discharged and at a later

time t, which is any integral multiple of the measurement interval to:

Kk (t) o N (3.p,0)

9,p.t
18P ) (Formula 2)

In a linearly approximated process environment, the total drop volume vp at the
time t and under the aperture opening function tg(t) obeys the Hagen-Poiseuille

law:

vp = nozzle constant «
° n 8, p.t) (Formula 3)

Since the drop volume is intended to be constant over the entire construction

process, i.e.

Vo (t{)) =Vp (t)

the following is obtained from formula 3
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te(to) n(8p.t)

POZPI 0w (Formula 4)
and with a constant aperture opening function tg(t) = tg(to)
p () = k(t) = p(to)
(Formula 5)

and thus a direct proportionality between adjusted pressure and the possibly
varying relative viscosity characteristic as a relation for a possible drop volume

constancy controller.

On the other hand, under ideal tightness conditions of the non-return valve on
the pressure generating screw, the discharged volume of melt up to the time to or
in the time interval between t and t-t, can be measured by determining the
corresponding screw travels. The average single drop volume V+(t) is obtained
by division with the number no of discharged drops in the corresponding interval
to:

screw travel (£} — screw travel (¢ - ty)
Vdrops,measured(t)=f(p(t))* fig * screw diameter

(Formula 6)

As a result of the requirement for constant drop volume at the measurement time

toand t the following is obtained:

screwtravel{t,) - screwtravel { G)
f(p(t))= f(p(to)) * screwtravei(t) - screwtravel {t —tg) (Formula 7)

with the characteristic value calculated by measuring the screw travels

screw travel () — screw travel (ﬂ)
K(t)= screw travel (i) - screw travel (¢ —ty) (Formula 8)
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It has been found that, although the function f(p(t)) is actually defined by way of
the pVT performance map of the processed material, a direct comparison of the
interrelationships between formula 7 and formula 5 allows a good drop volume
constancy control using pressure correction through the measured characteristic

value K(t).

Since screw travel for one drop may be very small and in the actual system may
furthermore be very susceptible to faults due to leakage of the blocking ring of
the non-return valve, no = 10 to 100 drops should be averaged over a larger
number of drops. The change in screw travel over a given number no of drops is

therefore considered in time-discrete t, portions.

In a material pressure generator with screw, the gap between barrel and
blocking ring acts in the same way as a leakage flow aperture for the pressurized
plasticized material. This means that the measured average volume
displacement v is made up of v, (t) (leakage flow via the blocking ring) and vp(t)

(volume discharged through the nozzle):

V=vpt
PT VL (Formula 9)

with: vp = volume discharged out of the discharge nozzle in
measurement interval to

v, = volume through non-return valve 27 in measurement interval to

The leakage volume through the blocking ring behaves as described in Formula
3 for the discharge nozzle only with another system constant, which is
dependent on the gap between barrel and blocking ring.

p {the 1,
3 {8, p,t) (Formula 10)

vL = system constant blocking ring «

The value of the leakage volume v (t) in a measurement interval t, can be

measured at any time by closing the outlet nozzle:



10

15

20

25

30

DK/EP 2825384 T3

-10 -

VI measured(t) = (Screw travel (t) - screw travel (i-to)) * screw diameter

(Formula 11)

If the outlet opening 12b is opened in a steady state, the total volume variation at
the material pressure generator increases. The total volume v(t) can be
measured with simultaneous actuation of the discharge nozzle by means of
aperture function tg(t) again in accordance with formula 11. As a result of the
known leakage volume v and transposition of formula 9, it is possible to draw
conclusions as to the nozzle volume through the outlet opening at the time tin

the measurement interval to.

YoV (Formula 12)

The ratio of the discharged volume and the leakage volume forms according to
formula 3 and formula 10, and with constant aperture function tg(t), a system-
specific constant:

K* = vi(t) / vp(t) (Formula 13)

The system constant K* calculated in step 101 substantially contains the
geometry of the leakage gap between blocking ring and barrel of the melt
pressure generator and also the outlet geometry of the discharge nozzle at
constant orifice time and orifice opening travel. It may be determined by means
of preliminary tests as a performance map dependent on the set process
parameters and the material used and also re-established each time
construction begins afresh, in order to improve the precision of component
slicing. If K* is in the tolerance range relative to these performance map data
(query 102), K* may be transmitted as a correction factor to the slicing software
before the component process starts (step 104) and the component formation
program may be started with corrected slicing or drop size (step 105). Otherwise

the system is stopped at step 103.
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Insertion into the above formula 12 yields:

vo(t) = v(t) / (1+ K*) (Formula 14)

By rolling measurement in step 110 of v(t) and with the number no=to*f of
discharged drops in the measurement interval, the drop volume
Vr(t) = wvp(t)ng=v(t)/( ng * (1+ K*))
(Formula 15)
can then be directly determined and transmitted to the slicing software prior to

the start of the component process.

