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General introduction

UV curing technology has become very attractive since in a timescale of few
seconds, reactive liquids are converted into solids by light. The UV cured polymers exhibit
some advantages compared to the polymers generated thermally such as rapid through-
cure, low energy requirements, room temperature treatment, non polluting and solvent
free formulations. They find applications in many industrial fields such as protective
coatings, varnish industries and electronics. They are also applied in laser technologies
such as laser direct imaging or stereolithography (SLA). In stereolithography, a computer-
controlled laser beam is used to polymerize a liquid photopolymer layer by layer according
to data of a three-dimensional object. The stereolithography technique is the first and the
most widely used rapid prototyping (RP) method. This technology emerged because
nowadays, the competition between the manufacturers has tremendously intensified. To
remain competitive, it has become vital for them to present their new products in the
market as early as possible. To that end, they have integrated into their manufacturing
process rapid prototyping systems. Rapid prototyping (RP) is merely defined as the fast
fabrication of prototypes within a couple of hours or days. As a consequence, it is possible
to detect deficiencies early in the process and correct them in order to meet the customer
expectations. The use of this laser-induced technique exhibits several advantages in
terms of fast curing, beam directivity, accuracy and spatial and temporal control of the
process. However, since during the stereolithography process, the laser reproduces point
by point the shape of the layer digitally defined, a long period of time is required for the
conception of a few prototypes with complex shapes. Manufacturers are now interested in
extending the fabrication of prototypes to the production of directly functional products in
an important scale. They would like to step into rapid manufacturing (RM). To speed up
the process, there are two alternatives: either modifying the light source or increasing the
number of light sources. It is within this framework that the collaboration between the
Department of Photochemistry and Huntsman Advanced Materials has started. Huntsman
Advanced Materials, worldwide supplier of UV curable SLA resins, has decided to develop
a new rapid manufacturing machine named Araldite®Digitalis. This technology is able to
produce quickly and with a high accuracy a large number of pieces. It is based on a new
system of irradiation curing selectively a large surface of the photosensitive resin. So far,
the Huntsman commercial resins were specifically formulated for stereolithography.
Therefore, the topical issue will be to know if these resins will keep their reactivity under

Araldite®Digitalis cure.



General introduction

The aim of this thesis is thus to develop and characterize UV curable resins
compatible with Araldite®Digitalis. The study deals with not only the UV curable resins
commonly used in stereolithography (acrylates, epoxides, hybrid epoxide/acrylates
mixtures) but also with other resins based on unconventional chemistries that could

overcome some identified drawbacks in terms of curing rates or final properties.

The thesis dissertation can be divided into 4 chapters.

The first one “Rapid Prototyping & rapid manufacturing” allows us to introduce the rapid
prototyping technology. The advantages and the drawbacks of the most used RP
techniques are presented in order to highlight both the technical features and the

challenges of Araldite®Digitalis.

The second chapter “UV cured Interpenetrating Polymer Networks” is devoted to the UV
curable hybrid systems used in SLA. Commonly, the commercial mixture comprises
multifunctional acrylate and epoxide monomers that polymerize according to two different
mechanisms (i.e. cationic and radical processes) leading to the formation of two
interpenetrating polymer networks. It has been shown that commercial resins efficient
under SLA exhibit poor reactivity under Araldite®Digitalis. Time has been devoted to
identify and understand the differences between these 2 technologies and their influence
on the photopolymerization process. Real Time Infra Red spectroscopy (RT FTIR)
spectroscopy was the method of choice. The major task has been devoted to speed up
the photochemical pathway of the cationic polymerization. Additionally, the final properties
such as the thermomechanical properties and morphology will also be studied. Moreover,
an academic study will be performed on an epoxide/methacrylate mixture in order to get a
better understanding and a control of the IPN formation. The influence of the light intensity
and the photoinitiator concentration on the final properties has been examined. Some
limitations are underlined due to the lack of efficient cationic photoinitiators in the UVA
range, the stability of some existing cationic photoinitiators and the low light intensity of

the light source. As a result, we decided to direct our efforts toward other chemistries.



General introduction

The third chapter “Alternatives to IPN chemistry” is about unconventional chemistries
susceptible to replace the IPN chemistry. Based on the literature survey, we have mainly
focused on the chemistries combining maleimides with vinyl ethers and norbornenes
respectively. To get an overview of the reactivity of these chemistries, the influence of the
different parameters such as the nature of the photoinitiator, the proportion between the
monomers, has been assessed by RT FTIR spectroscopy. In order to study the influence
of the monomer nature, we spent several weeks in order to synthesize monomers owing
to the lack of commercial available maleimide and norbornene compounds. The obtained
results were interesting in particular the ones got for the totally new maleimide/norbornene
system. Consequently, their thermomechanical properties as well as the linear shrinkage

have been also investigated.

The last chapter “Linear shrinkage measurement” is dedicated to the measurement of the
shrinkage that occurs during photopolymerization. This notion is of paramount importance
for stereolithography and Araldite®Digitalis technologies. Indeed, the shrinkage resulting
from the conversion of the liquid photosensitive resin into solid during the building-up
process yields to residual stresses capable of inducing distortions and problems of part
dimensions. The goal of this chapter is to set up a simple method to measure linear
shrinkage in order to compare the different systems proposed during the thesis. This
method is based on an existing method and was adapted to our study. It lies in the
manual and digital measurement of a UV cured brass cantilever deformation. The results
obtained will be compared to the results got with a volumetric shrinkage method related to

the buoyancy mass determination.
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Rapid prototyping & rapid manufacturing

|  INTRODUCTION

Nowadays, the manufacturers that desire to keep or acquire a market field have to take
into account several parameters such as 2.
= The globalisation of the markets
The tougher competition between the companies
A higher reactivity from the companies
The control of their costs

The improvement of the quality of their products

N

The reduction of the development time of the product

As a consequence, if the companies want to be competitive, it is essential for them to
materialize the product during the development. Indeed, by this way, all the people
participating to the development process (engineers, manufacturers, marketing and
purchasing managers) can have a look to the design. Thus, they are able to correct the
conception mistakes and make the changes before the costs become too expensive .
Rapid prototyping (RP) is one technology that allows to shorten the time between the
initial concept and the manufactured product. It came out in the eighties with the rapid
development of computer-aided design (CAD) . Broadly speaking, it can be defined as
the process leading to the creation of a three-dimensional (3D) part, a prototype, with
arbitrary shapes coming from the execution of a computer program (CAD) or from an
existing object. The process is known to be highly automated and flexible *. Lately, some
of RP processes are able to directly produce parts whose mechanical properties are
similar to those achieved by conventional manufacturing processes. This ability to build

functional parts in small series yields to the emergence of rapid manufacturing (RM).

At the beginning, the prototypes were first used as visual aids to control the estheticity of
the real part *. But with the development of both new raw materials and processes, the
prototypes can play different roles °. For instance, they can be employed for synthesizing
the various components of a product in order to test their suitability within the assembly.
They can also serve as master patterns for tooling and molding processes. They can be
produced as functional parts to check the final properties such as the material quality, the
shape accuracy before the mass fabrication process. Finally, they can be built for a given
application according to special specifications. Usually, the production of prototypes is
limited between 1 and 10 pieces.
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RP finds its applications in various industries such as automotive, aerospace, biomedical,
consumer product ... °. The chart in Figure I. 1 indicates the repartition of RP according to
the different industries.

B Motor vehicles
N\ 7.7%
(5 504 0 Consumer products

[ Business machines

— X E Medical

------------ B Academic

O Aerospace

Government/military

- 0O Others

Figurel. 1: Chart representing the different areas of RP

This chapter will present an overview of the rapid prototyping technology. A description of
the strengths and the limitations of the commercially available RP technologies will be
done. A patrticular interest will be paid to the processes that use UV curable resins so as
to introduce a new technology called Araldite®Digitalis from Huntsman. This process is
particularly promising, being capable of producing objects with high accuracy and

reproductibility.
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I.1 Principle of rapid prototyping

Basically, the fabrication of prototypes can be achieved according to three elementary
methods *® as it is described in Figure I. 2.
I. The subtractive method consists in removing material from a larger initial solid
block.
Il. The forced forming method uses the ability of a material to deform under specific
binding forces such as molds or dies, so as to produce the object °.
lll. The additive method lies in the creation of a 3D-part by piling up successive

layers of the material.

e/ /
- -

subtractive Forced forming Additive

I v I
*
il

method method method

Figurel. 2: The fundamental methods used for the fabrication of a part

The last method emerged in the 80s in order to overcome some limitations of the
conventional subtractive and forced forming methods such as the lack of precision and
complexity of the geometry shape. It is therefore this methodology that is mostly used in
RP “.

Additive RP (also called layer manufacturing or solid freeform) can be defined as a
manufacturing process for which a three-dimensional (3D) part is fabricated * by using a
CAD model. It can be achieved by using either a computer model or by digitalizing a real
object. In this case, it is necessary to accurately measure the dimensions size of the
object. It is usually performed via a reverse engineering technology such as a laser
digitizer or coordinate measuring machine (CMM). All the data acquisition is finally
transmitted to the CAD system. Once the CAD model is built, it is not directly sent to the
RP machine. It needs first to be converted into a STL file (STereoLithography) "°. This
format of file was created in 1987 by 3D Systems company ® for stereolithography
application. It is today the most common data interface between CAD software and the

rapid prototyping machine. It converts the object into a polyhedral representation.
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The role of this format is to approximate the surface of the 3D-part in the shape of
triangular facets (Standard Triangulation Language). The quality of the surface is related
to the sizes of the facets ®*°. The smaller is the facet size, the better is the quality of the
surface. Then, the STL file is transmitted to the computer of the RP system that
transforms the model into thin, horizontal cross-sections. Finally through laser sintering,
guided deposition, photochemical processes *, the model is reproduced layer by layer.

Given that the prototype really looks like the virtual model, this process is named
WYSIWYG (What You See Is What You Get). The build-up time of the prototype can vary

from hours to days. It is strongly dependent on the size and the complexity of the model.

[.2 Overview of RP technologies

Different RP processes are commercially available. They can be classified into two
categories according to the physical state of the base material: solid- and liquid-based

techniques.

[.2.1 Solid-based techniques

1.2.1.1 Powders

» Selective laser sintering (SLS)

This method was first implemented by CR Deckard at the Texas University in Austin in
1991™. The machines were commercially available starting from 1992. In this process, the
base material comes as a heat-fusible powder. Wax powder, metal powder, polystyrene
(PS), engineering plastics, acrylonitrile butadiene styrene (ABS), polycarbonate (PC),
nylon, coated sand and coated ceramic powder are usually employed 2. The overall
process takes place in a chamber whose temperature is just below the powder melting
point. This heating procedure aims at reducing as much as possible thermal distortion and
facilitates the sintering process *2. The first step lies in the deposition of the powder layer
with a roller on the top of the build cylinder. Then, a CO, laser beam (the power is ranging
from 25 to 50 W) draws the cross-section of the 3D-part on the surface by sintering the
powder (cf Figure 1. 3).

After the solidification of the fused part, the support platform moves down **. In the

meantime, the powder reservoir moves up and a new powder layer is formed by the roller

10
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motion. The repetition of the aforementioned steps continues until the full formation of the
3D-part. The unsintered powder in each layer plays the role of support during the building
process.

This excess of powder is at last swept and recycled **. According to the end-use
applications, post-treatments such as heat treating or infiltration can be performed **** in
order to improve the final properties of the material. The accuracy is comprised between

1 712 The main

50-100 um ’ with a build-up speed ranging from 3-10*10° mm.s
advantages of this process are the absence of support, the versatility and the non toxicity
of powder materials and the possibility to fabricate large part and use the created pieces
as functional parts >****, The drawbacks should also be listed. The obtained parts are a
slightly porous **. Moreover, it is difficult to find materials with the suitable processing
features 2. Furthermore, this process requires both a long warm up time at the beginning
of the process ** and a long cooling cycle at the end of the process *2. Additionally, the fire
hazard related to the use of a CO, laser has also to be taken into consideration not only
for this technology but also for all the processes using this kind of laser. The accuracy of

this method is low **, and the machine price is relatively high "*2.

SCANNER

POWDER

PART

Figurel. 3: Selective laser sintering technique from Arptech’

i Arptech , How SLS (Selective Laser Sintering) process works, 26/07/2010, http://www.arptech.com.au/slshelp.htm

11
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e 3D-printing (3DP)
3DP technology was developed by Sachs’ research group at the Massachusetts Institute
of Technology (MIT) in the late 90s #"*. Metal and ceramic powders are usually
employed as based materials *>. The method consists in selectively spraying a liquid
adhesive onto a thin powder layer by means of an ink-jet printing head. The particles of
the sprayed powder stick together to form one layer of the 3D piece whereas the
unbonded powder is used as support material during the process. The formation of the
first layer is followed by the lowering of the building platform and the addition of a fresh
powder layer. The procedure is then repeated several times. When the fabrication is
finished, the remaining free powder is brushed away and the 3D printed part is treated
with a sealant to improve strength and surface finishing. The 3DP procedure is pictured in

Figure I. 4.

*._’-__,.u- Liquid adhasiva supply

Inkjet print head
Part

Leweding rollar Powder bad

Powder
i Supply

Build jpiston
Build chamibsar

Powder feed peston

Figurel. 4: 3DP process from customPartNet "

Commonly, the layer thickness achieved by a 3DP machine is around 180 pm. The
resolution is roughly 500 um and the accuracy of + 130 pm. The build speed is 5-7*107°
mm.s™ 2. 3DP displays several advantages. For instance, the process speed can be
increased by using a multi-head system? In addition, the price of the machine is
affordable and the maintenance is not complicated. However, this method has some
shortcomings. The quality of the final part strongly depends on the precision of the ink-jet

heads. Furthermore, only porous items can be built with this machine.

i Custompartnet , 3D Printing, 26/07/2010, http://www.custompartnet.com/wu/3d-printing

12
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1.2.1.2 Sheets

* Laminated object manufacturing (LOM)
LOM was coined by Michael Feygin in 1987 '® and was commercially developed by
Helisys Corporation in 1991 > Paper, ceramics, polymers or metals are commonly
employed as base materials. The first step of this process consists in stucking the sheet of
paper or other material onto the platform with a special tape. Then, a new layer of sheet is
provided by a paper feeding and rolling implement. This new layer glues to the previous
layer owing to heat roller that melts the adhesive present on the top of it. The fabrication
of the shape of two-dimensional (2D) cross-sections into the top layer of the sheet is
performed by means a computer controlled carbon-dioxide laser or a cutter . In fact, the
laser not only cuts the outline of the part but also cross hatch parts out of this outline with
squares in order to remove them easily after the completion of the prototype. It is
noteworthy to indicate that during the building process, these squares act as scaffolds for
the building part. As soon as the layer is built, the platform is let down (the depth
corresponds to the sheet thickness) so that a new sheet layer is feeding by the rolling
implement. Finally, the platform is lifted and the heating roller glues the new layer with the
previous one. The overall process is repeated until the prototype is obtained. The principle

of this method is shown in Figure I. 5.

Mirror
‘ \ .") Laser beam
/ . A/i/‘,//x-',‘ maowving oplic head
aser
Heated roller

Current layer

L

Fart layar outling and crosshaich

Previous
layer
Malenal e—p
sheel T R — l
Material—— g /
Supply roll
- e Waste take-up roll

Figurel.5: LOM principle from customPartNet

Custompartnet , 3D Printing, 26/07/2010, http://www.custompartnet.com/wu/laminated-obj ect-manufacturing
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Basically, the maximum accuracy of a LOM machine is £130 um, the minimum layer
thickness is about 75-200 um and the cutting speed can reach a maximum speed of 508
mm.s™ 2,

This method is particularly interesting for the creation of very large objects. Moreover, the
process is quite fast. The speed is 5-10 times higher than for the other technologies

because only the contour has to be drawn *?

. However, the removal of the support
material can take time since a lot of scraps is produced during the process. The surface
finish is rather poor. In addition, it is difficult to produce hollow parts with this technique *2.

At last, the prototype needs to be sealed to prevent any water absorption ’.

1.2.1.3 Molten powder particles

e Fused deposition modelling (FDM)
This technology was invented by S. Scott Crump and patented by Stratasys Corporation
in 1992 . It consists in building the part by extruding layer by layer a semi-molten
thermoplastic filament (acrylonitrile butadiene styrene (ABS), polycarbonate (PC),

polyphenylenesulfone "*®

...) or metal wire through a heated nozzle. The nozzle plays an
important role in FDM. Indeed, the nozzle motion according to the x and y directions
reproduces the shape of the different cross sections created from the CAD system °. For
the fabrication of complex prototypes with for instance overhangs, the use of a support
material is required. In this case, the apparatus displays two nozzles, as it is shown in
Figure I. 6. Both the support and the building materials are melted and extruded through
the nozzles and deposited onto a platform to produce a layer. Then the platform moves
down and the next layer is extruded and bonds with the previous one. The process
continues until the entire prototype is built °. The overall process is illustrated in Figure I.
6. Finally, the support material is removed. There are two possibilities for removing the
substrate part. The first method is to choose a material that can be easily broken away
from the building part at the end of the process. The second method is to use a water
soluble support material. This material is easily dissolved in warm water. To speed up the

dissolution process, the water can be agitated by ultra sounds **.

14
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Figurel. 6 : Description of the FDM technology from customPartNet "

The deposition speed is approximately 380 mm.s™. The layer thickness is between 50-762

pum and the accuracy is roughly 127 pm °*2,

The advantages of this technology are numerous. It is a solvent-free method 2 that leads
to strong and heat resistant materials *. These materials are suitable for functional testing
and can be in some cases directly used as final product **. Moreover, many chemicals
can be used, even their color can be chosen **. Furthermore, FDM does not consume too
much heating energy and base material because the material is under the shape of a
filament 8. It is an economical method. Nevertheless, the main drawbacks of FDM are the

14

rough surface of the pieces®, the lack of accuracy of the parts ** and the use of a

support™.

W Custompartnet , 3D Printing, 26/07/2010, http://www.custompartnet.com/wu/fused-deposition-modeling
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[.2.2 Liquid-based techniques

In this category, all the techniques are working with the same base materials: UV curable
resins. The main feature of these liquid resins is their ability to polymerize upon UV
irradiation to generate highly crosslinked solid coating according to a photochemical
process called UV curing **#. Before introducing the different processes, the basics of UV
curing technology will be explained.

* Principles of UV curing

UV curing technology is employed in RP processes for several reasons *°. First of all, the
polymerization of UV curable resins does not require any solvent (100% of active
substances) and is achieved in very short timescales (few seconds). The consumption of
energy during the UV process is less important than for thermal process (50 to 100 times
less energy). In addition, the process is spatially and temporally controlled. And a broad
range of oligomers and monomers can be used in order to achieve the desired final
properties. Basically, three compounds are mainly involved in UV curing process: the
photoinitiator that generates the reactive species (free radicals, ions), the oligomer that
possesses the reactive functions at the chain ends and the monomer that both plays the
role of diluent in order to match the right formulation viscosity and participate to the
polymerization owing to its reactive functions 2. As it can be seen in Scheme I. 1, the UV
curing process starts with the absorption of the UV-Visible light by the photoinitiator which
leads to the formation of reactive species. These latters are subsequently capable of
reacting with the monomer and induce the chain reaction polymerization. All the details
about the kinetics of photopolymerization will be given in Chapter 1.

