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Bead polymer made of hard phase with domains of a soft phase

Field of the invention

The present invention relates to the technical field of 3D printing, in particular in the form of the
binder jetting process in which particles in a powder bed are adhesive-bonded by means of a
printed adhesive to give a three-dimensional object. The particles here can be inorganic materials,
e.g. sand or a metal powder, or polymeric particles, such as polymethacrylates or polyamides. To
this end, polymethacrylates can by way of example take the form of suspension polymers known
as bead polymers.

In this context the present invention in particular relates to, as powders for 3D printing, suspension
polymers which differ from the prior art in that they comprise a crosslinked hard phase and an

uncrosslinked soft phase.

Prior art

Binder jetting is an additive production process for which another term used, providing a good
description of the process, is 3D inkjet powder printing. This process applies a liquid binder, for
example by means of a commercially available inkjet printing head, onto a powder layer and thus
brings about controlled bonding between a portion of the said powder layer. The said application
alternates with application of new powder layers, the final result being formation of a shaped three-
dimensional product. In this process in particular an inkjet printing head moves selectively across a
powder bed and prints the liquid binder material precisely at the locations that are to be hardened.
An example of the hardening procedure is the reaction between liquid vinylic monomers in the ink
and peroxides present in the powder. The reaction is accelerated by a catalyst, for example based
on an amine, to such an extent that it takes place at room temperature. The process is repeated
layer-by-layer until a finished moulding has been produced. Once the printing process as ended,
the moulding can be removed from the powder bed and optionally introduced into a post-treatment

procedure.

Various materials can be used as binder and as powder material in binder jetting. Examples of
suitable powder materials are polymer particles, sand, ceramic particles and metal powders with a
respective diameter of from 10 to a few 100 um. When sand is used there is mostly no need for
downstream operations on the final article. In the case of other materials, for example polymer
powders, inter alia PMMA, there can be a requirement for subsequent curing, sintering and/or

infiltration of the article. However, these downstream operations are actually undesirable because
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they are time-consuming and/or expensive, because shrinkage often occurs and can adversely

affect dimensional stability.

Polymer powders based on suspension polymers have in particular been used hitherto. The size of
the polymer particles is generally from some tens of microns to some hundreds of microns. These
particles feature good powder-flowability, do not cake, and give good results from application in the
form of powder bed. If polymer particles comprising peroxides are used, it is easy to achieve
reaction with the (meth)acrylate-containing binder. The disadvantage of a powder bed composed of
abovementioned particles is the porosity of the resultant mouldings, because the liquid binder

cannot fill all of the cavities.

The binder is generally applied by a method analogous to conventional two-dimensional printing of
paper. Examples of binder systems are liquid vinylic monomers which are hardened by using
peroxides present in the powder material. The powder material alternatively or additionally
comprises a catalyst which accelerates hardening or which permits hardening only when ambient
temperature is reached. Examples of this type of catalyst for acrylate resins or for acrylate

monomers with peroxides as initiator are amines, in particular secondary amines.

Binder jetting has great advantages over other 3D printing processes such as FDM or SLS which
are based on melting or welding of the material that forms the product: this process has the best
suitability of all known processes for direct realization of coloured products with no subsequent
colouring procedure. This process is also in particular suitable for production of particularly large
articles: the products extending up to the size of a room are described. Other processes are
moreover very time-consuming in relation to the entire printing procedure leading to the final
product. Other than in relation to any possible downstream operations required, binder jetting can
indeed be considered to be particularly time-efficient in comparison with the other processes.
Binder jetting moreover has the great advantage, in comparison with other processes, that it does
not introduce heat. When processes use melting or welding, this non-uniform introduction of heat
produces stresses in the product that mostly then have to be dissipated in subsequent steps which

take up additional time and incur additional cost, an example being thermal post-treatment.

Binder jetting has the disadvantage that the process causes porosity of the product: tensile
strength values achieved for products printed by means of binder jetting are about 20 times smaller
than for injection mouldings made of a comparable material. Because of this disadvantage, the
binder jetting process has hitherto been used mainly for the production of decorative items or for
the replication of sand moulds. The main cause of the porosity is that in known printing processes
the binder does not fill all of the cavities between the particles. This is an inevitable result of the
low viscosity of the liquid binder applied in the printing procedure. If a larger quantity is applied, this

is lost by flowing into adjacent particles or cavities between the particles (interstices) directly prior
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to, and also during, the start of hardening. This in turn leads to an imprecise, blurred printed image

and to low precision on the surface of the finished article.