To keep the drop size constant during the construction process, the
characteristic value controller for the process control variable pressure serves,
as derived in formula 5, to compensate varying viscosities of the material due to
the residence time or small changes for example in the closure mechanism of
the discharge nozzle. For the characteristic value K(t) or alternatively for the
pressure p(t), a maximum process window can be defined (query 111), a system
defect being detected if this is exceeded (for example clogged discharge
aperture or leakage between material storage means 12¢ and discharge orifice

at the outlet opening 12b) and the installation is stopped according to step 112.

Otherwise the pressure is adjusted as required in step 113, until the component

is finished (query 114, step 115).

Example of the system characteristic value K and initial drop size V(to):

In an actual device, with a discharge nozzle diameter of 0.15 [mm], a screw with
a diameter of 15 [mm] at a pressure of 400 [bar] in the material pressure
generator, a drop frequency of 90 [Hz] and an aperture time of tg(t)= 0.5*tcwith a
measurement time of t,=77[s], there arose a K* = 0.014 and a drop size Vr(to) =

0.020 [mm?®], which it was possible to confirm experimentally very well.
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In principle, the above relationships for relative viscosity measurement apply in
linear manner only in the region of a given working point. It is therefore advisable
to determine corresponding performance maps in advance, as a function of the

set process parameters and the material used, and to save them to a database.

It goes without saying that this description can be subjected to the various
modifications, changes and adaptations found in the realm of similar

counterparts to the attached claims.
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List of reference signs

10
11
12
12a
12b
12¢
13
15
16
20
26
27
50
70
100-115

Pressure generating unit
Processing unit
Discharge unit

Drive part

Outlet opening

Material storage means
Object support
Supporting table

Drive unit

Construction chamber
Screw

Non-return valve
Object

Drop

Process steps
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PATENTKRAV

L.

Fremgangsmade til afgivelse af en volumenstrgm, der bestar af successive
draber (70), sa der frembringes et tre-dimensionalt objekt (50) af materiale,
som kan stgrkne, hvilket materiale enten er 1 fluid fase ved afgangen eller kan
ggres flydende, sa der fremkommer en fluid fase, hvilken fremgangsmade om-
fatter trinnene:

- Indfgring af den fluide fase af materialet til et materialelagringsmiddel
(12¢);

- frembringelse af et tryk (p) pa materialets fluide fase i materialelagrings-
midlet (12¢);

- drabevis afgivelse af materialet fra en taktstyret afgangsabning (12b) med
henblik pa opbygning af det tre-dimensionale objekt (50) i et konstrukti-
onskammer (20),

- hvorved materialets fluide fase har en viskositet, der er athaengig af tempe-
raturen (0),

- hvorved i det mindste én procesparameter detekteres under fremstillingen
af det tre-dimensionale objekt, mens de andre procesparametre fastholdes,
med henblik pa indstilling af drabestgrrelsen,

kendetegnet ved, aten @®ndring af viskositeten i1 den fluide fase for
materialet, der kan stgrkne, kontinuerligt detekteres, og at trykket (p) i materia-
lelagringsmidlet (12¢) detekteres som den 1 det mindste ene procesparameter
via en reguleringsslgjfe 1 tilfeelde af en @ndring af viskositeten 1 materialets
fluide fase, mens de andre procesparametre fastholdes, saledes at der opnas en
forudbestemt drabestgrrelse, hvorved trykket (p) tilvejebringes ved hjzlp af et
transportelement, hvorved den gennemsnitlige forskydningshastighed for
transportelementet per afgivet drabe (70) som en malt variabel konverteres til
den styrbare variabel 1 reguleringsslgjfen.

Fremgangsmade ifglge krav 1,

kendetegnet ved, atden malte variabel med henblik pa regulering af
konstant drabevolumen bestemmes dynamisk ved en kontinuerlig fremgangs-
made.

Fremgangsmade ifglge krav 1 eller krav 2,
kendetegnet ved, at transportelementet er en transportsnegl (26), som
transporterer den flydende fase for materialet til materialelagringsmidlet (12).

Fremgangsmade ifglge et hvilket som helst af de foregaende krav,
kendetegnet ved, at transportelementet omfatter en én-vejsventil (27)
med lekstrgm, hvilket tages 1 betragtning i reguleringssystemet ved bestem-
melse af en korrektionsfaktor (k*).

Fremgangsmade ifglge et hvilket som helst af de foregaende krav,
kendetegnet ved, at reguleringsslgjfens regulator er er proportional-
regulator, og en karakteristisk verdi korrigeres ved hjlp af en proportionalre-
guleringsalgoritme.
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6. Fremgangsmade ifglge et hvilket som helst af de foregaende krav,
kendetegnet ved, atder efter detektering af den malte variabel sker
bestemmelse eller forudberegning af system- og materialespecifikke granse-
vardier, og der detekteres systemfejl, hvis disse grenseverdier overskrides.
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