PI OfY. reactive species 0 T"PT.  polymer

Schemel. 1: Simplified description of the UV curing process

Photopolymerization process depends not only on the nature of the chemicals but also on

the experimental conditions 23,

These parameters can influence the Kkinetics of
photopolymerization and thus the final properties. Indeed, the choice of the light source is
crucial because the light source must be absorbed by the photoinitiator to create initiating
species ?*. The absorption of the light by the photoinitiator obeys to the Beer-Lambert's

law.
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In other words, the penetration of light exponentially decreases with the coating thickness
2520 |f the photoinitiator concentration is important, the penetration of the light will be
limited owing to the inner filter effect. Hence, the cure depth will be low. Moreover, the
characteristics of the UV curable oligomers and monomers have also to be borne in mind.
Acrylates, which are the most widely used monomers are known to be really sensitive to
O,. Their polymerization can be hindered even inhibited by its presence, yielding to a
tacky surface. In practice, during the RP process, this sensitivity towards O, means that
the acrylate photopolymerization needs a minimum amount of energy to take place
because the free radicals have to first react with the O, dissolved in the resin. This
threshold value is named critical exposure, E. It is defined as the minimum laser energy
required to reach the resin gel point 2%, However, the effect of O, towards acrylates can
also have a beneficial impact during the layer by layer building process because it limits
the extent of polymerization by scavenging the radicals which could be an asset for
stereolithography accuracy. Another drawback of acrylates is their tendency to shrink
upon UV irradiation. During the phase change from liquid to solid state, the distance
between monomer molecules is reduced which leads to an increase in density and a
volume contraction named shrinkage **?"%. According to the shrinkage magnitude within
the processed part, residual stresses can be generated and subsequently be responsible
for curl distortion and even cracks *"*®. To overcome these limitations, epoxide resins can
be employed. These resins do not exhibit any oxygen inhibition but they are affected by
humidity. Furthermore, their living character can be a shortcoming for the fabrication of
prototypes since the longer is the dark reaction, the lower is the resolution #*2°, Many
authors have been concerned about the shortcomings of both acrylates and epoxides.
They have tried to tackle these issues by playing on the processing conditions and also by

using the versatility of the UV curable resins.

» Stereolithography (SLA)
SLA is the abbreviation for StereoLithograpy Apparatus. It was the first RP process that
was developed. 3D systems patented this invention in 1986 *°. It is so far the process that
is the most widely used all around the world ?*%'. Typically, an UV curable resin is
exposed to a laser beam (Ar+ laser 351 and 363 nm, HeCd laser 325 nm and Nd:YVO,
laser 355 nm) that hardens the top layer ?**2. Then, the platform carrying the model is
lowered to cover the cured layer by a new uncured surface *?**% The computer
controls not only the exact shape of each slice but also the laser beam motion. Indeed,
the laser is capable to reproduce point by point the shape of the layer defined

17
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informatically. Given that the building process is achieved in 3D, the term pixel that
represents a point in 2D data is replaced by the term voxel (VOlume piXEL). Finally, the
prototype is reconstituted by the successive layer superposition. (cf Figure 1. 7).

elevator (z)

layer under
fabrication blade
-+—>

77 4/ I 772 _..resin level

=

T
v N

VI |

object stipports

NN

platform

vat with photo sensitive resin

Figurel. 7 : Stereolithography principle from®

One of the main SLA drawback is the use of supports for the fabrication of objects with
overhanging features so as to prevent the building pieces from collapsing *2. In that case,
the supports have to be removed at the end of the process. The piece is then submitted to
a solvent treatment in order to remove the uncured parts. The obtained part is called
“green” because it is not fully cured. Nevertheless, the mechanical properties of the part
are good enough so it can be handled. This ability to withstand deformation is defined as
green strength *. It refers to the mechanical properties of the green part. It gathers
modulus, strain, strength, hardness notions ?°. Green strength can be assessed as a
function of Young’s modulus, flexural strength and also strain 3.

In Figure I. 8, an attentive observation of the cross-section of a processed part discloses

the presence of uncured, partially cured and highly cured areas (due to the overlap of

irradiation) 2%, They were formed during the layer by layer process *.
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Highly cured

Partially cured

Uncured

Figurel. 8: Cross-section of a cured part

This structural inhomogeneity is explained not only by the chemical properties of the UV
curable resin but also by the laser beam features #***. Indeed, the Gaussian energy profile
of a laser leads to the formation of a cured line whose outline is in parabolic shape. This
line is characterized by the critical exposure (E.), the minimum energy necessary to cure
the photosensitive resin, the cure depth (Cy) and the thickness (L,), as it is shown in
Figure I. 9a and b %%,

AE ® beam diameter
—>

UV laser beam guided by
computer controled ntirrors

——machine resin level

layer thickness

over cure

Figurel. 9: Sketch of the Gaussian energy distribution of the laser (a) and (b) generation of a cured
line upon the laser irradiation from

The parameters C4 and L,, play an important role in the determination of the resolution

and the accuracy of a RP system *.

As llustration, the distance between the new layers can be evaluated with the

10,32
d y

determination of C4. C4 can be calculate using the following equation:

E
C, =D x|n| —ma
d p E

C
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with D,, the resin “penetration depth” at the given wavelength. It indicates how deep the
light can go in the resin. And En. is the maximum exposure at the resin surface. Usually,
the Cqis plotted versus the logarithm of the UV exposure (mJ/cm?). A linear dependence
is found. This straight line is commonly called “working curve”. Its slope corresponds to D,
and its intercept with the x axis refers to E..

Finally, the prototype is subjected to a post-curing with UV lamps in order to achieve a
complete polymerization®. Indeed, contrary to a laser whose irradiation penetration depth
is accurate but limited, these UV lamps have the capacity to deeply penetrate and lead to
the formation of completely insoluble materials. The medium pressure Hg lamps and the
UV fluorescent lamps are commonly used because they possess a broad emission
spectrum with a continuous background. For a common SLA machine for instance, for
Viper™SLA system, the minimum build layer capability is 20 pm but it is commonly 100
um. The velocity during the building part is 5 mm.s™. As it can be seen, the real
advantage of SLA is its outstanding accuracy *** leading to a good surface quality **2.
Furthermore, it is possible with SLA to produce large parts (more than 2 meters) by using
mammoth SLA machines'.

Nonetheless, the SLA technology remains one of the most expensive RP technologies.
Additionally, the use of support can affect the surface finish during the removal of the part

212 And at last, the material creep under this process is an issue °.

e Digital light processing (DLP)
DLP was set up by Texas Instruments in 1987 ¥. The DLP principle is different from the
previous methods. As depicted in Figure I. 10, it is an upside-down process for which the
irradiation of a projector (visible light) reproduces the 2D cross-section from the CAD
model onto the bottom layer of a photosensitive resin thanks to the digital micromirror
device (DMD) 3. Upon irradiation, the resin cures very fast. Only few seconds are
necessary for its adhesion onto the platform. Subsequently, the platform goes up and a
new liquid layer is cured *’. The procedure is repeated several times to get the prototype.

It is not necessary to carry out a post-processing treatment .

v Materialise, About Mammoth Stereolithography, 19/08/2010, http://www.materialise.com/mammoth-stereolithography
v Texas Instruments , How DLP Technology Works, 26/07/2010, http://www.dlp.com/technol ogy/how-dlp- works/default.aspx
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Figurel. 10: DLP principlefrom 37

Various benefits emerge from this technology. The first one is the reduction of the working
hours due to the use of a large irradiation source ®. The second one is the high resolution
reached by this method (x and y resolution from 16 um to 68 pm). In addition, the
thickness over z can vary from 15 um to 150 um. The upside down process brings
another advantage by reducing the need for support structures and by speeding up the
replacement of materials. And finally, with the PerfactoryXede® and PerfactoryXtreme®
machines, a building speed of 7#10° mm.s™ in z direction at a voxel depth of 50 pm can
be reached”. Despite these advantages, DLP exhibits some drawbacks. Some of them
are presented here. A high amount of liquid photopolymer is needed in order to fill the
material tank. Additionally, the accuracy of this method is directly linked to the high
precision of DMD so its cost could be high. Moreover, the photosensitive resins were
shown to be really sensitive to the ambient light sources . A premature polymerization
can occur. As a consequence, the pot life is low.

« Polyjet system
Polyjet technology was developed in early 2000 by Objet Geometries™ *. It is a 3D
printing process using UV curable resins. The principle of this technology is different from

the traditional rapid prototyping technologies such as stereolithography “°.

In polyjet
system, two different types of photosensitive resins are employed **#%°. The first one is

the building material. It is a liquid acrylate-based resin. The second one is the support

vi Envisiontec, Perfactory®, Rapid Manufacturing System Rapid Prototyping system Buyers' guide, 27/07/2010,
http://www.envisiontec.def/fileadmin/pdf/BuyersGuide_en.pdf

il Objet, PolyjetTM Technology-3D Printer Video, 27/07/2010, http://www.objet.com/Products/PolyJet_Technology_Movie/).
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material. Its chemical properties are different from the build material. Once cured, it
becomes a gel ® in order to be easily removed with a water jet after the process *. During
the process, these photosensitive resins are firstly incorporated into different nozzles so
there is no need in using a large vat of liquid UV curable resin. Then, the materials are
selectively sprayed in a thin layer onto a building tray according to CAD data. Immediately
afterwards, the layer solidifies under a brieve UV exposure (UV bulbs) *° and a new fresh
liquid layer is deposited so that the curing process starts again until the obtention of the
3D part (cf Figure I. 11).

U curing lamp

\ [
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Figurel. 11: Polyjet system principle from customPartNet I
No further post curing treatment is required because the material is fully cured at the end
of the building process. With this method, the thickness layer is around 16 pum. The build
speed is rather fast. The accuracy is high: about 100 um. It is a particularly attractive
technology because the material surfaces are clean and smooth. There is no need in
having an important amount of UV curable liquid resin such as for stereolithography. A
broad range of materials can be fabricated such as clear materials, coloured materials,
hard and tough materials, flexible materials. Despite all these interesting aspects, the
feature detail and material properties are lower than for stereolithography™. Additionally,
the precision of finished materials is based on the quality of nozzle. To be competitive, the
nozzle precision needs to be high which increases a lot the production cost °. The
viscosity of the UV curable resins has also to be considered. It must not be too viscous

otherwise the resins are stuck in the nozzles.

i CustomPartNet, Jetted Photopolymer, 27/07/10, http://www.custompartnet.com/wu/jetted-photopolymer
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I HUNTSMAN COLLABORATION

Since more than 20 years, Huntsman Advanced Materials is one of the leaders in the
development of materials with outstanding properties for design, prototyping and
manufacturing. They notably supply a broad range of UV curable resins whose trademark
is RenShape®SL for stereolithography applications. These resins were optimized in order
to fabricate parts with high accuracy and detail reproduction, good green strength and
good mechanical properties. Despite these advances in UV chemistry to accelerate the
polymerization process and improve the quality of the part, the time to produce a 3D
object increases with the size and the complexity of the object. Recently, Huntsman
Advanced Materials has decided to build a manufacturing machine named Araldite®
Digitalis “** using UV curable resins. This device enables to produce at the same time
several parts at high speeds and with high accuracy. The key of the process lies in the
use of a new exposure system, MicroLightSwitch® (MLS) based on conventional

polychromatic UV lamps®. The UV emission spectrum is shown in Figure I. 12.
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optical filters
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Figurel. 12: UV emission spectra of the ML S exposur e system (cf Araldite®Digitalis machine), a
mercury broadband lamp and a laser at 355 nm

The light is transmitted via optical fibers to microelectronical shutters present in the MLS
system and is refocused onto the resin surface by a set of microlenses. The originality of
this technology relies on the shutters that let micro-size spots of radiation to selectively
illuminate the liquid photosensitive resin. Contrary to SLA for which the fabrication of 3D

object is achieved point by point, the UV exposure for Araldite® Digitalis occurs on a large

X Araldite®Digitalis literature & FAQ, 27/07/10, http://www.huntsman.com/advanced_materials/index.cfm?Pagel D=7678
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area, 40,000 pixels at a time, thanks to the back-and-forth exposure head scanning in x
direction. Once the first layer is cured, the building platform moves down and a fresh layer
of liquid resin is subject to the above-mentioned curing process. The process continues
until the complete formation of the 3D object. A rough scheme of the Digitalis principle is
presented in Figure |. 13.
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(Interstiy P rlm|§4r|1lnﬂmrlFI|1t(-1'r (Wavf th selection)
7
Mixing rod )
(Honmg;aniza’gon)) 4
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Figurel. 13: Araldite®Digitalistechnology using MicroL ightSwitch® (MLS) system

This system has a resolution in x=10, 50 or 125 um, in y=10 um and in z=50, 100, 150
um. The exposure speed varies from 3 to 50 mm.s™. This new technology is expected to
offer significant advantages in comparison with the other technologies using UV curable
resins: a) it is a fast process in particular when many parts are built, b) it is also possible
to produce large parts by increasing the size of MLS system c) and finally, the use of UV
bulb instead of a laser is an important advantage compared to SLA in terms of costs and
maintenance. This invention is an important breakthrough in the product manufacturing.

Since most of the commercially UV curable resins for RP are formulated and optimized in
order to be used in SLA process at an actinic wavelength of 355 nm, the topical issue will
be to know if the efficiency of the aforementioned resins will be comparable with Araldite®
Digitalis using conventional UV lamps with actinic wavelengths in the UVA area (main
emission band at 366 nm cf Figure I. 12). To get a good insight of the full potential of this
new technology, it is essential to get a good control of both the processing conditions and
the UV curable resin properties. The challenge of this project is to develop and
characterize near UV fast responsive resins that can be used with Araldite®Digitalis.

Ideally, these resins should fulfil these special specifications: fast curing, high resolution,
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Dp~70 um, flexural green strength~40 MPa, high Tg, high tensile modulus (1400-1500
MPa) and low shrinkage. The investigation presented in the following chapters will not
only concern common acrylic, epoxides and IPN UV curable resins used in
stereolithography but will also be turned to new routes using unconventional chemistry for
RP.
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| INTRODUCTION

Interpenetrating Polymer Networks (IPNs) are defined as a special polymer blend in which
two or more crosslinked polymers are entangled *°. It implies that one of these polymers
crosslinked in the close vicinity of the others. This feature confers on the IPNs some
interesting properties as they combine the properties of the different networks °. The first

It was a

IPNs were synthesized in 1914 by Jonas Aylsworth and Thomas Edison
mixture of natural rubber and sulphur with crosslinked phenol-formaldehyde resin so as to
get a tougher material ®°. But the term IPN was first employed by Millar *° in 1960 for the

23811 Millar wanted to increase the

preparation of homo IPNs polystyrene/polystyrene
size of the particles for ion exchange resin applications. Afterwards, IPNs with various
polymer combinations were synthesized by thermal radical or cationic polymerization
and/or polycondensation *2.

However, the aforementioned IPNs frequently display unhomogeneous morphology with
more or less phase separation. The latter one mainly depends on the compatibility
between the polymers and the curing time and causes damage to the mechanical
properties.

Homogeneous IPNs can be straightforwardly synthesized by means of UV curing

1314 Indeed, high polymerization rates can be easily reached at room

technology
temperature under high light intensities which limits the phase separation and improves
the final properties *2. In addition, this method provides the advantage to be solvent free

12,15

and thus respects the environment . Basically, the UV curable mixture comprises

photosensitive multifunctional monomers that polymerize according to different

121617 3nd independently from each other . Thus, outstanding features can

mechanisms
be reached. Their properties are so attractive that UV cured IPNs are more and more
employed in various industrial fields such as adhesive industry, stereolithography,
holography, dentistry....

This chapter will be divided into two parts. The first part will deal with the general aspects
of both the radical and cationic photopolymerization as well as the state of the art of the
IPNs photopolymerization. The second part corresponds to the experimental survey. It will
be firstly dedicated to the improvement of the performances of an existing commercial
hybrid system for given specifications. Finally, we will focus our attention on the
comprehension and the control of the simultaneous IPNs formation thanks to a model
formulation. Different parameters will be studied such as radical photoinitiator

concentration and the light intensity.
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Il GENERAL ASPECTS OF PHOTOPOLYMERIZATION
PROCESSES

[I.1 Introduction

Photopolymerization is a chain process in which monomers combine together to form a
polymer upon light irradiation. Usually, the monomers do not produce sufficient reactive
species owing to their weak absorption above 300 nm and their poor cleavage efficiency.
Hence, an additional substance capable of absorbing UV-visible light and inducing the
polymerization is needed: the photoinitiator or a photoinitiating system.

Basically, a photosensitive formulation is constituted by mainly three compounds *#%:

» A photoinitiating system which is based either on a photoinitiator or on a mixture
of a photoinitiator with a photosensitizer or a photoinitiator with a coinitiator or the
combination of the three compounds. It creates under UV radiation free radicals or
cations reacting with the oligomer and/or the monomer.

» A multifunctional oligomer whose polymerization gives rise to a crosslinked
polymer network. Its structure governs the material final properties.

» A mono or multifunctional monomer which both copolymerize with the oligomer
and acts as a solvent. Its presence allows to reduce or to adjust the formulation
viscosity.

In order to improve the final properties of the photopolymer, various additives such as
surface active additives, light stabilizers, fillers, dyes...can be added.

Generally speaking, UV curable resins can be classified into two categories according to
their polymerization mechanism either radically or cationically. These mechanisms will be

discussed in more detail thereafter.

[I.2 Radical photopolymerization

[1.2.1 Radical photoinitiators

Two types of photoinitiators are commonly used in radical photopolymerization: the a-
cleavable type | and the non cleavable type Il photoinitiators. Their reactivity in
conjunction with the photosensitization mechanism will be described in the following
pages.
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1.2.1.1 a-cleavable photoinitiators (type 1) 2%

The radical photoinitiators are generally aromatic ketones. At the triplet state, they
undergo a Norrish | cleavage process in o of the carbonyl group . The two generated

radicals, benzoyl (or a substituted benzoyl) and alkyl, can initiate the reaction. The overall

mechanism is pictured in Scheme II. 1.

1 * 3 .
| hv | Intersystem | ° .
C—C—R ——— C—C—R| —— c—C—R[—> c + C—R
I | II | crossing II | I |
l¢] 0 o] o

Benzoyl radical Alkyl radical

Schemell. 1: M echanism of the a-cleavable photoinitiator photolysis

Commonly, the photoinitiators that belong to this family are benzyl ketal, benzoin ethers,
hydroxyl alkyl phenyl ketones, dialkoxy acetophenones, acyl phosphine oxides and amino
ketones. Their structures are gathered in Figure Il. 1.

ORl ORl Rl
Qﬁ < > Qﬁ < > Qﬁ >
O OR, o R, 0O R,

Benzyl ketal Benzoin ethers Hydroxy alkyl ketones

R1 /@
OR, o .
1 3
Qﬁ H R Cc—FP Qc N/
o or || ||\® ba
O O 2 4

Dialkoxy acetophenones
Amino ketones

Ry
Acyl phosphine oxide

Figurell. 1: Structures of some a-cleavable photoinitiators

Oxime esters are also a-cleavable photoinitiators but they are less used due to the low
thermal stability of the simple derivatives. Since some strides have been made in tailoring

their structures, the new derivatives display better properties **.
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11.2.1.2 Type |l photoinitiators

> H-abstraction process %%

Some diarylketones such as benzophenone and thioxanthone, do not cleave in the
excited state but are able to abstract an hydrogen from a H donor (DH) such as alcohals,
ethers, thiols. A ketyl radical and an alkyl radical are then formed. The latter one induces

the polymerization whereas the ketyl radical is a terminating radical.

o + monomer

1 N 3 *
hv Intersystem DH . .
C —_— C —_— C R — c + D X
Il 1] crossing 1 ] Alkyl radical
o o OH
Ketyl radical

polymer

Recombination
Schemell. 2; Formation of the freeradicalsby H abstraction process (DH: H donor)

» Electron transfer followed by a proton transfer 2?2

These photoinitiators can also be associated to tertiary amines to produce the initiating
species. Under irradiation, the amine and the triplet excited photoinitiator form an exciplex
in which an electron of the nitrogen lone pair is transferred to the oxygen of the carbonyl

group. The electron transfer reaction is then followed by a proton transfer with the
formation of two radicals. The polymerization is induced by the generated a-amino alkyl

radicals.