The dissertation by J. Presser “Neue Komponenten fiir das generative Fertigungsverfahren des
3D-Drucks [New components for 3D printing as generative manufacturing process”] (TU
Darmstadt, 2012) describes the use of precipitated emulsion polymers as powders for the binder
jetting process. These emulsion polymers are to some extent successful in filling the interstices
between the actual particles, and thus reduce porosity. However, the work-up procedure via
coagulation, drying and sieving leads to secondary particles that are not round, with irregular size
distribution. It has moreover been found that the emulsion polymers used in this way provide
almost no increase of bulk density and have no significant influence on the stability of the printed

product.

Object

The object underlying the present invention was to accelerate the binder jetting process by
permitting application of print to plastics particles without any requirement for time-consuming

downstream operations on the product.

Another object was improvement of the mechanical stability of products of a binder jetting process,
in particular those based on a polymer powder, in particular on a PMMA powder, in a way that

allows use of the said products as functional parts.

A particular object in this context was to realize mouldings which have at least 50% of the tensile
modulus of elasticity of an analogous injection-moulded part. “Analogous” means here by way of
example that a PMMA injection moulding is compared with a binder jetting product based on a
PMMA powder.

Other objects not explicitly mentioned can become apparent from the description, the examples or

the claims of the present application, or from the entire context of the same.

Achievement of object

Surprisingly, these objects were achieved by means of a novel process for the production of three-
dimensional objects from a powder bed by means of a binder jetting process. The three-
dimensional object is formed in this process via multiple repetition of the following steps: a)
application of a new powder layer on the surface of the powder bed and b) selective application of

a binder and subsequent or simultaneous hardening of this binder in the powder bed. According to
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the invention, the powder bed here comprises at least one type of particle, characterized in that the
diameter of these particles is from 10 to 500 um and the said particles have at least two different
phases. According to the invention, the glass transition temperature of the first phase is below
40°C and the glass transition temperature of the second phase is above 70°C. The glass transition

temperatures are measured according to the invention by DSC (differential scanning calorimetry).

It is preferable that the particle here is a polymer particle comprising at least one initiator suitable
for the hardening of the binder or one catalyst or accelerator that accelerates the hardening. The
initiators mentioned can by way of example be peroxides or azoinitiators well known to the person
skilled in the art. The accelerators are by way of example compounds which, in combination with
an initiator, which in turn per se has a relatively high decomposition temperature, lower the
decomposition temperature of this initiator. This allows curing to begin at a temperature as low as
ambient temperature in the printer, or during a heat-conditioning step extending to 50°C. Examples
of a suitable initiator with high decomposition temperature here would be secondary or tertiary,
mostly aromatic amines. Catalysts mentioned can have a corresponding or similar activating
effect. However, it is generally a simple matter for the person skilled in the art to select the precise

composition of the initiator system.

It is particularly preferable that the particles, or the polymer particles, are PMMA suspension
polymers with a median diameter of from 25 to 150 ym, preferably from 30 to 110 ym and

particularly preferably from 35 to 100 um.

A particularly preferred feature of the first phase of the polymer particle is that this phase is a phase
which has a glass transition temperature below 30°C and at least 60% by weight of which is

produced from acrylates.

It is particularly preferable that the second phase of the polymer particle is a phase which has a
glass transition temperature above 80°C and at least 60% by weight of which is produced from
MMA.

The process of the invention provides the particularly great advantage of particularly rapid
dissolution of the soft phase of the polymer particles, leading to a rapid increase in the viscosity of
the binder, which in turn prevents the flooding of lower-lying powder layers on which printing is not
intended, within the powder bed. Another advantage here is the possibility of industrial-scale use of

the process of the invention.

The present invention provides not only the process mentioned for the production of three-
dimensional objects but also a process for the production of the two-phase polymer particles used
for that purpose. This process for the production of the polymer particle preferably features
suspension polymerization with sequential addition of the two monomer mixtures that lead to the

respective phases.
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Suspension polymers used are by way of example pulverulent materials which are produced by
free-radical polymerization in the presence of water and which have a volume-average median
particle diameter (d50) of from 30 to 120 um. It is particularly preferable that the suspension
polymers are PMMA or are MMA copolymers. To this end, the comonomers can be selected by

way of example from the group of the acrylates, methacrylates and styrene.