1 N 3 « —N-CH,— *
hv | *,
. .
c c Intersystem c é —N-CHZ—
I Ml crossing 1 | |
o o o O-
Exciplex

:
3O

Aminoalky!
Ketyl radical radical

Schemelll. 3: Formation of the freeradicals by electron and proton transfer reactions

The products formed are similar to the ones obtained with an H-abstraction process but

the reaction rate is much faster.
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11.2.1.3 Photosensitization process *

In some cases, the photoinitiators can not absorb directly the UV light either because their
UV absorption spectrum does not overlap the emission spectrum of the light source or
their absorption is hampered by the presence of pigments. In order to extend their spectral
sensitivity, a photosensitizer (PS) can be used. Its role consists in transferring its energy

at the excited state to the photoinitiator. The process is shown in Scheme II. 4.

\
PS— PS*+ P| —— PS + PI*——  Formation of the initiating species

Schemell. 4: Energy transfer reaction between a photosensitizer (PS) and a photoinitiator (PI)

To be efficient, the photosensitizer has to fulfil some requirements:
v" The energy level of its excited state is superior to the excited photoinitiator one.
v' Its UV absorption spectrum is not overlapped by the filler or pigment UV
absorption spectrum.

v" The photosensitizer is chemically and photochemically inert.

1.2.2 Kinetics of radical photopolymerization 2>%

The kinetics of radical photopolymerization take place in three steps: i) the initiation
corresponding to the creation of the reactive species, followed by ii) the propagation with
the growing of the polymer chains and finally iii) the termination pointing out the end of

the active chain ends.

1.2.2.1 Initiation
This is the only step induced by light. By a photochemical process, the photoinitiator (PI)
at the excited state reacts to produce free radicals (Re) that will add on the monomer (M)
to initiate the polymerization.

pi O pr@- rO% R

Initiation rate can be defined by:

(.0
with
1

@, the initiation quantum yield, mol.Einstein’

las, the absorbed photon flux, Einstein.L™.s™
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In the case of a monochromatic light source, |, iS expressed by:

laps =lo*(1-107) (11.2)

with
lo, the incident light intensity, Einstein.L™.s™

A,, the absorbance of the sample at the wavelength A

By virtue of the Beer’s law, the expression of the absorbance is:
3
£,, the molar absorption coefficient of the photoinitiator at A, L.mol™*.cm™
, irradiated sample thickness, cm
C, photoinitiator concentration, mol Lt
For a polychromatic light source, the l.s calculation must take into account the light

source emission spectrum.

11.2.2.2 Propagation
During the propagation, the polymer chains are growing up. The addition of a monomer to

a macroradical yields to a larger one.

RM)'» +M O R(M) s

The polymerization rate is defined as follows:

R, =k [RM,"][M] (I1.4)

With
k,, propagation rate constant, L.mol™.s™
[R(M)’,]] radical species concentration, mol.L™

[M], monomer concentration, mol.L*

11.2.2.3 Termination

At this stage, the propagating polymer chains stop growing. Various termination modes

can occur depending on the viscosity of the medium.

1) At low viscosity, bimolecular reactions can take place.

a) Recombination

Two propagating radicals react with each other to form a polymer.

RM) v+ RIM)'m O R(M)nem
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b) Disproportionation

A B-hydrogen from one radical is transferred to another radical. Thereby, one polymer with

a satured end and a polymer with an unsatured end are produced.

RM)'n+ RM)'m OB R(M)p+R(M)r,

In the case of a bimolecular termination, if we assume that the concentration in radical
species is constant during the reaction according to the stationary state approximation
then the initiation rate is equal to the termination rate.

The polymerization rate can finally be expressed by this formula:

K
Rp :Tpt['\/']\/w'abs (I1.5)

With

k., the bimolecular termination rate constant , L.mol*.s™

2) At high viscosity, monomolecular reaction occurs.
If the medium becomes too viscous, the monomers can hardly diffuse within the medium
in order to react with the reactive species. The polymerization stops because the

compounds are trapped.

R(M)', 05 occlusion

Herein, if we apply the stationary state approximation, the polymerization rate formula can

be written:

R, = L Y] 7. (11.6)
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11.2.3 Monomers: acrylic and methacrylic resins 2!

Monomers that undergo photoinduced free-radical photopolymerizations are commonly
unsaturated monomers comprising a reactive carbon-carbon double bond. Thiol-ene,
unsaturated polyester and methacrylate/ acrylate systems are the most used resins. But in
our case, we will only consider the methacrylate and acrylate systems because quite a
few investigations on UV cured IPNs employ these latters.

Acrylic monomers are the most widely used in UV curing because of their high reactivity,
their low volatility, their avaibility and their moderate costs. Typically, the liquid resin is
converted into a solid in few seconds. Moreover, a large range of telechelic monomers
with different structures such as epoxy, polyether, polyesther, urethane and silicone are

commercially available which allows to tailor the material final properties (cf Figure Il. 2)
23,26

€epoxy -I
. polyether —
CH,——CH—C 0 polyester 0 C CH CH,
” urethane ”
o] silicone O

Figurell. 2: Structure of the common acrylate terminated oligomers

For instance, epoxy-acrylated resins give rise to UV cured materials displaying good
adhesion, good mechanical properties, high curing rate in air, high chemical and
weathering resistance. By contrast, the polyester acrylates have a poor hydrolysis
resistance because of the presence of the ester group. Generally, flexible materials are
obtained with aliphatic monomers while hard and glassy polymers are obtained with
aromatic acrylates. Since some oligomers are highly viscous, monofunctional and
difunctional monomers such as isobornyl acrylate (IBOA) and 1,6-hexanediol diacrylate
(HDDA) are added in order to reduce the viscosity. The monomer functionality plays an
important role in acrylate polymerization as it influences not only the curing speed but also
the crosslinking density. The increase in the monomer functionality yields to an increase in
the polymerization rate, the crosslinking density, better mechanical strength and solvent
resistance but at the expense of the degree of cure, the flexibility and the adhesion
properties. Acrylates exhibit outstanding properties nevertheless they have some
drawbacks. They are irritant, toxic and their polymerization causes important shrinkage.

As regards to methacrylates, they display similar features to the acrylates except that the

polymerization reaction is slower owing to a less important propagation rate constant.
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[1.2.4 Special features of the radical photopolymerization

11.2.4.1 Side reactions #*°

When the radical photoinitiator (PI) is at the excited states, various deactivation processes
can take place and diminish the initiation quantum yield. There are two types of
processes:

> Radiation processes

Fluorescence: Ip" . PI+hy

Phosphorescence: 3PI" . PI+hv"

> Radiationless processes

Internal conversion (IC): pI" M. PI+heat
3pI" M- PlI+heat
Monomer quenching (M):  PI" +M I PI+M*

Oxygen quenching (O.): PI'+30, 1. PO,

The detrimental action of oxygen towards the radical polymerization takes place during
the different steps of the polymerization. Consequently, we have decided to point out this
phenomenon.

> Sensitivity towards oxygen 2°%32

O, is known to inhibit radical polymerization because of its high reactivity towards excited
states and radical species like initiating radicals. Indeed, O, adds on radicals to generate
peroxyl radicals that are not efficient to initiate the polymerization but they can abstract an
H from a H donor (DH) to form an hydroperoxide. Therefore, O, leads to a decrease in
both the polymerization rate and degree of cure and tacky surfaces can be obtained. The

oxygen scavenging mechanism is depicted in Scheme Il. 5.
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(]
v pl ——> M o P » Polymer
Oz O, )
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PI RO, PO,

o

O
Hydroperoxides + D"—» DO,

Schemel 1. 5: Influence of the oxygen on the radical photopolymerization process

To limit the oxygen detrimental effect, different physical and chemical methods have been

proposed:

» Physical routes

1) The use of high light intensities allows to generate sufficient initiating species able
to counterbalance the oxygen inhibition.

2) Work under inert atmosphere or under laminated conditions prevents the
atmospheric oxygen from diffusing

3) The increase in sample thickness also limits the diffusion of the atmospheric
oxygen through the sample.

» Chemical routes

1) The increase in photoinitiator concentration contributes to tackle the oxygen effect
by generating a significant amount of initiating species.

2) The increase in formulation viscosity slows down the diffusion of oxygen into the
film.

3) The addition of molecules such as amines or thiols ?® that provide labile H atoms.

Their reaction with oxygen during the peroxidization mechanism leads to the
formation of initiating species. Scheme Il. 6 reports the scavenging action of a
tertiary amine used as a coinitiator on oxygen . An alternative of this method is to
incorporate easily abstractable H within the monomer backbone such as N-
vinylamides, acrylates with thioether groups.
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hv . .
ﬁ + —N-CH,— ——> c + —N-CH—
|
o | o |

Aminoalkyl radical
(initiating specie)

<|30' (|30H
—T—CH— + —T-CHZ— D —T—CH— +

A\

Initiation of the polymerization

Ketyl radical

Schemell. 6: M echanism of the oxygen consumption by atertiary amine

4) The last method consists in using photoinitiating system that consumes the
dissolved oxygen before the polymerization process. This photoinitiating system

comprises a singlet oxygen generator coupled with a singlet oxygen scavenger.

[I.3 Cationic photopolymerization

One of the limiting factors in the development of the cationic UV curing was the lack of
stable cationic photoinitiators. Indeed, in the early 70, Schlessinger et al % had
demonstrated the great potential of aryldiazonium salts to induce the cationic ring opening
polymerization of epoxides. However, these compounds were not thermally stable and the
gaseous nitrogen evolved during aryldiazonium salts photolysis had detrimental impacts
on the mechanical properties of the final material. The commercialization of suitable

| 3931 32 on the

cationic photoinitiators merged from the important work of Crivello et a
synthesis of certain onium salts diaryliodonium and triarylsulfonium salts. These
crystalline compounds exhibit a high photosensitivity and thermal stability. They act as

efficient photoinitiator for the commonly used monomers in cationic photoinitiators.

[1.3.1 Cationic photoinitiators

11.3.1.1 Diaryliodonium salts and triarylsulfonium salts

Diaryliodonium and triarylsulfonium salts are the most widely used onium salts. The
structure of these salts consists of a cationic moiety for which a positively charged atom is
bonded to several alkyl or aromatic groups and an anion such as BF,, PFs, AsFs ...

Figure II. 3 gives an example of an iodonium and sulfonium salt #3334,
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Figurell. 3: Chemical structure of adiaryldiodonium and a triarylsulfonium salt with MtXn’,

the counter ion

> Direct photolysis mechanism

Upon UV irradiation, these photoinitiators undergo a complex photolysis involving both the
excited singlet and triplet states and in cage and cage-escape reactivity, as it is described

7 %3 At the excited state, the C-onium atom bond cleaves both

in Scheme I
homolytically and heterolytically. The interactions between the photolysis products and an
H donor (typically monomer, solvent, impurities) result in the formation of Brénsted acid
initiating species.

\4 *

Arzy*x‘h—p [Ar Y x7 ] ——p [ArzY‘fx“]1

Ay x T = (ALY x

Ao N

—— & -iransfert S S .
ATY Art X7 /& ArYTAr X &/ Ay ArX

ArY + Ar+ + X7 ArArY + HX ArY +HX + Ar° + R°
Cage - escape In - cage recombination Cage - escape
Jes |
ArR + HX ArH + R-R
R = solvent

Schemel1. 7: General trends of the photolysis mechanism for an onium salt (Ar,Y*X), Y=I, S...%

It is noteworthy to say that the photolysis mechanism for the triarylsulfonium salts slightly

differs from Scheme Il. 7. It was demonstrated that the heterolytic cleavage route was

predominant in comparison with the homolytic cleavage route %'
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» Features of the onium salts

Their UV absorption capacity deeply depends on the structure of the cation moiety.
Indeed, the cation whose structure governs the UV absorption characteristics, the
quantum vyield of photolysis, the photosensitization and the thermal stability of the
corresponding onium salts. It was found that the introduction of chromophores in the
aromatic rings enables to broaden the intensity and the wavelength absorption of the
iodonium salts *.

The anion moiety rather influences the initiation efficiency and the propagation rate
constant. The nature of the counter ion is of prime importance in the polymerization
process because it may react with reactive cationic species and thus slow down or even
inhibit the reaction of polymerization *'. Consequently, a non-nucleophilic anion with an
important delocalisation volume of its electronic charge should be employed so that the
monomer can easily penetrate into the ion pair and then prevents any quenching of the
polymerization. Hence, the classification of the suitable anions by growing order of

reactivity has been established as follows: BF,; < PFs'< AsFs <SbFs %,

These photoinitiators are very efficient since they exhibit an high quantum yield photolysis
of about 0.5 to 0.7 *. Nevertheless, these compounds do not significantly absorb the light
above 300 nm (their main UV absorption is located between 220 and 250 nm) which limits
their uses when long wavelength sources are employed *®. One way to broaden the UV
absorption spectrum of onium salts is to incorporate chromophores onto their aromatic
rings. However, the synthesis process is time-consuming and the achievement is
uncertain *°. Therefore, several indirect acting initiating systems have been described to

overcome this problem. The main mechanism will be described hereafter.

> Sensitization process by energy transfer %

As for radical photoinitiators, a photosensitizer (PS) that readily absorbs the light,
transfers its energy to the onium salts. The process mainly occurs in the triplet state
provided that the energy of the excited state PS* is higher than the excited onium salts

one. Scheme Il. 8 is an example of energy transfer reaction with an iodonium salt.

pstly  ps* o fEEMY. PS+[Ar2I *Mtx,;]'

Scheme ll. 8: Energy transfer mechanism between a photosensitizer (PS) and an iodonium salt
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> Sensitization process by electron transfer *°*°

These two approaches involve an electron transfer reaction between the onium salt and
either a photoexcited sensitizer or free radicals. The efficiency of the electron transfer is
strongly linked to the redox potentials of both entities. The higher is the reduction potential

of the onium salt, the most efficient is the sensitization reaction.

A En™(V)
| aryldiazonium salts

— ijodonium salts

— sulfonium salts

Figurell. 4: Classification of the aryldiazonium, iodonium and sulfonium salts by growing reduction

potential

As it is shown in Figure Il. 4, aryldiazonium salts are the most powerful oxidizing agents.
Nonetheless, they are not thermally stable. In comparison to iodonium salts,
triarylsulfonium salts display a lower reduction potential so they will be less easily
photosensitized. The mechanisms for the electron transfer reactions are the same for both
the triarylsulfonium and the iodonium salts. Since the iodonium salts are more
straightforwardly sensitized, they will be taken as example for the following mechanisms.

Photosensitizers *°*°

Some aromatic hydrocarbons (anthracene, perylene, pyrene...) can photosensitize the
onium salts through an electron transfer reaction. The overall process between the

photoexcited sensitizer (PS) and an iodonium salt is described in Scheme II. 9.

ps Y ps*
PS* + Arpl "MtX,, T- [Ps...Ar2|+|v|tx; * exciplex
PS..ALITMIX, |* M- PST™MtX, + Arl

PS *MtX, + mM . polymer
Arl® - Arl +Ar’

Scheme | 1. 9: Photosensitized cationic polymerization mechanism via the for mation of an exciplex,

M standsfor monomer
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The mechanism involves the formation of an exciplex between the photosensitizer and the
ground state onium salt. An electron is transferred from the sensitizer to the onium salt
and leads to the production of sensitizer radical cations that initiate the cationic
polymerization either directly or indirectly by abstracting an H from the monomer, solvent
or others species present within the formulation.

The ability of polynuclear aromatic compounds to transfer an electron depends on several

parameters.

The photosensitizer must greatly absorb in the wavelengths of interest.
The energy of the photosensitizer excited state must be high.
The lifetime of the excited state must be long so the photosensitizer can possibly

encounter the onium salt.

The occurrence of the electron transfer reaction can be given by the extended Rehm-

Weller equation:

nG =FEZ (Ps)-Efi lon* |- E(Ps? (1.7)

With
AG, the Gibbs free energy
F, the Faraday constant
E(PS*), the energy of the photosensitizer excited state (singlet or triplet)

Ered (On+), the reduction potential of the onium salt, On*

It has been admitted that the electron transfer reaction takes place if AG value is lower

than 10 kcal.mol™* #2,

Free radicals *°

Another route to enhance the initiation step of the cationic polymerization is to introduce a
radical photoinitiator whose free radicals generated from its photolysis are able to
sensitize the onium salt. The mechanism lies in the oxidation of the photochemically
formed radicals by a suitable onium salt. The generated cations are the initiating species

for the cationic polymerization (cf Scheme II. 10) *.
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Scheme I1. 10: M echanism of a photosensitized cationic photoinitiator using a cleavableradical

photoinitiator (PI) in presence of an iodonium salt and a monomer M

Radical photoinitiators such as benzoin and its derivatives, acylphosphine oxides,
etc...can be involved in the sensitization process *"*°. As previously, according to the
formula 11.8, it can be assessed for a given onium salt whether or not it can oxidize a free

radical “°.

G =FEQR" J-E*d [on*] (11.8)

Free radicals from the hydrogen abstraction reaction of photoexcited aromatic carbonyl
compounds can be also used to reduce the onium salts (see Scheme Il. 11). The triplet
photoexcited sensitizer abstracts an H from an H donor to generate electron donor ketyl
radicals. These species are then oxidized by the onium salts. It gives rise to Bronsted
acids which initiate the cationic polymerization. Benzophenone, thioxanthone,
camphorquinone, benzil and anthraquinone derivatives are usually employed for

sensitization 3948,

Ar,C =0  Y[Ar,C =0J*T 3[Ar,C =0O]*

3[Ar,C=0O]*+ DH 1. Ar,C"-OH + D°

Ar,C" —OH + Argl "MtX,, . Ar,C" -OH MtX, + Ar,l’
Ar,C*-OH MtX, . Ar,C=0 + H"

H*+ M- polymer

Schemell. 11: M echanism of a photosensitized cationic photoinitiator using a hydrogen abstraction

typeradical photoinitiator (Pl) in presence of an iodonium salt, monomer (M) and an H donor (DH)
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[1.3.2 Kinetics of cationic photopolymerization

11.3.2.1 Mﬂs&sl

Initiation with an onium salt (Ar,Y*MtX,,) is characterized by the generation of Bronsted

acids which are reactive towards the monomer (M).

Ar_Y ¥ MEX S +Ar”

H donor
Arp Y +Ar TMEX }

Ar,Y *MX ;- O [ArnY+Mtx;]* T { 0 H,H,0- HMIX,
0 0-

HMtX , +M [~ H-M"MtX,

11.3.2.2 Propagation 31
The addition of monomers to growing macromolecular chains leads to the formation of the
polymer.

H-(M),*MtX; + MO H-(M),M*MtX,,

1.3.2.3 Termination >
Given that the cationic species can not recombine, the termination takes place either by

occlusion or by reaction with impurities present in the environment including water and
compounds containing hydroxyl group or by transfer reactions (reaction with the counter

ion, cyclization...)

a) Occlusion

H-(M),M*MtX, OO occlusion

b) Reaction with impurities (example with an alcohol ROH)

H-(M),M"MtX,, + ROH O H-(M),MOR + H*MtX,

If we suppose that the chain transfer is negligible and that the expressions of the
propagation R, and termination rates R, are: R,=k,[M][H-M", MtX,], R=k{N][H-M", MtX;]
with N electroneutral nucleophiles present in the formulation with a concentration superior
to the ions concentration. According to the steady state approximation, the relation

between the initiation rate (R;) rate of polymerization would be given by: >

K
Rp :WT\I][M]Ri (11.9)
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¢) Reaction with counter ion (MtXn’)

H-(M),M™MtX; O0- H-(M),MX + MX,

d) Reaction with the monomer

H-(M),M*MtX; + MO (M), + HM"MX

e) Spontaneous chain transfer reaction

H-(M),M"MtX,, 00> (M),,; + H'MtX,

[1.3.3 Cationic monomers and oligomers

Numerous monomers such as vinyl or heterocyclic resins can be polymerized by a
cationic mechanism. Vinyl ethers and epoxides are in fact the most prominent classes of
cationically photopolymerizable monomers since they possess really reactive functions
and are commercially available *. Herein, we will be particularly interested in the epoxides
because all the experiments were carried out with the epoxidized hydrogenated bisphenol

A and 4-epoxycyclohexylmethyl-3',4’-epoxycyclohexylcarboxylate monomers.

11.3.3.1 Epoxide monomers

Epoxides are attractive monomers. Indeed, contrary to unsaturated monomers such as
acrylates and vinyl ethers, the polymerization displays less shrinkage as the propagation
step is achieved by opening the epoxide ring >*. Nevertheless, they are sensitive to
humidity and the polymerization rate is clearly lower than for acrylate monomers because
of the low propagation rate constant k, *°. The most used epoxide resins in UV curing are
diglycidyl ether epoxides and cycloaliphatic epoxides (cf Figure Il. 5). Some attempts
about structure-reactivity relationships for epoxides have been carried out. It turned out
that glycidyl ethers and glycidyl esters were less reactive than monomers bearing
epoxycyclohexane groups *'. This could be explained by the fact that the epoxide bond
was not as strained and not as reactive as in small ring cycloaliphatic epoxides. In
addition, even though, the epoxy groups were terminal and relatively unhindered, the
flexible chains can adopt conformations which sterically disturb the approach of the

epoxide oxygen to the activated chain end .
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Cycloaliphatic epoxide

o)
o)
OWO Diglycidyl ether epoxide

Figurell.5: Chemical structures of the commercial resins 4-epoxycyclohexylmethyl-3',4’ -
epoxycyclohexylcar boxylate and epoxidized hydrogenated bisphenol A

11.3.3.2 Vinyl ether monomers

Vinyl ethers have demonstrated a great reactivity in cationic photopolymerization due to
the high electronic density of the C=C double bond and the stabilization of the carbocation
by resonance. They undergo a fast and complete polymerization. The versatility of this
family leads to a broad range of polymers with outstanding solvent resistance and

18,23,55

mechanical properties Vinyl ethers terminated telechelic oligomers typically

comprise ether, ester, urethane or siloxane moieties. Nevertheless, their high cost and the
hazards due to their preparation limit their use *. An example of commercial vinyl ether

resin is depicted in Figure Il. 6.

/\O N N o\/CHZ

H,C

Figurell. 6: Chemical structure of 1,4-butanedioldivinyl ether

[1.3.4 Special features of the cationic photopolymerization

11.3.4.1 Deactivation processes

As for the radical photoinitiator, the cationic photoinitiator is submitted to the radiative and

radiationless deactivation processes.

11.3.4.2 Inhibition

Contrary to radical photopolymerization, the cationic photopolymerization is not sensitive
towards oxygen but it can be delayed or even inhibited by transfer reactions in presence

of nucleophile or basic compounds. Therefore, it is advised neither to work with amines
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56,57

and some alcohol additives, nor under a high rate of humidity and nor with monomers

bearing nucleophile or basic moieties within their backbone *.

11.3.4.3 Side reactions

As seen for termination step, various transfer reactions can occur during the cationic
polymerization. They lead to the termination of a growing polymer chain but also to the
formation of a reactive specie capable of initiating a new chain. Penczek and Kubisa *®
have pointed out that in presence of alcohol compounds a different polymerization
mechanism named Activated Monomer (AM) can take place in addition to the
conventional cationic ring opening polymerization named Active Chain End polymerization
(ACE). Indeed, an ACE polymerization corresponds to a nucleophilic attack of the
monomer on the tertiary oxonium ion active species (cf route A Scheme II. 12).

By contrast, in AM polymerization, the oxonium ions of the growing chains undergo a
nucleophilic attack by the alcohol to produce protonated ether (a). Afterwards, another
proton transfer might occur between (a) and the monomer. The created oxonium ions can
induce new cationic photopolymerization (cf route B Scheme II. 12 ). This mechanism
might keep occurring until there were not any more terminal hydroxyl groups. It is
important to underline that transfer reactions take place during normal cationic
polymerization because of the formation of terminal hydroxyl groups. The two

polymerization mechanisms will compete during the UV curing process.

+ +
HO—CH,—CH,—0 +n0 —_— H-(-o—CHz—CHﬁ'O
n
MEX,y

DO/‘ MEX,
|> HMEX,,
0 T 7 Wi
Yo > ;

ROH HO—CH,—CH,—O—R + o<| —— HO—CH,—CH,—0—FR + O
H b VX l
Initiating Initiating
species species

MtX,,”

Scheme I1. 12: M echanisms of Active Chain End mechanism polymerization (ACE), Route A and

Activated Monomer polymerization (AM), Route B

The chain transfer reaction yields to the formation of UV cured materials with shorter

chain lengths. Consequently, the final mechanical properties might be affected.
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11.3.4.4 Living character *

As mentioned before, the reactive species can not interact from each other. Therefore,
once the initiating species are produced during the photochemical process, the
propagation step can continue in the dark. On one hand, this unique feature allows to
reduce the irradiation exposure time. On the other hand, it is more difficult to control the

polymer formation since the polymer properties keep developing over time.

1.3.4.5 Temperature *
Whilst the initiation is a photochemical process, the propagation step for a cationic
photopolymerization is temperature sensitive. Therefore, the increase in temperature can
improve the polymerization rate of a cationic system or extend the final degree of cure by

a thermal post curing treatment.

[1.4 Conclusion

The description of the radical and cationic photopolymerization mechanisms has

highlighted not only the advantages of both processes but also their drawbacks.

On one hand, acrylic monomers are the most widely used materials in UV curing owing to
their high reactivity, their low volatility and their moderate costs. In addition, a large choice
of radical photoinitiators and acrylate monomers are commercially available.
Nevertheless, these compounds are really sensitive to the atmospheric oxygen and the
shrinkage is important (up to 15%) '°. The increase in density can yield to stress,
distortions and even cracks. On the other hand, to a lower extent, epoxide monomers are
also employed: they display lower shrinkage phenomenon due to the ring opening
process and the reactive species are particularly stable. Indeed, these species are not
sensitive towards oxygen and the polymerization continues even in the dark. Furthermore,
as cationic photoinitiators, the onium salts can potentially polymerize all the common
cationically polymerizable monomers. But only some of them are synthesized in industrial
scale and their maximum UV absorption is rather around 300 nm than in UVA range.
Additionally, the epoxide low polymerization rate as well as their sensitivity to humidity
turn out to be shortcomings for some industrial applications.

To overcome the limitations of both acrylate and epoxy polymerizations, these systems

can be mixed together in order to synthesize Interpenetrating Polymer Networks (IPNs)
2,8,59
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I IPN PHOTOPOLYMERIZATION

This part will deal with UV interpenetrating polymer networks. Their preparation, their
kinetics of polymerization as well as the characterization of their final properties will be

reviewed.

[11.1 Different ways of UV cured IPN synthesis

I11.1.1 Simultaneous UV IPNs

The multifunctional monomers are photopolymerized at the same time but independently
from each other. The process is depicted in Scheme II. 13. Although, the polymerizations

occur together, the polymerization rate of the different mechanisms can be different *2.

\
=T 1 2
= - e == —
@ @ ‘ ‘
Monomers A + B Networks A + B

Photoinitiators® ®

Schemell. 13: Synthesis of smultaneous | PNs

[11.1.2 Sequential IPNs

After the mixture of the components, a first network is formed and leads to a highly

viscous medium in which a second network is built (cf Scheme Il. 14). The formation of

the second network modifies the properties of the first one ***%,

SEE <y 2, 23N
\ Y’
Monomers A + B Networks A +monomer B Networks A + B
oo Photoinitiator ®

Photoinitiators
Schemell. 14: Synthesis of sequential |PNs

The final properties of the IPNs depend on number factors such as the order of the
sequence (the cationic and the radical photopolymerizations can be inverted), the timing

of the sequences and the monomer structures .
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There are different ways to control the order and the timing of IPN formation. First, a
cationic photoinitiator and a radical photoinitiator absorbing at different wavelengths can
be successively excited by either changing the light source or by removing a band pass
filter ®'%2%%2 As depicted in Figure II. 7, a first exposure 365 nm led to the formation of the
acrylic network. Then a second irradiation at 325 nm initiated the cationic

polymerization®,
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Figurell. 7: Kinetic profiles of adual curein laser imaging (an acrylate/epoxide mixturein presence of

phosphine oxide and sulfonium photoinitiator s)

This method allows an excellent temporal control of the two polymerization steps.
However, illuminating twice the sample can be time consuming for some applications.

A second method involves two photoinitiators active at the same wavelengths but the
sequential stage is chemically controlled by the production of the reactive species. For
example, according to the ratio between the photoinitiator concentrations, the sequence of
the network formation could be maodified in methacrylate/vinyl ether systems. Under a
large excess of radical photoinitiator or in presence of cationic photopolymerization
inhibitors like amine additive or water, the radical polymerization can be promoted over
the cationic reaction. Light irradiation also plays a crucial role in the sequence order since
at low intensities vinyl ether monomer can act as diluent *°.

A third method relies on a single initiator system which is able to generate both free
radicals and cations via electron and proton transfer reactions. Oxman et al ® have
presented a three-component initiator system a photosensitizer (camphorquinone)/an
electron donor (amine)/an iodonium salt) inducing a sequential free radical/cationic hybrid

photopolymerization. A judicious choice of the amine in terms of thermodynamic
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properties and basicity considerations proved that the cationic polymerization could be
delayed in comparison to the acrylate polymerization.

For three dimensional object manufacturing or curing of paints, UV IPNs show limitations
due to the presence of uncured shadow areas within the resulting photopolymer.
Consequently, dual UV ad thermal curing could be implemented as reported by some

authors %7,

[11.2 Photopolymerization process of IPNs

This part relies on methacrylate or acrylate/ epoxide systems that have been more
extensively studied. The comprehension of the formation mechanism is difficult because
IPNs are multicomponent systems in which each system depends on the processing
conditions and can be affected by the presence of the other system. Therefore, the major

trends will be declined in this part.

[11.2.1 Kinetics aspects of photolPNs

Real Time Infra Red (RTIR) spectroscopy method has been shown to be particularly
suitable for following the kinetics of hybrid systems. Indeed, it is possible to monitor
separately the disappearance of IR absorption vibration bands of characteristic reactive
functions for each system. It provides some interesting information about the reactivity
and the influence of some experimental parameters on the monomer conversion 3.
Authors such as Decker, Lecamp and Sangermano et al ***'* have investigated the
simultaneous acrylate and epoxide photopolymerizations. They have clearly evidenced
that the polymerization of the two different networks occurred on similar time scale but
independently from each other. More precisely, the acrylate monomer has been found to
polymerize faster and more extensively than the epoxide one. Its cure proceeds in much
greater extent than for the homopolymerization process.

The importance of the radical photopolymerization in terms of polymerization rate and
degree of cure is explained by several factors. First, owing to the slowness of the cationic
polymerization, the epoxide can act as plasticizer for radical polymerization and thus
extend the radical polymerization by delaying the vitrification phenomenon. The diluent
effect is all the more pronounced than the delay between the formation of the two
networks increases. The extreme case corresponds to the formation of sequential IPNs
for which the polymerization extent of the second monomer rests on the first network

45,14

glassy state . Secondly, the acrylate polymerization is less sensitive towards oxygen

in hybrid system because the viscosity greatly increases with the concomittant build up of
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13,15

acrylate and epoxide networks This phenomenon might considerably reduce

atmospheric oxygen from diffusing within the mixture and from scavenging radical

polymerization. This assumption was corroborated by Cai et al .

They have
demonstrated by means of Raman spectroscopy combined with Raman confocal
microscopy that the conversion for both acrylate double bond and epoxide ring was nearly
the same at the coating surface and in the bulk. Besides, the film-air interface of UV cured
epoxide/methacrylate hybrid materials has been observed by scanning electronic
microscopy (SEM). Actually, it has pointed out that the surface for an oxygen sensitive
resin such as neat acrylic formulation is rough whilst the surface of UV cured hybrid
material is rather smooth .

Finally, Lecamp et al *

has evidenced that the free radicals from the photolysis of the UVI
6976 cationic photoinitiator were capable of inducing the radical polymerization and hence
might contribute to increase the radical polymerization rate. Sometimes, this synergist
effect on the acrylate polymerization can be weakened owing to possible free radical

recombinations or reactions between both photoinitiators.

To overcome the difference in reactivity between the methacrylate/acrylate polymerization
and the epoxide photopolymerization, some authors have undertaken investigations to
substantially speed up the cationic photopolymerization. Lecamp et al ** has proved that
the increase in medium temperature from 30T to 90° C tremendously improved the
cationic polymerization rate compared to the radical one. At 90C, the degree of cure
reached by the cycloaliphatic epoxide was even more prominent than for the
methacrylate. Another way to “tune up” the cationic polymerization is via a sensitization
process using photosensitizers or free radicals as mentioned before °. This method not
only enhances the cationic polymerization rate in the hybrid system but also the Persoz

hardness, the solvent resistance as well as the surface curing properties *°.
The prediction of the kinetics of IPN formation turns out to be very complex because

numerous chemical and physical parameters are involved. They influence not only the

formation of each network but also the final properties.
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[11.2.2 Characterization of the photocured IPNs

1.2.2.1 IPN morphology

Basically, the polymer morphology describes the spatial organization of the
macromolecular chains and their microscopic ordering ™. The prediction and the control of
the polymer morphology turns out to be complicated for IPNs because of their
multicomponent composition 2. In fact, the IPN morphology is governed not only by the
kinetics of photopolymerization of the components contained in the IPN but also by the
miscibility of those components *"#", At first glance, one can expect that the physical
interpenetration between the two networks should avoid the phase separation but it was
shown in literature that the phase separation can take place *. The degree of polymer
miscibility is thermodynamically assessed by the Gibbs free energy of mixing (AGy).

According to the Flory-Huggins theory, AGy, is defined as follows *:

AG,, =AH,, -TAS,, (11.10)

with
AHy: the enthalpy of mixing term
T: the temperature

AS)y;: the entropy of mixing term

The polymers are miscible provided that AGy is negative. If the increase in molecular
weight of the polymers becomes too high, the entropy of mixing becomes very low and

AGy, become positive (for high AH,,). Consequently, the polymers are immiscible °.

The former equation can be also expressed as a function of the total volume system V,
the volume fraction @, the molar volume V; and the solubility parameters & of each

component i "2,

A£G, = gaV (3, -35,) +RT[§|nﬂ +Vﬁln@j (I1.11)

1 2

As a matter of fact, the closer are the solubility parameters, the more stable will be the
mixture. Hence, the degree of mixing relies on the balance between the thermodynamics
and kinetics of cure because at the glassy state, the diffusion of the components and the

subsequent phase separation are prevented.

57



Chapter Il

If a high degree of crosslinking density is achieved in the IPNs before the components can
diffuse then a very limited phase separation and a high degree of mixing would be
observed.

Phase separation in IPNs occurs according to mainly the spinodal decomposition
mechanism and to a less extent to the nucleation and growth mechanism "> As
regards to the nucleation and growth mechanism, during the phase separation, the
volume of nodules containing a constant amount of one of the two components increases.
In addition, the nodules merge. As a consequence, the morphology is characterized by
dispersed regular domains within the matrix. Adversely, for the spinodal decomposition
mechanism, interconnected cylinders of the second phase within the matrix of the first
phase are generally produced from the phase separation and tend to grow by increasing
their wave amplitude. Coarsening and coalescence phenomena subsequently occur

modifying to a certain extent the morphology. The phases are co-continuous.

The morphology of IPNs can be determined by scanning electronic microscopy (SEM)
"and transmission electronic microscopy (TEM) *'. Various investigations have been
carried out for thermal IPNs. The factors influencing morphology were shown to be the

polymerization methods, the sequence orders™ , IPN composition #%"%

, the compatibility
between the polymers and the crosslinking density 8. However, few experiments have
been done on the morphology of UV cured IPNs especially epoxide/acrylate mixtures.
Lately, Nowers et al ° have exploited the flexibility of the dual process thermal cured
epoxide polymerization/photoinduced acrylate polymerization in order to examine both the
effect of the curing sequence and the composition on the morphology. The SEM
micrographs of rupture surfaces disclose that the brittleness increases with the epoxy
content and for the samples for which the epoxide polymerization occurred first (named
epoxide first samples). In addition, the epoxy first samples display no apparent
microstructure whereas the acrylate first samples up to 0.25 exhibit a growing coarse
morphology. As regards to the morphology of UV simultaneous IPNs, the study will be
even more difficult because it will rely on the time sequence of three events: the gelation
of the polymer 1, the gelation of the polymer 2 and the phase separation of these two
polymers. The final physical and mechanical properties of the material will be completely
different according to the order of the three phenomena. If the gelation of one of the
component takes place before the phase separation, then the morphology will be more
continuous. Adversely, if the phase separation happens before gelation, then the
morphology will be unhomogeneous °.
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1.2.2.2 IPN thermomechanical properties

The phase morphology is an important parameter because it is responsible for the
subsequent final properties **"%. The existence and the distribution of domains within the
cured material are merely analyzed by using SEM and TEM. Nevertheless, these devices
give information neither about the polymer fraction in the different phases nor the degree
of phase separation. Differential Scanning Calorimetry (DSC) and Dynamic Mechanical
Analysis (DMA) are two techniques that give an idea about the degree of interpenetration
through the shift and the broadening of the glass transition temperatures (T4S) of the
homopolymers and hybrid systems.

If the hybrid system is homogeneous at least at the macromolecular scale then only one
broad Ty located between the two homopolymers is detected. Sangermano et al * have
managed to synthesize an interphase material as it is illustrated in Figure II. 8. The hybrid
mixture possesses a large and broad Tand curve. This special feature confers to the

system some interesting damping properties.
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Figurell. 8: Tand from DMA analysis of pure 1,6-hexanediol diacrylate (HDDA) (curve A) and 3,4-
epoxycyclohexylmethyl-30,40-epoxycylcohexyl carboxylate (UVacur e 1500) (curve B) and the
HDDA/Uvacur e 1500 50/50 mol% hybrid mixture (curve C) *°

In this case, the resultant T of the hybrid material can be expressed according to the Fox-

Flory equation °:

1_w, . w, (11.12)

with
w;, the composition by weight of each component i

Tgi, the T4 of each component i
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If the degree of interpenetration is low then two glass transition temperatures are
measured corresponding to the two individual polymer Tgs.