In particular, it is preferable here that the second phase is produced first by suspension
polymerization. When this has proceeded to the extent that at least 75% by weight, particularly
preferably at least 85% by weight, with particular preference at least 90% by weight, of the
monomers used of this second phase have reacted, a monomer mixture for the production of the
first phase is added to this suspension. This second monomer mixture for the production of the first
phase is characterized in that the glass transition temperature of the polymer resulting therefrom is
below 40°C, preferably below 30°C, and this polymer is not miscible with PMMA or with the

polymer of the second phase.

It is significantly preferable that this monomer phase for the production of the second phase, the
hard phase, comprises at least one crosslinking agent. It is preferable that this phase comprises
from 0.1 to 10% by weight, particularly from 1 to 5% by weight of crosslinking agent. Particularly

preferred crosslinking agents are di- or tri(meth)acrylates.

If a larger quantity of crosslinking agent is used it is possible that a small quantity of this
crosslinking agent remains available for further polymerization when the second monomer mixture
is added for the production of the first polymer phase. This can lead to two different effects. Firstly,
it can contribute to at least some extent of covalent bonding between the two phases; this would
indeed be desirable up to a certain level, and can contribute to the stability of the particle.
Secondly, it is possible that very slight crosslinking, or an additional molecular weight increase,

also occurs in the soft phase of the polymer particle.

In an embodiment of this process that has proved to be advantageous, but not essential, both
monomer phases respectively comprise an initiator or an initiator mixture. In a particularly
advantageous form of this embodiment, the initiator(s) in the second monomer mixture for the
production of the first phase have a higher decomposition temperature. It is preferable each phase
comprises precisely one initiator. However, it is in principle also possible to use mixtures of a

plurality of initiators.

It is particularly preferable that the ratio of the first phase to the second phase is from 1:9 to 1:1.5.
These data relate to the entirety of the monomer phases used in the process; of course, these are

never simultaneously present in the entirety alongside one another.
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The morphology of the resultant polymer particles results from the selection of the specific reaction
conditions: if the second monomer mixture has little time for incipient swelling of the crosslinked
PMMA from the first polymerization, and if the said mixture is used in excess in relation to the first
monomer mixture, the second polymerization gives soft suspension polymers with hard,
crosslinked PMMA cores. Firstly, it is therefore preferable to select a substoichiometric quantity of
the second monomer mixture. Secondly, for the polymerization of the second monomer mixture it is
preferable to select an initiator which decomposes at a higher temperature than that of the first
polymerization stage. The second monomer mixture monomer mixture thus has sufficient time for
incipient swelling of the crosslinked PMMA particles while the mixture is heated for the second
polymerization stage. During this second polymerization stage the first polymer phase demixes, as
it is being produced, from the second polymer phase within the polymer beads. As a result of the
crosslinking in the first polymer stage, no macrophase separation occurs, but instead the soft
phase of the first polymer phase is produced in the form of small domains. Good control and
reproducibility of domain size can be achieved. There is moreover no requirement to cool the
mixture during polymerization. Thirdly, the crosslinking of the external structure achieves high
dimensional stability in the binder jetting process, even when the printing procedure applies large

quantities of binder.

According to the invention, all glass transition temperatures are determined by means of DSC. In
this connection, the person skilled in the art is aware that DSC provides valid results only if, after a
first heating cycle extending to a temperature that is at least 25°C above the highest glass
transition temperature or melting point while being at least 20°C below the lowest decomposition
temperature of a material, the material sample is kept at his temperature for at least 2 min. The
material is then cooled back to a temperature that is at least 20°C below the lowest glass transition
temperature or melting point to be determined, where the cooling rate should be at most 20°C/min,
preferably at most 10°C/min. After a further waiting time of a few minutes, the actual measurement
is then made by heating the sample up to at least 20°C above the highest melting point or glass
transition temperature at a heating rate that is generally 10°C/min or lower. Simple preliminary
measurements using a separate sample can be used for prior approximation of the respective

highest and lowest temperature limits.