1.2.2.3 Transparency
The sample transparency might evidence the great interpenetration of the networks ***°.
Indeed, opacity is attributed to the diffusion of the visible light by domains whose size is
superior to 100-400 nm. However the relevance of this criterion has to be taken with
caution because some cured materials were transparent despite the presence of phase
separated domains. It was account for the good matching between the polymers index of

refraction .

This bibliography survey revealed that many papers dealt with the field of UV cured IPNs.
The effect oxygen, humidity, temperature and photoinitiator concentration on the kinetics
of photopolymerization of this hybrid mixture was extensively studied. Thermomechanical
as well as the structural properties of IPNs were highlighted. The conclusions drawn from
this bibliography study will be first employed for the optimization of an industrial hybrid
mixture and then to understand of the formation of IPNs between a cycloaliphatic epoxide
and a methacrylate (1:1 weight ratio) under specific experimental conditions, also try to
establish some relations between the material morphology, the mechanical properties and

the processing conditions.
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IV EXPERIMENTAL STUDY

IV.1 Understanding of the IPN formation between a diglycidyl ether
epoxide and an acrylate under Huntsman industrial

specifications

IV.1.1 Context of the study

The aim of this study is to compare the UV curing performances between two
technologies using different irradiation sources: Araldite®Digitalis developed by Huntsman
and Stereolithography (SLA) developed by 3D systems. On one hand, for
Araldite®Digitalis, the light source is a conventional UV lamp whose main emission
wavelengths are 366 nm, 405 nm and 413 nm. The 366 nm wavelength has been taken
as the actinic wavelength for the following experiments. The light intensity varies from 15-
30 mW/cm? and the variation of the temperature in situ during the building process is
negligible. On the other hand, the stereolithography machine SLA 7000 functions with a
laser emitting at 355 nm. The light intensity is about 800 mW/cm? and the elevation of the
temperature in situ is prominent.

The first comparative experiments consisted in curing Huntsman commercial resins
optimized for SLA process with Araldite®Digitalis demonstrator named Griffin, and see if
the resulting photopolymer exhibited sufficient mechanical properties (green strength) for
handling the post-curing treatment ®. It turns out that the commercial resin Renshape®SL
7870 (70 wt% epoxide + 30 wt% acrylate) fulfilling all the requirements in SLA process
such as rapid curing and low shrinkage, did not reach the green strength at the
Araldite®Digitalis optimum exposure speed. Therefore, the first part of this study will be
dedicated to the understanding of this underachievement. Then, the second part will deal
with the optimization of this hybrid commercial mixture.
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IV.1.2 Characterization of the commercial resin Renshape®SL 7870

Renshape®SL 7870 is a liquid resin that is formulated for the production of three-
dimensional objects by SLA. It contains various components but the most important are
the monomers epoxidized hydrogenated bisphenol A (E5000) and tricyclodecane
dimethanol diacrylate (SR 833S) and the photoinitiators triarylsulfonium
hexafluoroantimonate mixture salts (TAS) and 1-hydroxycyclohexyl benzophenone (I
184). For convenience sake, we will only consider these components within
Renshape®SL 7870. Their chemical structures and their weight percentages are reported
in Table II. 1.

Tablell. 1: Weight percentage and chemical structure of the main components present in Renshape®
SL 7870

wit% Role Chemical name Chemical structure

mainly epoxidized

cationic o
67.2 hydrogenated bisphenol A o~ OO—’—QO\N
monomer

(E5000)
) mainly tricyclodecane o o
radical ) ) I I
28.8 dimethanol diacrylate CHZ:C*C*OfHC%C H,—O—C—C=CH,
monomer 4 ? H
(SR 833S)

triarylsulfonium

. hexafluoroantimonate mixture
2 cationic

photoinitiator salts
(TAS)

sna-%@s@g SbFG/ @S@gswe

1-hydroxycyclohexylphenyl

. OH
2 radical ketone w
photoinitiator o

(1184)

The mixture also contains additives such as stabilizer but they will be neglected in this

study.

IvV.1.2.1 Griffin and SLA 7000 trials

In order to understand the differences in reactivity of Renshape®SL 7870 with Griffin and
SLA 7000 machine, the resulting UV cured materials were examined by IR spectroscopy
to determine the degree of cure reached by both epoxide and acrylate monomers.

The experiments lie in drawing strand specimens with both Griffin and SLA 7000
machines. To facilitate the fabrication of single strands, the large resin vat of the

conventional Griffin and SLA 7000 machines were removed and a platform was inserted
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in its place. This platform was used to support an aluminium dish filled to the rim with
Renshape®SL 7870. The dish was placed at a given position so that the focal point of the
light source irradiates the resin surface. Due to the complex geometry of the machines, it
was not possible to measure with a conventional device the light intensity of both the UV
lamp and the laser.

However, we report here the irradiation conditions that allowed the commercial resin to
reach the green strength with each device. As regards to Griffin, the strand was obtained
by performing 2 passes at an exposure speed 3 mm.s™ (minimum scanning exposure)
whereas for SLA machine, the curing energy was set up at 13 mJ/cm?.

Given that the specimen thicknesses are = 0.27 mm, Near Infra Red (NIR) spectroscopy
in transmission mode was employed for the conversion determination. This spectroscopy
is particularly suitable for studying thick samples as the extinction coefficient of the
functional groups between the visible and the middle IR regions (between 12 500 cm™ and
4000 cm™) is much lower. In this range, combination bands (averaged vibrations of two
adjacent molecular motions) and first overtone bands determined from fundamental
absorption bands in the middle IR can be identified ®. Therefore, the NIR absorption
bands that were selected are the absorption band at 4738 cm™ assigned to acrylate =C-H
absorption ® and the large band at 4525 cm™ related to a combination of the epoxide C-H
fundamental band at 3050 cm™ and CH, fundamental band at 1460 cm™ ®. The final
conversion for both acrylate C=C double bond and epoxide ring was determined
according to this formula:

. Ay — A
Conversion =%X1OO (1.13)
0

with
Ay, corresponding to the area of IR absorption band of reactive function before the
curing

A, corresponding to the area of IR absorption band of reactive function at the time

t(s)

The calculation of the final conversion can be influenced by our experimental procedure.

Some approximations that we made are depicted below:

1. The shrinkage phenomenon was not taken into account. It was assumed that the
sample thickness remained unchanged before and after the polymerization in
order to determine the area of the characteristic NIR absorption bands of the
reactive functions at t=0 s. Therefore, calibration curve of IR absorbance of the

liquid Renshape®SL 7870 resin versus its thickness were established.
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2. The NIR analysis were performed at DPG 19 hours after UV curing at Huntsman
for pratical reasons (the experiments at Huntsman were carried out in the
afternoon and the ones at DPG in the following morning). In consequence, just the
final conversion ratio of epoxide was evaluated. The living character of the cationic
polymerization could not be hightlighted.

3. Moreover, the cured sample surface was supposed to be flat.

4. The samples were dried with tissues before the NIR analysis. It was assumed

most of the uncured liquid resin was taken away during this dryness process.

Consequently, the data given in Figure Il. 9 have to be taken with caution, only general
observations can be made. It seems that under Griffin cure, the E5000 conversion is
inexistent or very limited. The green strength is only ensured by the SR 833S (the minor
monomer component in Renshape®SL 7870 cf Table II. 1). On the contrary, with the SLA
machine, both the acrylate (SR 833S) and the epoxide (E5000) readily polymerize. The
resulting photopolymer is thus made of both polyether and polyacrylate networks. It can
be more easily handled than the strand cured with Griffin machine.

Conversion (%)
w
?

| |
Griffin : SLA 7000

, (]

60 -

| |

50 ]

|
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u [ epoxide
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3 mm/s, 2 passes 13 mJ/ cm2

Irradiation conditions

Figurell. 9: Determination of the degree of cure reached by both acrylate and epoxide monomers
contained in Renshape®SL 7870 under Griffin curing (3 mm/s, 2 passes, sample thickness~0.7 mm)
and SLA 7000 curing (curing ener gy= 13 mJ/cm?, sample thickness~0.27 mm)
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Since the photoinitiating system remains unchanged on both devices, the lower efficiency
of the cationic photoinitiator under Griffin cure might be explained by a lower absorption of
the light at 366 nm compared to 355 nm for TAS.

IvV.1.2.2 UV spectroscopy measurements

In order to confirm the previous hypothesis, both the molar extinction coefficients and the
UV absorbance contribution of each photoinitiator were evaluated. To calculate the UV
absorbance, we set up the sample thickness at 100 pm corresponding to the standard
layer thickness in stereolithography process. In practice, as seen before the layer
thickness can vary depending on the irradiating conditions. Table II. 2 gathers all the

information.

Tablell. 2: Calculation of the molar concentration, the molar extinction coefficient and the UV

absorbance of the cationic photoinitiator TAS and the radical photoinitiator | 184

Molar Molar extinction coefficient R Al e
Photoinitiator | concentration (L. mol™. cm™) ©
name (mol.L ™) (b
(a) 355 nm 366 nm 355 nm 366 nm
TAS 1.5x10° 712 109 0.11 0.02
1184 1.2x107 65 27 0.08 0.03

(@) The molar concentration of each photoinitiator within the mixture: 67.2 wt% E5000+ 28.2 wt% SR 833S+ 2wt%
TAS+ 2 wt% | 184

(b) In acetonitrile

(c) Calculated from Beer law: A=¢lC, with € molar extinction coefficient, | the sample thickness equal to 100 pum,
typical layer thickness in SLA and C the molar concentration of each photoinitiator

According to Table II. 2, both photoinitiators exhibit a more important absorption at 355
nm than at 366 nm. The molar absorption coefficients of both TAS and | 184 are
respectively 7 and 4 times higher at 355 nm than at 366 nm. In addition, TAS exhibits a
greater UV absorbance than | 184 at 355 nm (1.4 times) that is why both radical and
cationic polymerization can take place at 355 nm. By contrast, at 366 nm, both UV
absorbance of TAS and | 184 are weak. The TAS UV absorbance value was divided by a
factor 5 in comparison with the value calculated at 355 nm. This low absorption of the
cationic photoinitiator can account for the sluggish cationic polymerization at 366 nm. The
UV absorbance of | 184 is in the same range than for TAS at this wavelength but the high
guantum vyield and the reactivity of the generated free radicals might lead to an efficient
initiation of the radical polymerization (®a~0.8 quantum yield of the bond cleavage in
a **and the rates constant of addition of benzoyl and isopropyl ketyl radical onto
acrylates are high (2.7%10° M™*.s™ and 1.3*10" M™*.s™ on butylacrylate, respectively %))
and explain the high conversion reached by SR 833S under Griffin cure.
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To supplement the characterization study about Renshape®SL 7870, it is very important
to evaluate the reactivity of both acrylate and epoxide monomers and distinguish their
individual contribution to the overall photopolymerization process under Griffin curing. It

was achieved by investigating their kinetics of photopolymerization by RT FTIR
spectroscopy at 366 nm.

IvV.1.2.3 Kinetics of photopolymerization at 366 nm

The RT FTIR principle and the experimental conditions are thoroughly explained in Annex
I.1 and Annex II.1. The degree of cure versus time for both E5000 and SR 833S were
assessed by monitoring the decrease of the typical vibration absorption bands at 910 cm™
for the epoxide ring (stretching vibration ) and at 1407 cm™ (deformation vibration) for the
acrylate double bond ®. First of all, it is important to underline that the results presented in
Figure 1l. 10 are different from the results obtained with Griffin because the light dose
received by the samples was different. However, the actinic wavelength is the same so
the photoinitiator efficiency should be conserved.

100+
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acrylate 1
80 - e @ DOXIAE .
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Figurell. 10: Photoinitiated polymerization of the hybrid epoxide/acrylate Renshape®SL 7870 resin
containing 67.2 wt% E5000, 28.8 wt% SR 833S; photoinitiators: 2wt% TAS, 2wt% | 184; Hg-Xe

Hamamatsu lamp at 366 nm; light intensity ~17 mW/cm? sample thickness~35 um
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As seen in Figure Il. 10, under such experimental conditions, SR 833S undergoes a
nearly complete polymerization (~100% of conversion) meanwhile the E5000 conversion
reaches 61%. This difference could be explained by considering the diepoxide monomer
as a plasticizer during the acrylate polymerization since the polymerization rate of the
radical system is 180 times higher (cf Table Il. 3). E5000 presence might increase the
mobility of the macroradicals and contribute to the extent of the radical polymerization
121315 Some experiments not reported here with the neat E5000 system disclosed that
the cationic system is slightly affected by the earlier formation of the polyacrylate network.
A sharp increase in the polymerization rate was even so noticed at the very beginning of

the polymerization (4s) as seen in the insert in Figure 1l. 10.

Tablell. 3: Determination of theratio maximum polymerization rate to the monomer initial
concentration (Rpmax/[M]o) and the conversion at 780 sfor the commercial resin Renshape®SL 7870;

same experimental conditionsthan in Figurell. 10

i i Rpmax/[M]o * | Conversion
Formulation name Function 100 (s'l) 5
Renshape@sL 7870 | —Aciate 205 ~100

Epoxide 0.11 61

To conclude, these few experiments led to a better understanding of the Renshape®SL
7870 photopolymerization on both SLA 7000 and Griffin devices. The green strength can
be easily reached with SLA machine because both radical and cationic photoinitiators are
efficient enough at this wavelength to ensure the polymerization of both reactive functions.
On the contrary, Griffin machine could not properly cure Renshape®SL 7870 because
TAS exhibits a too low absorption at 366 nm and the cationic polymerization is
significantly slower than the radical one. The radical polymerization alone might not be
enough to ensure the green strength at high speed cure as required from Huntsman. For
these reasons, if we want to keep using IPN chemistry with Griffin, it is necessary to
speed up the cationic polymerization of Renshape®SL 7870. As seen previously in the
literature study, iodonium salts are more suitable than sulfonium salts for the sensitization
process owing to their high reduction potential. As a consequence, the sensitization of
both TAS and the iodonium salt, iodonium, (4-methylphenyl)[4-(2-methylpropyl) phenyl]-,
hexafluorophosphate(1-) Irgacure®250 (I 250) will be investigated in the following

paragraphs in conjunction with the influence of an oxygen scavenger.
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IV.1.3 Optimization of the IPN kinetics: Enhancement of the cationic

photopolymerization by sensitization processes

As described in the literature and in the section 11.3.1, the onium salts spectral sensitivity
can be enhanced to the visible range via an electron transfer reaction with photoexcited
sensitizers and via free radicals generated from radical photoinitiator photolysis. Their
photosensitivity efficiency towards TAS and | 250 will be straightforwardly evaluated by
RT FTIR spectroscopy. Their structures and their molar absorption coefficients are given
in Table Il. 4. The analysis will be performed at 366 nm in the experimental conditions
described in Annex I.1 and Annex II.1.

Tablell. 4: Chemical structuresand molar absorption coefficientsof TASand | 250

Molar absorption
coefficient at 366 nm
(L.mol *.cm™)

(@)

Chemical name Chemical structure

Triarylsulfonium
hexafluoroantimonate

mixture salts

SbFs'g@s@g SbFG/ @S@gsbﬁ; 109

(TAS)
lodonium, (4-
methylphenyl)[4-(2- /©/V
methylpropyl) phenyl]-, F\Tp)\ 6
hexafluorophosphate(1-) = INE
(1 250) i

(a) determined in acetonitrile

IvV.1.3.1 Compounds used as sensitizers

A large range of radical photoinitiators is commercially available. In order to assess the
beneficial or the detrimental effect of the free radicals produced upon their photolysis on
the cationic polymerization, radical type | photoinitiators from CIBA Chemicals were
selected: Irgacure®651, a benzoin ether, Irgacure®184, an hydroxyl alkyl phenyl ketone,
Irgacure®819, a phosphine oxide and finally Irgacure®OXEO1l and Irgacure®OXEQ2,
oxime esters. Additionally, the role of the photosensitizers isopropylthioxanthone (ITX)
and 9,10-diethoxyanthracene (910) were also studied. Their chemical structures,

molecular weight and molar absorption coefficient at 366 nm are reported in Table II. 5.
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Tablell.5: Chemical structures, molecular weights and molar absor ption coefficients at 366 nm of the

selected radical photoinitiators and photosensitizers

RADICAL PHOTOINITIATORS

Molar absorption

. . Molecular weight coefficient at 366 nm
Chemical name Chemical structure il -1 -1
(g.mol ) (L.mol ~“.cm™)
()

2,2-dimethoxy-1,2-

diphenylethan-1-one O OCH,
O+ 256

Irgacure®651 OCH,
(1651)

1-hydroxycyclohexyl

phenyl ketone OH
% 204 17
(]

Irgacure®184
(1184)

Bis(2,4,6-
trimethylbenzoyl)- /@%’Oj:@
phenylphosphineoxide é 419 884
Irgacure®819
(1819)

1,2-octanedione,1-[4-
(phenylthio)phenyl]-, 2-

(O-benzoyloxime) @LS N 446 2807
Irgacure®OXEOL )\©
(I OXEO1)
1-[9-ethyl-6-(2- 0w /CHa
methylbenzoyl)-9H- Q g
carbazol-3-yl]-,1-(O- s ¥

acetyloxime)-ethanone //CC\CH 409 3269
o 3
N

Irgacure®OXEQ2
(1 0XEQ2)
PHOTOSENSITIZERS
(0]
Isopropylthioxanthone
(1TX) O O 254 4500
S
OC,Hs
9,10-
diethoxyanthracene OOO 266 5800
(910)
OC,Hs

(a) determined in acetonitrile

These sensitizers display different molecular weights and molar absorption coefficients.
All these distinct features will play a role in the sensitization of the cationic system. To
assess their impact, we will only consider here the cationic system. First, we will focus on

the influence of the free radicals from radical photoinitiator photolysis.
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IV.1.3.2 Effect of free radicals from radical photoinitiator photolysis

Mixtures containing 96 wt% of Epalloy®5000 (E5000) + 2 wt% of either TAS or | 250 + 2
wt% of one radical type | photoinitiators were prepared and tested by RT FTIR
spectroscopy. Their kinetics profiles were compared to the ones obtained for the
reference formulations comprising only 98 wt% of E5000 + 2 wt% either TAS or | 250. All
the information about the relevant kinetics parameters are summarized in Figure 1. 11.

I | 250
[ TAS
E 0.62
0.6
0.5
<L 0.4
o
o ] H
b reference :
— 0.3 :
= :
% %
024 018 |
o £0.120.13
0.1 :
0.0
no radical PI 1819 1651 1184  IOXEOL |0XEO02
I | 250
Reference [ TAS

Conversion (%)

no radical PI 1819 1651 1184 IOXEO1 1 0XEO02

Figurell. 11: Rpma/[M]o and conversion at 780 sfor the different for mulations containing 96 wt%
E5000; photoinitiators: 2wt% TASor 2wt% | 250 and 2 wt% radical photoinitiator: | 819, | 651, |
184, | OXEO1 and | OXEO02; Hg-Xe Hamamatsu lamp at 366 nm, light intensity ~17 mW/cm?, sample

thickness~35 pum
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The data from Figure 1l. 11 show that in absence of radical photoinitiator TAS is clearly
more efficient than | 250 at 366 nm. There is no polymerization for the system E5000/I
250 whereas the system E5000/TAS undergoes a slow polymerization (a degree of cure
of 63% after 430 s of irradiation and with a Rpma/[M]o of about 0.18*102 s™). This
difference is explained by the very low molar absorption coefficient of | 250 at 366 nm, 20
times less than the TAS (cf Table II. 4). Therefore, | 250 needs to be sensitized.

» TAS
In sensitized experiments, as illustrated in Figure 1l. 11, for the systems with TAS, the
addition of the different radical photoinitiators only leads to a slight improvement of both
the polymerization rate and the degree of cure of the epoxide function. A detrimental
impact was noticed with the oxime esters photoinitiators. To our knowledge, no enquire
has been carried out so far about the ability of the free radicals formed during the
photolysis of | OXEO1 and | OXEO2 to sensitize an iodonium and a sulfonium salt.
According to Figure 1l. 11, the presence of | OXEOl had a negative impact on the
E5000/TAS system. The polymerization rate was divided by 2 and the final conversion by
1.4. This decrease can be attributed to an internal filter phenomenon since the absorption
coefficient of | OXEO1 is roughly 25 times higher than the molar absorption coefficient of
TAS (cf Table II. 5). Furthermore, it should be underlined that the presence of nitrile, a low
basicity group, in I OXEO1 structure might interact with the reactive species and thus
slown down the polymerization (cf Scheme Il. 16). The measurements of the UV
absorbance of the coating during the photopolymerization revealed that | OXEO1l
photobleaches (the UV absorbance was divided by 6) and gives rise to photoproducts

more transparent which allowed the cationic polymerization to occur (cf Table Il. 6).

Tablell. 6: UV absorbance at 366 nm of the formulation comprising 96 wt% E5000, photoinitiators: 2
wt% TASand 2wt% | OXEO1 during the polymerization; Hg-Xe Hamamatsu lamp at 366 nm, light

intensity ~17 mW/cm?, sample thickness~35 pm

t=0s t=50s t=100s t=200s t=500s t=777s
uv
absorbance 0.75 0.22 0.22 0.16 0.14 0.13
at 366 nm

Concerning | OXEOQ2, its introduction totally inhibits the cationic polymerization. The molar
absorption coefficient of | OXEO02 outweights the TAS one by a factor of 26. In addition,
the UV absorbance of the formulation tremendously increases during the polymerization,
as pointed out in Table Il. 7. Thus, the polymerization is hampered by the inner filter

effect.
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Tablell. 7: Deter mination of the UV absorbance of the formulation comprising 96 wt% E5000,
photoinitiators: 2wt% | 250 and 2 wt% | OXEO2 during the polymerization; at 366 nm; same

experimental conditions than in Table Il. 6

t=0s t=50s t=100s t=200s t=500s t=777s
uv
absorbance 0.63 2.17 2.02 2.13 1.78 1.45
at 366 nm

When | OXEO2 undergoes the homolytic cleavage into iminyl radicals and acetoxy

radicals (see Scheme II. 15) ?*%7:%

, iminyl radicals recombine to give rise to conjugated
compounds, presumably azines, whose UV absorption at long wavelengths is broader.

0 /CH3

-
H
O§C/C 3 —>» CO, +.CH3
|
o, reactive
radical
. . H3C\C/R
N N N
N N — i
Azine
R \CH3 R \CH3 N
II
C
R” CH,

Scheme 1. 15: M echanism of formation of | OXEO2 photoproducts

» 1250
As regards to the effect of the oxime esters on the system containing E5000 and | 250,
both Rpmax/[M]o and the final conversions were similar to the ones found for the system
E5000 and TAS. It seems that the inner filter effect due to both oxime ester absorption
and the sensitization reaction of | OXEO1 on TAS prevail on the direct UV absorption of
TAS. The ability of the free radicals generated from | OXEO1 photolysis to photosensitize |
250 is very interesting. We proposed that during | OXEO1 photolysis, the carboxyl (1),
phenylthiobenzoyl (2) and phenyl (3) radicals might react with impurities and might
abstract an H to generate electron donating radicals (see Scheme II. 16). Additionally, if

these radicals present a low oxidation potential, they might reduce the iodonium salt.

72



UV cured Interpenetrating Polymer Networks (IPNs)

(0]
Il
(Ijl) Ce
CeH13 o C\n/CeHls @\ /O/ + N==C——CgHy3
N\ / S
o s N 2

| Recombmauon of
hv lT

O/ \©pnmary radicals
O.
|
Q o \
gYCSHm 1 ot .©
( j\ /,i j N 3
S CI)/

Re Onium salt s+
1,2,3 + RH ——» — "y R
Impurities, H donor possible sensitization effect

Schemell. 16: Proposition for the sensitization processinvolving | OXEO1

The use of the other sensitizers with | 250 yielded to striking results since it displays a
higher reduction potential than TAS. The elucidation of the sensitization mechanism with a
few radical photoinitiators has been reported in literature. The stronger is the electron
donor radical, the better is the sensitization. For instance, the ability of free radicals from |
819 photolysis to sensitize | 250 is in great accordance with the results found by
Degirmenci et al °, the phosphinoyl radicals generated via | 819 photocleavage are
capable of reducing | 250 in order to form phosphonium cations. These species may

participate to the initiation process. The sensitization process is pictured in Scheme Il. 17.

O
(6]

(e}

2 |ntersystem

crossing

P X+ Phl + pp

0 -
pe + Phl™X —_—

Schemell. 17: Sensitization mechanism by bisacylphosphine oxides
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The cationic polymerization of the system E5000/1 250 is also greatly improved by the
presence of | 184. In comparison with the formulation comprising | 819, the rate of
polymerization was multiplied by 2 and the final conversion by 1.6. This could be
explained by the production in both cases of a-hydroxyl radicals. These free radicals are

known to readily reduce the iodonium salt according to the reaction in Scheme II. 18 *°.

o I
_O_ + +

initiating cationic
species
Schemell. 18: Sensitization mechanism by hydroxyl alkyl phenyl ketones

The most efficient sensitization effect towards | 250 was noticed for the formulation
containing | 651.The Rpma/[M]o was about 0.62*10% s™. In terms of cationic
polymerization, this value is particularly important. This enhancement may stem from the
participation of strong electron donor alkoxybenzyl radicals from | 651 photolysis in the
electron transfer reaction with | 250 “°. The overall mechanism is depicted in Scheme II.
19.

O OCHj 0 OCHj;
O O 0
* 4+ °
OCHj OCHj;
OCHj, OCH; .
Q_{. . PhI'X — * x4 Phyl
OCHj3 OCHg
OCH3
OCHg
Polymerization
OCHg3
+

OCH;

o O Orost
-

Schemel 1. 19: Sensitization mechanism in presence of alkoxybenzyl radicals ***°
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Given this promising result, some additional experiments were preformed in order to

evaluate the effect of the | 651 concentration on the kinetics parameters.

S

.E Rpmax/[M]0*100 | Final conversion
2 (s7) (%)

Q 0.5% wt | 651 0.22 50

5 2% wt | 651 0.77 63

@) 5% wt | 651 1.27 67

O T T T 1
0 200 400 600 800
Time (s)

Figurell. 12: Epoxide conversion ver sustime profilesand Rpma/[M ]o and conversion at 780 sfor the
different for mulations containing 98 wt% E5000; photoinitiators: 2wt% | 250 and | 651, a) 0.5 wt%,
b) 2wt% and c) 5wt%; Hg-Xe Hamamatsu lamp at 366 nm, light intensity ~17 mW/cm? sample
thickness~35 pm

The kinetic profiles in Figure 1. 12 point out that an increase in | 651 concentration
contributes to produce more initiating species and thus improve greatly the epoxide
polymerization. Both rate of polymerization and final conversion are enhanced. The UV
absorbance of the formulations before and after polymerization were determined by UV
spectroscopy with the Agilent 8453E spectroscopy system (Agilent Technologies) in order
to check if an internal filter phenomenon can interfere in the cationic polymerization. It
appears from Table Il. 8 that even at 5 wt% | 651 concentration, the UV absorbance
during the polymerization is low. So, the penetration of the light through the sample is still
good. However, a too high content of radical photoinitiator may decrease the radical
photoinitiator efficiency because the numerous generated free radicals might tend to
recombine. The increase in UV absorbance after polymerization might be attributed to the
formation of benzil. It corresponds to the recombination of two benzoyl moieties which
shifts the absorption to the visible range 3. The latters are also capable of absorbing the
light and cleaving.
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Tablell. 8: Evolution of the UV absorbance at 366 nm of the for mulations containing 98 wt% E5000;
photoinitiators: 2wt% | 250 and | 651, a) 0.5wt% | 651, b) 2wt% | 651 and c) 5wt% | 651 before and
after the polymerization; same experimental conditionsthan in Figurell. 12

UVae:bSSGOé l;e:gce UV absorbance at
366 nm (after
(before_ polymerization)
polymerization)
a 0.006 0.026
0.037 0.094
0.103 0.294

Heretofore, only the cationic system has been considered. The addition of both an acrylic
compound and a radical photoinitiator into the formulation might affect the
photosensitization effect. The generated free radicals might react either with the monomer
(radical polymerization) or with the cationic photoinitiator (electron transfer reaction). In
order to assess the chemical balance of these reactions, calculations of the ratio of their

rate constants versus the viscosity of the medium were conducted.

IV.1.3.3 Evaluation of the chemical balance between the radical

polymerization and the electron transfer reaction

Both reactions between free radicals with either the radical monomer or the cationic
photoinitiator are bimolecular reactions. Two steps are involved: the two reacting species
A and B have first to diffuse in the medium in order to come closer together and form an
encounter complex ([AB]) and then the molecules react to form the products (P) (cf
Scheme Il. 20)

A+BOfFL P

A+B O [AB]OfL. P

Scheme 1. 20: Different steps of a bimolecular reaction

Thus, the apparent rate constant is a contribution of the diffusion controlled bimolecular
rate (kp) and the unimolecular rate constant (k) at which the reaction occurs.
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The formula of the apparent rate constant is given below *:

1 1.1 _ktky (11.14)
kKo ki *Kp

It is noteworthy to say that we neglected the complex dissociation reaction.
There are two extreme cases
If k=>kp, Kapp~Kp the reaction is diffusion controlled

If ko>k:, Kapp~K: the reaction is chemically controlled

1. Calculations of apparent rate constants of addition for some free radicals onto the

acrylate monomer

We chose among the radical photoinitiators previously tested (cf Table Il. 5) Irgacure®184
(I 184) and Irgacure®651(I 651) because during their dissociation not only a benzoyl
radical is formed (R1) but also an a-hydroxyl radical (R2) for |1 184 and a methyl radical for
| 651 (R3) having different reactivities towards the acrylate monomer. The methyl radical
has a low rate constant of addition onto an acrylate (~10° on methyl acrylate ?*). This rate
constant is 100 times lower with regard to the rate constant involving a-hydroxyl radical on

an acrylate (~10" on butyl acrylate #%).

The photolysis mechanisms of | 184 and | 651 are depicted below.

| 184 undergoes an a-cleavage reaction at its excited triplet state. As depicted in Scheme

II. 21, its photolysis leads to the formation of a benzoyl radical (R1) and an a-hydroxyl

radical (R2).
HO hv HO
OO0t
le} O
R1 R2

Schemell. 21: Formation of the benzoyl and the a-hydroxyl radicalsthrough the

| 184 photolysis
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During the photolysis of | 651 photoinitiator at the triplet state, the benzoyl and the
dimethoxybenzyl radicals are formed. The latter one undergoes a subsequent
fragmentation that generates a methyl radical and methyl benzoate **. The mechanism is

illustrated in Scheme II. 22.

O OCH O  OCH
—— (] + L]
OCHjs OCHg,
R1

J fragmentation
O
«CHj + CH304“—®
R3

Schemell. 22: Photolysis mechanism of | 651

The addition rate constants of benzoyl and ketyl radicals onto butylacrylate (BA) in
acetonitrile and the addition rate constants of methyl radical onto methylacrylate (MA) are

available in literature. The values are given in Table II. 9.

Tablell.9: Addition rate constants of benzoyl and ketyl radicals onto butyl acrylate (BA) 2*%°

T 1
Structure kr(L.mol™.s™)
(@)
@ 0
) 2.7*10° (BA)
(R1)
O
. 2.5*107 (BA)
(R2)
"CH
’ 3.1*10° (MA)
(R3)

(a) determined in acetonitrile

These values demonstrate that the addition of the radicals onto the acrylic monomer can

readily occur.
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Herein, the final apparent rate constant (Kappadical photoinitiator)) COrresponds to the sum of the

addition apparent

rate constants of both

photoinitiator photolysis. The results can be found in Table II. 10.

radicals generated during the radical

Tablell. 10: Calculations of the apparent addition rate constants ki, final apparent rate constants

Kapp(radical photoinitiator) fr OM the addition rate constants of the free radicals generated from | 184 and | 651

photolysis
Apparent addition Final apparent
Addition rate raktte constant rate constant
; constants appi (i=1,2,3) Kapp(radical photoinitiator)
Radical .
L Radical ki (i=1,2,3) (kapp: =[ Ki*ko )
photoinitiator . app; Ky +Kp (Kapp1+Kappi) (i=2,3)
(L.mol™.s™)
(L.mol™.s?) (L.mol™.s™
R1 2.7%10° 2.27 *10°
| 184 1.59 *10°
R2 2.5*107 1.36 *10°
R1 2.7%10° 2.27 *10°
1 651 4.82*10°
R3 3.1%10° 2.55*10°

2. Evaluation of the electron transfer rate constant between the free radicals and the

onium salt

In this case, it is hypothesized that the electron transfer rate constant is controlled by
diffusion. The reaction might occur at each encounter. The reaction rate named Kappras)
depends on the diffusion of the free radicals and the onium salts towards each other
through the resin. The utilization of the Stokes-Einstein equation leads to the

determination of the diffusion rate constant according to this formula:

4RT

Kapp(ras) =Kp :? with 7 the medium viscosity
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3. Calculation of the ratio between the rate constant of addition of the radical on the

acrylate monomer and the addition rate constant of the sensitization process

Finally, we tried to generalize this calculation and see how evolves the ratio between the
rate constant concerning the radical polymerization and the electron transfer reaction
according to the viscosity of the formulation.

app(radicalphotoinitiator )

k

The plot of versus n shows that viscosity can influence the ratio

app(TAS)

between the reaction rates (cf Figure Il. 13).

2.04

2.0

1.54

app(radical pholonmua(or)/kapp(TAS)

— | 184
1651

k

1.0

2.3 Pa.s ~viscosity of RhenshapeSL 7870

0.0

‘app(radical phototmltiator)/kapp(TAS)

5 10 15 20 25
Viscosity (Pa.s)

0.5+ 0

k

0.0

0 200 400 600 800 1000
Viscosity (Pa.s)

Figurell. 13: Plot of theratio between the final addition apparent rate constant of the free radicals
onto an acrylate double bond on the electron transfer rate constant between the freeradicals and the

onium salt as a function of the viscosity for the photoinitiators| 184 and | 651

Figure 1. 13 clearly shows that according to the nature of the free radicals generated from
the photolysis of the radical photoinitiator, the evolution of the ratio between the final
apparent rate constants versus viscosity changes. At very low viscosities, the ratio is
inferior to 1 that means that the sensitization process might be promoted with regard to
the radical polymerization. The upper limit of viscosity for this area will depend on the
reactivity of the free radicals. The lower is the reactivity of the radicals towards the
addition onto the double bond the higher the upper limit of viscosity. Indeed, for the
formulation containing | 184, the ratio is equal to 1 for a viscosity of roughly 2 Pas
whereas the viscosity is about 12 Pa.s for the system containing | 651. At this stage,
acrylate monomer molecules are in competition with onium salt molecules for reacting

with the free radicals. It is noteworthy to say that the viscosity of the hybrid resin

80



UV cured Interpenetrating Polymer Networks (IPNs)

Renshape®SL 7870 is about 2.3 Pa.s (kp~1.44 *10° L.mol™.s™). So if we draw a parallel
between these results and the photopolymerization process of an UV curable resin whose
viscosity is similar to Renshape®SL 7870 one, we understand that at the very beginning
of the UV curing, the sensitization process will readily occur for the formulation comprising
| 651 whereas it will compete with the radical polymerization for the formulation with | 184.
Subsequently, with the increase in the viscosity due to the build-up of the crosslinked
networks, the ratio value keeps increasing. The radical polymerization might start
prevailing on the sensitization effect. Meanwhile, at high viscosities (from 100-150 mPas)
assimilated to the glassy state, all the processes are totally limited by diffusion and the
ratio will reach a maximum which corresponds to the ratio 2 (Kapp(adical photoinitiatoy~2*Kp and
Kapprasy~Kp). If any reaction can take place at this stage, the radical polymerization is
predominant. These results are consistent with the results obtained in RT FTIR
experiments showing the highest efficiency of | 651 as the other radicals produced react

more with the acrylate monomers (cf Figure 1. 11).

Secondly, to complete the previous experiments, the ability of photosensitizers to enhance
the cationic photopolymerization will be investigated.

IV.1.3.4 Effect of the photosensitizers

The compounds used for this study are the carbonyl aromatic compound
isopropylthioxanthone (ITX) and the aromatic compound 9,10-diethoxyanthracene (named
910). The results of the RT FTIR kinetic surveys of Epalloy®5000 photopolymerization in
presence of | 250 and TAS with these compounds are summarized in Figure Il. 14. In the
previous part, the best sensitization effect was found with the mixture containing | 651+ |
250. So the formulations comprising cationic photoinitiator and | 651 in addition with the

formulations containing only each cationic photoinitiator were taken as reference.
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I | 250
| : I TAS
144 | 1.39

References

without radical Pl 1651 ITX 910

Reference I | 250
' I TAS
70 68 68

Conversion (%)

without radical PI 1651 ITX 910

Figurell. 14: Rpma/[M]o and conversion at 430 sfor the different for mulations containing 96 wt%
E5000, photoinitiators: 2wt% TASor 2wt% | 250, 2 wt% photoexcited sensitizers: ITX and 910; Hg-

Xe Hamamatsu lamp at 366 nm, light intensity ~17 mW/cm? sample thickness~35 pm

The results involving ITX and 9,10-diethoxyanthracene in Figure Il. 14 are particularly of
interest since the rate of polymerization for the system E5000/1 250 was better than for the
formulation with | 651 (the best formulation found previously). The high efficiency of 9,10-
diethoxyanthracene can be firstly accounted for its higher absorption at 366 nm in
comparison with ITX (1.3 times higher) (cf Table Il. 5). Then, it possesses electron donor
substituents which may facilitate the transfer of the lone electron and stabilize the cation
radical. The stabilization process is represented in Scheme II. 23.
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OR OR *OR

Schemel 1. 23: Stabilization of the 9,10-diethoxyanthracene cation radical

Finally, a rough calculation of the Gibbs free energy according to the extended Rehm-
Weller equation (cf formula (I1.7)) demonstrates that the reaction between the two onium
salts and 9,10-diethoxyanthracene are particularly favored which is consistent with the RT
FTIR experiments (cf Table Il. 11). For the calculations, some approximations have been
made. The oxidation potentials and the excited state energy values of ITX and 9,10-
diethoxyanthracene are taken as those of thioxanthone and anthracene. It is supposed
that the oxidation potential of ITX and 9,10-diethoxyanthracene are lower than those of
thioxanthone and anthracene due to respectively alkyl moiety and electron donor
substituents. In addition, the reduction potential of | 250 is presumed to be -0.83 V **. It
corresponds to the value found for the photoinitiator bis(4-tert-butylphenyl)iodonium
hexafluorophosphate displaying a similar backbone. The reduction potential for TAS was
supposed to be equal to -1.1 V referring to the value measured for triphenylsulfonium salt
21.