When this process is used for the production of the polymer particles, demixing actually occurs
during the sequential polymerization procedure. Microstructured two-phase suspension polymers
are thus produced. These have one phase which dissolves easily and rapidly on contact with
solvent or monomer and thus thickens the binder. It is thus possible to use more binder in the
actual printing process without losing dimensional accuracy. However, another advantage that can
be achieved simultaneously is lower porosity of the final product and thus higher mechanical

stability of the same.
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The detailed descriptions provided below serve for explanation of a method for producing a
preferred embodiment. However, these descriptions are not intended to restrict the present

invention in any way:

The aqueous phase comprises deionized water, dispersing agent and optionally other surface-

active substances, and also processing aids.

Droplets of a mixture of MMA with a suitable crosslinking agent molecule, for example a
dimethacrylate or allyl methacrylate, and with an initiator, in particular a peroxide or a diazo
compounds, with suitable decomposition kinetics, are dispersed with stirring and a level of shear
that depends on the desired particle size, to give fine droplets, and polymerization of the monomer
phase is brought about via an external influence such as temperature increase. Crosslinked PMMA

particles are produced.

With continued stirring, a mixture of monomer(s) with an initiator characterized by a higher
decomposition temperature than that for the 1st polymerization is added. The monomer or the
monomer mixture is characterized in that the glass transition temperature of the polymer or
copolymer produced therefrom is below 30°C and the said polymer or copolymer is not miscible
with PMMA. Examples of suitable monomers are acrylates, e.g. methyl, ethyl, propyl, butyl or

ethylhexyl acrylate.

Incompatibility of the dissolved polymer and the new polymer causes demixing of the polymer

phases, and these phases form relatively spherical particles with an internal second phase.

It is preferable that some residual peroxide content remains in the soft second phase and leads, by
virtue of the relatively high dissolution rate of the soft phases, to greater uniformity of completely

polymerization of the monomer mixture applied by way of inkjet for the hardening procedure.

The polymer beads are used as power bed in the binder jetting process. On printing with a liquid,
e.g. solvent and/or monomer mixture, which can optionally also comprise other components, the
continuous phase and the disperse phase therein dissolve at different rates. With increased level of
crosslinking of the disperse phase, the effect is merely incipient swelling rather than complete

solution.

Controlled adjustment of dissolution properties can be achieved via selection of the monomers for
continuous and disperse phase. Dissolution begins more rapidly for soft polymers with low glass
transition temperature here than for hard polymers with higher glass transition temperature.
Solubility is also dependent on the properties of the solvent or monomer used as solvent. Features

of good solvents here are low viscosity and polarity similar to that of the resin to be dissolved.
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Claims

Process for the production of three-dimensional objects from a powder bed by means of a
binder jetting process through multiple repetition of the following steps: a) application of a
new powder layer on the surface of the powder bed, and b) selective application of a
binder and subsequent or simultaneous hardening of the said binder in the powder bed,
where the powder bed comprises at least one type of particle, characterized in that the
diameter of this particle is from 10 to 500 um and these particles have at least two different
phases, where the glass transition temperature of the first phase, measured by means of
DSC, is below 40°C and the glass transition temperature of the second phase, measured
by means of DSC, is above 70°C.

Process according to Claim 1, characterized in that the particle is a polymer particle
comprising at least one initiator suitable for the hardening of the binder or one catalyst or

accelerator that accelerates the hardening.

Process according to Claim 1 or 2, characterized in that the polymer particle is a PMMA

suspension polymer with average diameter from 30 to 110 ym.

Process according to at least one of Claims 1 to 3, characterized in that the first phase of
the polymer particle is a phase which has a glass transition temperature below 30°C and at

least 60% by weight of which is produced from acrylates.

Process according to at least one of Claims 1 to 4, characterized in that the second phase
of the polymer particle is a phase which has a glass transition temperature above 80°C and

at least 60% by weight of which is produced from MMA.

Process according to at least one of Claims 1 to 5, characterized in that the two-phase
polymer particles have been produced by suspension polymerization with sequential

addition of the two monomer mixtures that lead to the respective phases.

Process according to Claim 6, characterized in that the second phase is first produced by
the polymerization before a monomer mixture for the production of the first phase is added

to this suspension.

Process according to Claim 6 or 7, characterized in that both monomer phases comprise at
least one initiator, characterized in that the initiator(s) in the second monomer mixture for

the production of the first phase have a higher decomposition temperature.

Process according to at least one of Claims 1 to 8, characterized in that the ratio of the first

phase to the second phase is from 1:9 to 1:1.5.
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