It is important to underline that the sensitization involves respectively the triplet-excited

thioxanthone and the singlet-excited anthracene %,

Tablell. 11: Half wave oxidation potentials E .,” (S) (vs SCE), triplet or singlet excitation energies E(S*) of
thioxanthone and anthracene, calculation of the Gibbs fr ee ener gy between respectively | 250, TAS and
thioxanthone and anthracence

> E+.™(S) E(S¥) AG |25 AG s
S, V) (kJ.mol ) (kJ.mol ) (kJ.mol )
Thioxanthone 1.7 3% | 277(triplet) 2+ -32.86 -6.80
Anthracene 1.1 %% | 319(singlet) ***° -132.76 -106.70

To conclude, due to their low reduction potential, triarylsulfonium salts are not easily
photosensitized by an electron transfer process. In contrast, a clear evidence of sensitized
effect by both free radicals and photosensitizers was noticed for | 250. These results were
expected since | 250 is known in literature for its high reduction potential. The
alkoxybenzyl radicals from | 651 photolysis are particularly of interest since an Rpmax/[Mlo
was reached (0.77 *102 s™). Moreover, to a certain extent, this value can be enhanced by
the increase in | 651 concentration. The best performance was obtained with 9,10-
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diethoxyanthracene. Its presence allowed to maximize Rpmad[M]o at 1.39*102 s™. It is 6
times higher than for the system containing only TAS. However, | 250 is not thermally
stable so it is necessary to improve its stability before using it for the fabrication of three
dimensional objects.

According to the results obtained previously on the cationic polymerization sensitization,
new hybrid formulations have been prepared with the best photoinitiating systems. As for
Renshape®SL 7870, they were cured with both Griffin machine.

IV.1.3.5 Tests with Griffin

For these new set of experiments with Griffin, 3 hybrid mixtures were formulated. In the
formulation 1 and 3, the cationic photoinitiator TAS was associated to the radical
photoinitiator 1 651 and the photoexcited sensitizer 9,10-diethoxyanthracene exhibiting the
best sensitizing efficiency towards the cationic polymerization. Despite the low thermal
stability of | 250, the aforementioned promising results obtained with 1 651 conduced us to
test this photoinitiating system (formulation 2). The composition of the formulations is
detailed in Table II. 12.

Tablell. 12: Composition in weight per centage of the formulation 1, formulation 2 and for mulation 3

Formulation E5000 SR 833S Cationic PI Radical Pl or
name (wt%) (wt%) (Wt%) photosensitizer
(Wt%)
Formulation 1 64.4 27.6 2 (TAS) 4.0 (1651)
Formulation 2 65.0 28.2 2 (1 250) 4.0 (1651)
Formulation 3 66.0 28.1 2 (TAS) 1.8 (9,10-
diethoxyanthracene)

Their reactivity was compared to the Renshape®SL 7870 one at a speed exposure of 3

mm/s with 2 passes.
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Figurell. 15: Determination of the degree of curereached by both acrylate and epoxide monomers
contained in Renshape®SL 7870 (sample thickness=0.70 mm), in formulation 1 (sample thickness=0.85
mm), formulation 2 (sample thickness=3.98 mm) and formulation 3 under Griffin curing (3 mm/s, 2

passes)

On one hand, the formulation 3 containing | 250 and 9,10-diethoxyanthracene did not
reach the green strength even at low speed 3 mm/s and with 2 passes (cf Figure II. 15).
This result might stem from a too slow radical polymerization because 9,10-
diethoxyanthracene can not induce radical polymerization without the presence of H donor
or a tertiary amine. And the phenyl radical produced during the sensitization process are
highly reactive radicals that mainly react with impurities through H abstraction reaction.
Their ability to induce the radical polymerization is poor. Therefore, to speed up the radical
polymerization it is proposed to add a radical photoinitiator. Its triplet energy state should
be lower than the 9,10-diethoxyanthracene one otherwise an energy transfer reaction
might occur between them and lead to the deactivation of the radical photoinitiator. It is
also advised to decrease the 9,10-diethoxyanthracene concentration to prevent any inner
filter effect. On the other hand, the formulations 1 and 2 display a better reactivity than
Renshape®SL 7870. The sensitization process occurring in these systems (cf in the
section IV.1.3.2) is efficient because the degree of cure for the epoxide monomer could be
for the first time quantified. A conversion of 30% was even reached by the epoxide in the
formulation 1. Additionally, the good efficiency of | 651 quantum yield of the bond
cleavage in o at 366 nm (Ezsenm~121 L.mol*.cm™ and ®a~0.52 ?*) might explain the
significant improvement of the acrylate conversion. It is noteworthy to say that the sample

thickness for the formulation 2 is about 4 times greater than for Renshape®SL 7870 and

85



Chapter Il

the formulation 1. This is a good evidence of the efficiency of the photoinitiating system |
250/1 651. Therefore, it is in agreement with the RT FTIR experiments.

However, these enhancements are not sufficient to reach the green strength at 10 mm/s
exposure speed. As a consequence, the sensitization process of the cationic photoinitiator
is perhaps not the method of choice for improving the reactivity of the hybrid formulation
under Griffin curing. Hence, we have decided to speed up even more the radical
polymerization in order to reach more rapidly the green strength. In that purpose, an anti-

oxidant was added in order to reduce the oxygen inhibitory effect.

IV.1.4 Use of triphenylphosphine for the improvement of the IPN

kinetics

Triphenylphosphine (TP) is an efficient oxygen scavenger. It was shown that it might react
with peroxyl radicals formed by the reaction between the O, and the growing chain

polymers and generate free radicals capable of inducing the polymerization %*°.

ROO* + PPhp —> O=PPh + RO’
RO" + PP —> R + O=PPh

For these experiments, the concentration of TP was set up at 1.5 wt%.

Two hybrid formulations were prepared having different monomer amounts. The
composition of the first formulation (formulation 4) is based on the Renshape®SL 7870
composition, in other words, it is mainly constituted by E5000. By contrast, the second
one (formulation 5) mostly comprises the radical monomer SR 833S since the
triphenylphosphine acts on the radical polymerization. Their compositions are detailed in

Table Il. 13. Renshape®SL 7870 will be used as reference.

Tablell. 13: Composition in weight per centage of the formulations4 and 5

Formulation E5000 SR 833S TAS 1184 TP
name (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Formulation 4 66.3 284 1.9 2 1.4

Formulation 5 28.4 66.2 1.9 2 1.5
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vV.1.4.1 Trials with Griffin

The reactivity of the two above-mentioned formulations was compared during a trial with
the Griffin machine at 3 mm/s speed exposure with 2 passes. The determination of the UV
cured single strand final conversion was achieved with the same method described in
vV.1.2.1.
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Figurell. 16: Determination of the degree of curereached by both acrylate and epoxide monomers
contained in Renshape®SL 7870 (sample thickness~0.7 mm), for mulation 4 (sample thickness~8.4 mm)

and formulation 5 (sample thickness~13.2 mm) under Griffin curing (3 mm/s, 2 passes)

As expected, the introduction of the anti-oxidant TP into the formulation 4 contributes to
enhance by a factor 1.5 the degree of cure reached by SR 833 S in comparison to
Renshape®SL 7870. Even the formulation 5 containing a high amount of SR 833S
reaches 80% of conversion (cf Figure Il. 16). These new formulations are clearly less
sensitive towards oxygen. Almost all the liquid resin present in the aluminium dishes was
photopolymerized for the formulations 4 and 5. Due to the high thickness of these
samples, it was not possible to quantify the epoxy conversion. The increase in speed
exposure up to 10 mm/s allowed to get thinner samples and determine the conversion for
both reactive functions. The results are featured in Table II. 14.

Tablell. 14: Cured samplethicknesses, and degree of curereached by both acrylate and epoxide

monomers present in the formulation 4 and in the formulation 5 under Griffin curing

(10 mm/s, 1 pass)

Cured sample Acrylate Epoxy
thickness conversion conversion
(mm) (%) (%)
Formulation 1 2.46 75 no polymerization
Formulation 5 6.39 68 no polymerization
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These results are interesting because for the first time the green strength was attained for
a formulation mainly constituted by epoxide at a speed exposure defined as “optimal” for
Griffin applications. The sample thickness is still too important and clearly shows that the

light was not enough confined. The optimization of TP concentration is thereby required.
Given the interesting results obtained with the formulations containing TP. It was decided

to do some RT FTIR experiments in order to define the TP role in the photopolymerization
process.

IvV.1.4.2 RT FTIR spectroscopy

The RT FTIR experiments were conducted in the same experimental conditions than in
IV.1.2.3. It is important to say that they do not correspond to the real processing
conditions. All the details can be found in Annex 1.1 and Annex Il.1. The kinetics profiles in

Figure Il. 17 show that TP has an impact not only on the radical polymerization but also on
the cationic polymerization.
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Figurell. 17: Kinetics profiles of the formulations Renshape®SL 7870 (m acrylate double bond, o ring

epoxide), formulation 4 (A acrylate double bond, A ring epoxide) and for mulation 5 (e acrylate double

bond, o ring epoxide), in air; photoinitiators. 2wt% TASand 2 wt% | 184; additive~ 1.5wt% TP; Hg-
Xe Hamamatsu lamp at 366 nm, light intensity=19 mW/cm? sample thickness~35 pm
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According to Table Il. 15, the presence of TP greatly improves both the radical and the
cationic polymerization rates of the formulation 4 compared to the Renshape®SL 7870
ones. However, this high reactivity leads to an important decrease in the epoxide
conversion owing to an earlier vitrification. In addition, at high SR 833S concentration (cf
formulation 5), the radical and the cationic polymerizations are almost concomitant. It
seems that the increase in the reactivity of the radical polymerization impacts the cationic
polymerization rate. We could assume that the heat released during the radical

photopolymerization might induce the cationic polymerization.

Tablell. 15: Deter mination of Rpya/[M]o and the conversion at 780 sfor Renshape®SL 7870,

formulation 4 and formulation 5; same experimental conditionsthan in Figurell. 17

i i Rpmax/[M]o * | Conversion
Formulation name Function 100 (s'l) o)
Renshape®SL 7870 |—Acviate 20.5 ~100

Epoxide 0.11 61
Formulation 4 Acryl.ate 30.8 99
Epoxide 2.56 11
Formulation 5 Acrylgte 14.5 68
Epoxide 12.5 32

The effect of temperature must be considered with caution because during SLA building,
considerable heat is released due to the exothermicity of the polymerization and the direct
heating effect of the laser. The temperature in situ can reach 120<C. This result can be
related to the experiments done by Crivello et al °**® dealing with hybrid systems. They
have disclosed by optical pyrometry (OP) that a local stimulus was sufficient to thermally
induce the cationic polymerization and propagate the reaction within the entire sample. As
a result, this temperature increase will influence not only the kinetics of polymerization but
also the final properties. Therefore, we have decided to investigate on the influence of
temperature on the photopolymerization process.
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IV.1.5 Influence of temperature on the photopolymerization process

IV.1.5.1 RT FTIR spectroscopy

Usually, the photopolymerization process is performed at ambient temperature. But in the
case of fast photopolymerization, an important amount of heat is evolved in a very short
timescale which may lead to a drastic sample temperature rise *. RT FTIR spectroscopy
was found to be the most suitable technique to monitor in situ the temperature of high
speed photopolymerizations of neat resins and monomer mixtures. The analyses lie in
laminating the UV curable mixture between two polypropylene (PP) films used as a
temperature probe %!, Indeed, the vibration band at 842 cm™ % (rocking (r) CH, +
stretching vC-CHy) is sensitive to heat and decreases linearly between 20 and 110C.
During the photopolymerization process, the heat evolved is partly transferred to the PP
films thereby producing a temperature change in the PP films. Assuming that the calorific
capacity of the sample and the PP films are similar, the variation of the temperature of the
PP film is expected to be close to the sample temperature itself. This corresponds to the
gquasi-adiabatic conditions. Taking into account the PP and the resin film thickness, it is
possible to assess the temperature variation of the resin (AT,sin) after establishing an IR
absorbance calibration curve of the 842 cm™ vibration bond as a function of temperature.

AT i can be calculated from this formula °:

e .
ATPP = ATresin X —ES— (”15)
eresin + ePP
with
AT .., : temperature variation underwent by the resin (in T)

AT, : temperature variation underwent by PP (in )

€., cured film thickness (um)

resin *

€pp - PP thickness (um)

By means of Decker’'s method, the heat released during the photoinitiated polymerization
of each monomer E5000 and SR 833S has been first examined before monitoring the
exothermicity during the photopolymerization of the hybrid mixture. The composition of the
hybrid mixture is almost the same than for Renshape®SL 7870 (cf Table Il. 16) except
that the radical photoinitiator |1 184 was replaced by | 819 exhibiting a better absorption at

366 nm. Therefore, this formulation will become the reference for the end of this study.
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Table 1. 16: Weight percentage of the different components contained in SR 833S (I 819), E5000
(TAS) and 7030 (I 819) formulations

Formulation E5000 SR 833S TAS 1 819
name (Wt%) (wt%) (Wt%) (Wt%)
SR 833S (1819) 0 98 0 2
E5000 (TAS) 98 0 2 0
7030 (TAS+I 819) 67.2 28.8 2 2

The experiments were performed at room temperature and at 366 nm. The only difference
with the previous RT FTIR experiments was that the kinetics were conducted under
laminated conditions between 2 PP films. As the 842 cm™ band described in literature
overlaps with the one of the epoxy resins another band at 2720 cm™ (C-H deformation)

was taken as reference. The corresponding IR calibration curve versus temperature was
established (cf Figure Il. 18).
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Figurell. 18: Variation of the PP absorbance at 2720 cm™ as a function of temperatur e r ecor ded

by RT FTIR spectroscopy

> SR 833S (1 819)

In absence of the diffusion of atmospheric oxygen within the film, SR 833S undergoes a

very fast polymerization in a very short time scale. All the kinetics data are shown in Table
. 17.
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Tablell. 17: Rpmax/[M]o and conversion at 450 sfor the formulation SR 833S (I 819), laminated
conditions; photoinitiator: 2wt% | 819; Hg-Xe Hamamatsu lamp at 366 nm, light intensity=19

mW/cm?; sample thickness~35 um

. ) Rpmax/[M]o * | Conversion
Formulation name Function 100 (s'l) (%)

SR 833S (I 819) Acrylate 69 60

This high polymerization rate is responsible for a sharp increase in PP temperature (cf
Figure 11. 19).
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Figure 1. 19: Temperature and conversion profiles monitored by RT FTIR spectroscopy of the

formulation SR 833S (I 819); same experimental conditionsthan in Tablell. 17

At the beginning of the photopolymerization, the temperature is drastically increasing until
a maximum. According to the formula (11.13), the temperature reached by the resin is
around 70<C. Then the temperature of PP is slightly decreasing because of vitrification
and the predominance of air cooling over the heat emitted at the end of the reaction. This
reaction is highy exothermic which is consistent with the experiments performed on the

acrylic systems hexanediol diacrylate/polyurethane acrylate by Decker et al *%.
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» ES5000 (TAS)

The IR vibration band used for recording the epoxide polymerization was not the IR band
at 910 cm™ because there is an overlay between this latter and a PP IR band. As a
consequence, we work with the band at 760 cm™ corresponding to the symmetric epoxide
stretching vibration. As shown in Figure Il. 20, a slight PP temperature elevation (only a
few Celsius degrees) was measured during the polymerization. The maximum

temperature attained by the epoxide monomer was about 46<C.
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Figurell. 20: Temperature profile monitored by RT FTIR spectroscopy of the for mulation

E5000 (TAS); same experimental conditionsthan in Tablell. 17

This results from the low reactivity of E5000. A Rpmad[M]o of 0.34*107 s was determined
(cf Table 1. 18).

Tablell. 18: Determination of Rpya/[M]o and the conversion at 450 sfor the formulation E5000
(TAS), laminated conditions; photoinitiator: 2wt% TAS; Hg-Xe Hamamatsu lamp at 366 nm,

light intensity=19 mW/cm? sample thickness~35 um

. . Rpmax/[M]o * | Conversion
Formulation name Function 100 (s'l) (%)
E5000 (TAS) Epoxide 0.34 46
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»> 7030 (TAS+1 819)
The experiment was also achieved with the hybrid system 7030 (TAS+I 819). Despite a

SR 833S concentration of only 30wt%, the temperature profile looked like the one of the
acrylic resin SR 833S (I 819) (cf Figure Il. 21). From the temperature profile in Figure Il
19, it was calculated that the hybrid formulation temperature reached the maximum value

of nearly 73C during the photopolymerization proce ss.
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Figurell. 21: Temperature profile monitored by RT FTIR spectroscopy of the formulation
7030 (I 819); same experimental conditionsthan in Tablell. 18

It was proved from these experiments that an elevated temperature could be reached by
the hybrid resin during the photopolymerization. Therefore, this exothermicity might be
responsible for the slight rise in the cationic Rpmax/[M]o in the hybrid system as regards to
the result obtained in the neat epoxide resin (cf.Table Il. 18 and Table Il. 19). This local
heat stimulus seems to play a role only at the very beginning of the cationic
photopolymerization process because the fast formation of the high crosslinked acrylic
network might limit its effect.

Tablell. 19: Deter mination of Rpya/[M]o and the conversion at 450 sfor the formulation 7030 (TAS+HI
819), laminated conditions; photoinitiators: 2wt% | 819+ 2wt% TAS; Hg-Xe Hamamatsu lamp

at 366 nm, light intensity=19 mW/cm? sample thickness~35 pm

. . Rpmax/[M]o * | Conversion
Formulation name Function 100 (s'l) (%)
7030 (TAS+I 819) Acrylate o6 92

Epoxide 0.5 39
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Previously, we put forward that a non negligible heat was evolved during the
photopolymerization of the hybrid system. However, the effect of the heat stimulus was
limited by the glassy state of the polyacrylate network. In order to study the influence of
the temperature on the IPN formation kinetics, we performed by means of photo
Differential Scanning Calorimetry (photoDSC) a set of isotherm experiments at different

temperatures.

IV.1.5.2 PhotoDSC experiments

The samples were photocured with DSC Q200 equiped with a photocalorimetry accessory
from TA instruments under nitrogen atmosphere (50 mL/min). The description of this
technique is given in Annex 11.2. They were placed in uncovered aluminium hermetic
pans. The sample weight was about 10 mg. A special attention was paid to the sample
preparation to get a flat surface to optimize the heat transfer with the pan. The
experiments could not be performed at 366 nm as previously. The samples were

irradiated by a broadband Hamamatsu lamp whose light intensity was about 21 mW/cm?.

The temperature effect was assessed by performing the epoxide photopolymerization
over a range of temperature isotherms (25C, 45C a nd 65C). The conversion was
calculated from the formula (11.14) corresponding to the ratio between the reaction

enthalpy (AH;) and the theoretical total heat of reaction (AH’peoretica) -

AH
X4 L x100 (1.16)

AH 'theoretical

AH'peoretica Was calculated according to this relation:

f XE XXy

v (I1.17)

AHiheoritical =

with
f, the monomer functionality
E, the energy necessary to open the diglycidyl ether ring was taken as 76 kJ/mol™*
Xu, the monomer fraction within the formulation

M, the monomer molecular weight
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» ES5000 (TAS)

Figure 1l. 22 presents the evolution of the E5000 conversion versus the irradiation time

and the medium temperature.
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Figurell. 22: Kinetics of photopolymerization of E5000 (TAS) formulation versusirradiation time at

25°C, 45°C and 65°C; N, atmospher e, sample weight~10 mg, Hg-Xe Hamamatsu lamp, 21 mW/cm?

As shown in Figure Il. 22 and in Table Il. 20, the higher the temperature, the better both
Rpmax/[M]o and conversion at 450 s. A nearly complete polymerization is achieved at the
isotherm 65 T (Rp max/[M]o Was multiplied by 3.6 and the degree of cure by 1.8 regarding
the values found at room temperature). In fact, the increase in temperature decreases the
viscosity of the system and thereby promotes the mobility of the reactive species and also

the cleavage reaction.

Tablell. 20: Variation of Rpma/[M]oand conversion at 450 sfor the formulation E5000 (TAS),

according to isotherm temper atur e; same experimental conditionsthan in Figurell. 22

Rpmax/[M]o * . o
100 (S-l) Conversion (%)
Isotherm at 25¢C 0.80 53
Isotherm at 45C 1.64 74
Isotherm at 65T 291 96
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With the kinetic profiles previously found at different reaction temperatures, it was possible
to calculate the activation energy of the cationic polymerization. The calculation is based

on the Arrhenius law:

_Ea
k =Ae RT (11.18)

with
k, the cationic polymerization rate constant, L.mol™*.s™
A, the pre-exponential factor, L.mol*.s™
E., the activation energy, J.mol*
R, the gas constant, J.mol*, K*

T, the absolute temperature, K

To simplify this calculation, an Arrhenius plot was constructed from the logarithm of the
maximum cationic polymerization rates, In Rpmax @s a function of 1/T. As shown in Figure
II. 23, the plot is linear that is to say the system obeys to the Arrhenius equation. The
activation energy corresponds to the slope of the straight line. It was found to be equal to
27 kJ.mol™. This value is reasonably close to the one reported by Abadie et al ** for the
polymerization of the diglycidyl ether of bisphenol A cured under UV light in presence of
Cyracure UVI-6974 (33 kJ.mol™). This implies that the maximum polymerization rate is

multiplied by about 2 when the temperature rise is about 20<C.
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Figurell. 23: Arrhenius plot INRpyax Versus /T for the cationic system E5000 (TAS) cured at 3
different temperatures 25°C, 45°C and 65°C
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> SR 833S (1 819)

The effect of the reaction temperature on the kinetics of photopolymerization for the neat
radical system SR 833S (I 819) was also evaluated. As shown in Figure II. 24, the system

seems to be less sensitive towards temperature than the epoxide system.
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Figurell. 24: Kinetics profiles of SR 833S (I 819) formulation versusirradiation time at 25°C and
45°C; N, atmospher e; sample weight~10 mg; Hg-Xe Hamamatsu lamp, 21 mW/cm?

Only a slight increase in both Rpmax/[M]o and the final conversion (1.2 times higher for both
kinetics parameters) was observed at 45C. These results are consistent with the
experiments performed by Decker et al '*® at room temperature and at 70C. The kinetics
profiles were almost the same at these two temperatures. These similarities were
explained by the fact that the acrylate systems undergo such a fast polymerization that the
thermal runway might occur after the beginning of the polymerization process and
therefore might not influence the kinetics of photopolymerization.

Tablell. 21: Variation of Rpma/[M]o and conversion at 230 sfor the formulation SR 833S (I 819),

according to isotherm temper ature; same experimental conditionsthan in Figurell. 24

Rpmax/[M 0 * . 0
100 (S-l) Conversion (%)
Isotherm at 25C 7.89 68
Isotherm at 45C 9.36 76
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> 7030 (TAS+| 819)

We were not able to carry out the experiments for the hybrid formulation 7030 (TAS+I

819) because the photoDSC device measures the total reaction enthalpy without
distinguishing the polymerization enthalpy of each monomer. As a result, it was not
possible to follow separately the conversion of each monomer according to the time at a
given temperature. The ideal would be to use the RT FTIR spectrometer, the tool of
choice for monitoring the conversion in hybrid system, under a controlled temperature. A
Linkam accessory that allows a temperature control has been purchased very recently by
the DPG and it would be interesting to combine it with the RT FTIR spectometer and see
how the temperature can affect both the kinetics and the sequence order of the radical
and the cationic photopolymerizations. Subsequently, the effect of humidity on the IPN

formation could be also investigated.

We have seen that the temperature could affect the kinetics of photopolymerization in
particular for the epoxide system. The temperature rise could not only enhance the
cationic polymerization rate but also promote the molecular mobility and yield to higher
final conversion. It will be interesting now to see how these changes in the kinetics of
photopolymerization for the neat and the hybrid systems can impact the final properties of

the material such as Tg and their morphology.

IV.1.6 Characterization of the final properties

IV.1.6.1 Thermomechanical properties

After the UV curing with the photoDSC (cf experimental conditions in 1V.1.5), the pans
were hermetically sealed. The determination of the photopolymer glass transition
temperature (Ty) of each individual monomer and the hybrid formulation was carried out
with the same apparatus but with the Modulated Differential Scanning Calorimetry option
(MDSC) from TA instruments. The principle of MDSC is decribed in detail in Annex II1.2.
The temperature was ramped at 2C/min from -50C to 250C and modulated at +
2C/min every 60s. The DSC traces were exploited with the Universal Analysis program

from TA instruments.
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» [E5000 (TAS)
During the first MDSC run, two T4s were detected for the samples cured at 25C and 45T

whereas only one T, was determined for the sample cured at 65T (cf Table Il. 22). These
differences can be ascribed to the final conversion reached by the material after the
photoDSC experiments. Indeed, the sample cured at 65T has undergone a nearly
complete polymerization (96 % of conversion). By contrast, the other samples are partially
cured. The increase in temperature enhances the mobility of the unconverted monomer
which results in higher conversion ratio and a structural rearrangement. To confirm this
assumption a second run was performed under the same experimental conditions. As
presented in Table Il. 22, no matter the reaction temperature, after the second run, only a
single T, was measured at a lower temperature range than for the first trial. In fact, the
first temperature ramp was used to achieve a complete reaction and the second run to
properly determine the Tg4. According to the data obtained during the 2" run in Table II.
22, by increasing the curing temperature, the degree of cure is enhanced as well as the

T,s to a certain extent.

Tablell. 22: Determination of the conversion at 430 sand the glasstransition temper atur es after 2
runsat 25°C, 45°C and 65°C for the formulation E5000 (TAS)

Conversion Tgq (T) Tg (T)
(%) 1* run 2"run
Isotherm at 25C 53 ;’g 45
59
Isotherm at 45C 74 46
78
Isotherm at 65C 96 76 52

» SR 833S (1819)

Similar investigations were carried out for SR 833S monomer. The samples cured under

inert atmosphere reached prominent degree of cure as seen in Table Il. 23. Despite
several attempts, it was not possible to determine a T4. As a matter of fact, the reversing
signal keeps decreasing but the slope does not sharply change. The weak mobility of the
polymer chains even under high temperature could be attributed to the high crosslinking
density of the material and to the presence of the rigid and bulky tricyclodecane group
within the SR 833S backbone.
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Tablell. 23: Determination of the conversion at 230 sand the glasstransition temper atur es after 2
runsat 25°C and 45°C for the formulation SR 833S (I 819)

Conversion Tg (T) Tg ()

(%) 1% run 2"run
Isotherm at 25°C 68 Not available Not available
Isotherm at 45C 76 Not available Not available

> 7030 (TAS+1 819)
The assessment of the Ty value for the hybrid system 7030 (TAS+I 819) was difficult to

obtain because the decrease in the MDSC signal occurs in a large temperature range. For

the reasons previously mentioned, SR 833S might be taken as responsible.

The previous experiments confirmed the sensitivity of epoxides towards the temperature.
Indeed, the increase in temperature led to a more crosslinked material. MDSC allowed the
evaluation of the Tg4 of pure cationic system. By this way, we have demonstrated that the
control of the curing temperature during the build-up of a part is of prime importance
because it influences both the kinetics process and the final conversion. However, it was
not possible to determine the Tgs for pure acrylic and for the hybrid systems. The
presence of bulky and rigid tricyclodecane moieties of SR833 S reducing the motions of
the polymer chains during the temperature ramp might account for these results. As a
complement, SEM was used to study the morphology of the hybrid materials. It may be

possible to quantify the phase segregation phenomenon.

IV.1.6.2 IPN morphology

The investigation of IPN morphology was carried out for different ES000/SR 833S ratios
70/30 and 30/70 in order to underline the influence of each component on the internal
structure of the hybrid system. The composition of these two formulations can be found in
Table II. 24.

Table Il. 24: Weight percentage of the componentsithin the formulations 7030 (TAS+| 819) and 3070

(TAS+I 819)
Components E5000 SR 833S TAS 1819
(Wt%) (Wi%) (Wt%) (wt%)
7030 (TAS+I 819) 67.2 28.8 2 2
3070 (TAS+I 819) 28.8 67.2 2 2
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The samples were cured under broadband irradiation with the UV belt conveyor.
Transparent tacky free films of respectively 37 um for 7030 (TAS+l 819) sample and 39
pm for 3070 (TAS+l 819) were obtained. Their morphology was analyzed by SEM by
viewing the fracture surface at a magnification of 25000 x. The details concerning the
sample preparation and the curing are described in Annex 1V.1.

The micrographs in Figure Il. 25 reveal that the morphology of IPNs differs with the
composition. For the sample 7030 (TAS+l 819), the micrograph in Figure Il. 25a indicates
the presence of 1 upm-diameter nodules which is a clear evidence that the phase
separation phenomenon occurs. Given that E5000 is the major component, one can
suppose that the matrix is made with the polyether network and the dispersed phase is
the polyacrylate network. According to the kinetics profiles obtained at 366 nm, we could
assume that the first network formed under broadband irradiation might be the
polyacrylate one and this latter might be not miscible in the cationic system or the phase
separation phenomenon might occur before the completion of the polyether network. By
contrast, for the sample 3070 (TAS+l 819), no phase segregation was identified in the
micrograph in Figure II. 25b. In that case, the main component is the acrylate system. As
it polymerizes faster than the epoxide monomer, it might constitute a continuous phase.

5um

5um &

(b)
Figurell. 25: SEM micrographs of the formulation 7030 (TAS+I 819) at a thickness of 36.5um (a) and
of the formulation 3070 (TAS+l 819) at a thickness of 38.6 um (b); broadband irradiation under UV
belt conveyor, 1.2 J/cm?

The visualization of the ruptures surfaces by SEM can also give some indications about
the mechanical properties. In Figure 1. 26a, the micrograph of the UV cured sample with a
high epoxide content (7030 (TAS+I 819)) shows brittle failure with important crack lines
whilst at high acrylate monomer concentration, the micrograph in Figure Il. 26b exhibits a
clean fracture typical of a ductile material.
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50 pm 50 pm
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Figurell. 26: Micrographs of the rupture surfaces of the formulation 7030 (TAS+I 819) at a thickness
of 36.5um (a) and of the formulation 3070 (TAS+l 819) at a thickness of 38.6 um (b), broadband
irradiation under UV belt conveyor, 1.2 J/cm?

Besides the Huntsman project, an academic study was performed in the laboratory which

gave results that are interesting to be reported here.

IV.2 Academic study on the formation of quasi-simultaneous IPNs

between a cycloaliphatic epoxide and a methacrylate

In this part, we will try to understand how the relative radical and cationic polymerization
rates influence the network formation and therefore the mechanical properties of the
created IPNs. To the best of our knowledge, a clear picture relating the relative kinetics
formation of the networks and the IPN network structures for simultaneous UV cured IPNs
has not been evidenced, and the corresponding effect on the final properties was not
discussed. The aim of this study is to control the kinetics of formation of IPNs. Therefore,
monomers have been selected in order to increase the cationic polymerization rate and to
reduce the radical polymerization rate: a cycloaliphatic epoxide and a methacrylate ((1:1)
weight ratio). It is worth noting that a methacrylate was employed instead of an acrylate
because methacrylates are known to have a lower reactivity than the acrylates. Besides,
cycloaliphatic epoxides are known to be more reactive than diglycidyl ether epoxides. As a
consequence, the difference in reactivity between the dimethacrylate and the
cycloaliphatic diepoxide will be minimized. The influence of the kinetics of IPN formation
on the morphology, the phase separation and the composition of the final material were
studied for different experimental conditions.
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IV.2.1 Compounds

The monomers selected for this study are an ethoxylated (3) bisphenol A dimethacrylate
(DAC, viscosity=550-1700 mPa.s at 25°C), and a 3/4-
epoxycyclohexylmethyl-3',4’-epoxycyclohexylcarboxylate from Dow Chemical (DEP,
viscosity=350-450 mPa.s at 25C). The radical photo initiator 2-hydroxy-2-methyl-1-

from Sartomer

phenyl-propan-1-one (D 1173) was obtained from Ciba and the cationic photoinitiator
triarylsulfonium hexafluoroantimonate salts (TAS) was purchased from Aldrich. All these
compounds were used without any further purification. Their chemical structures are

shown in Table Il. 25.

Tablell. 25: Chemical structuresof the methacrylate, the cycloaliphatic epoxide, theradical

photoinitiator and the cationic photoinitiator

Chemical name Chemical structure

Ethoxylated (3) bisphenol A
dimethacrylate
(DAC)

I : i
CHZ:(‘;—c—o—cwzfmzro7criz—c+|2—oofc»-czfc»-cfofcfc‘:cH2

CHs CH, CH,

3,4-epoxycyclohexylmethyl-3',4'-
epoxycyclohexylcarboxylate
(DEP)

T e

2-hydroxy-2-methyl-1-phenyl-
propan-1-one
(D 1173)

o CHs
OH
H,

Triarylsulfonium
hexafluoroantimonate mixture
salts
(TAS)

SbFGEOS@g sts/ @S@gsb&‘

The composition of all the tested mixtures in this part is summarized in Table Il. 26.

Tablell. 26: Composition in weight per centage of the different runs

DAC D 1173 DEP TAS
Run concentration concentration concentration concentration
(Wt%) (Wt%) (Wt%) (Wt%)
1;7 99.5 0.5 - -
2,8 - - 99 1
3 98.5 0.5 - 1
4.9 495 0.5 49 1
5;10 49 1 49 1
6; 11 48 2 49 1
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This part of the study will be performed with a broadband irradiation source in order to
ensure that both photoinitiating systems would absorb efficiently the light. Then, a
monochromatic irradiation will be employed in order to modulate the relative reactivity of
the epoxide and methacrylate functions.

IV.2.2 Kinetics study under broadband irradiation

At first, IPN formations were performed under broadband exposure using an Hg-Xe light
source. In that case, one can expect the formation of simultaneous UV cured IPNs, the
polymerization of both monomers occurring at the same time, limiting the phase
separation. As a consequence, homogeneous material may be formed, enhancing the

miscibility between the polymer blends and leading to better mechanical properties.

Iv.2.2.1 Photopolymerization of the starting monomers

The kinetics of photopolymerization were studied by RT FTIR spectroscopy for each
monomer as mixtures comprising respectively 0.5 wt% of D 1173 in DAC (Run 1) and 1
wt% TAS in DEP (Run 2), respectively. The conversion data were obtained by monitoring
the decay of the IR absorption bands at 1637 cm™ for the methacrylate (C=CH, stretching
vibration mode) ** and the IR absorption bands from 768 cm™ to 805 cm™ for the epoxide

(symmetrical stretching of the epoxide ring) *'

. The samples were exposed to the
polychromatic light of a Hamamatsu Hg-Xe lamp with a selected intensity reduced to 70

mW/cm? (cf Annex 1.1 and Annex I1.1).

As can be seen from Figure Il. 27 and Table Il. 27, both the neat methacrylate (Run 1)
and the neat epoxide (Run 2) lead to a low final conversion. The final conversion of the
methacrylate monomer hardly reaches 40 % after 630 s of exposure, and the
corresponding value for the neat epoxide is 60% after 630 s of exposure. This effect might
be attributed to the vitrification of the medium, as the photopolymerization reaction is
known to stop when the material is at the glassy state. The radical photopolymerization
proceeds at a slower rate (20 times slower than for the acrylate polymerization in
Renshape®SL 7870) with a more important inhibition time due to the presence of oxygen.
Indeed, it is well known that oxygen strongly inhibits free radical photopolymerization by
scavenging the photoinitiator triplet state and both the initiating and the propagating

radicals. The quantity of initiating species generated through the photolysis of only
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0.5wt% of D 1173 is so low that most of the initiating radicals are involved in oxygen

scavenging rather than initiation process.

Although the Rpmna/[M]o value for the cationic system is 5 times higher than the value
found for the radical one (cf Table Il. 27) and at least 10 times higher than for the

diglycidyl ether epoxide E5000, the epoxy function are not fully cured. The reaction rate

slow down after a few second, but the polymerization continues to evolve in the dark.

As the photolysis of the cationic photoinitiator is responsible for both the formation of a

strong acid and radical, the presence of TAS in a formulation containing a methacrylate

can participate to the photopolymerization of the later. In order to check the impact of the

cationic photoinitiator on the radical polymerization an experiment (Run 3) focusing on the

free radical photopolymerization of the methacrylate in the presence of both D 1173 and

TAS was performed (cf Figure Il. 27). It appears from
from the TAS photolysis only slightly contributes to an

final conversion.

Table Il. 27 that the free radicals
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Figurell. 27: Conversion profiles of the neat resins (Runs 1 to 3) and the hybrid mixture (Run 4)

under broadband exposure, light intensity~70 mW/cm?, sample thickness~35 pm

Tablell. 27: Rpmax/[M]oand conversion at 630sfor the neat resins and the hybrid formulations, same

experimental conditionsthan in Figurell. 27

—_ RpPmax/[M]o * 100 (s™) Conversion (%)
DAC DEP DAC DEP

Run 1 3 i 39 )
Run 2 - 15 - 60
Run 3 4 48

Run 4 10 11 85 62
Run 5 14 13 87 64
Run 6 19 13 97 66
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IvV.2.2.2 Photopolymerization of the hybrid mixture

When both monomers are mixed in equiweight ratio in presence of 0.5 wt% of D 1173 and
1 wt% of TAS (Run 4), the photopolymerization kinetics of both methacrylate and epoxide
resins were found to occur simultaneously as shown by the similar Rpmax/[M]o value (cf
Table 1. 27). Moreover, a good conversion for the methacrylate was achieved in this
mixture, with a final conversion of 85% after 630 seconds of exposure compared to the
40% for the neat resin in the same conditions. This result is mainly explained by the fact
that the photopolymerization process takes places for both methacrylate and epoxide, the
viscosity of the medium increases rapidly, thereby limiting the effect of oxygen inhibition of
the free radical photopolymerization by decreasing the diffusion of oxygen. This
phenomenon has already been observed in confocal Raman spectroscopy .

In the meantime, the epoxide polymerization is barely affected by the presence of the
radical system as it was the case for the acrylate in the first part of this Chapter.

These experiments show that the photopolymerization of the methacrylate resin in the
hybrid mixture is much more effective than the photopolymerization of the neat resins with
the corresponding photoinitiators leading to a comparable polymerization rate for DAC
and DEP. A variation of the radical photoinitiator content in the formulation will be done in

order to modify the radical polymerization and to increase the DAC final conversion.

> Effect of radical photoinitiator concentration

Some attempts were made to affect the IPN formation by changing the concentration of
one photoinitiator with respect to the other one. It is expected that the absorption of the
light will be different affecting the relative polymer kinetics of both radical and cationic
systems. Therefore, the radical photoinitiator amount was varied from 0.5 wt% to 2 wt%,
keeping constant the cationic photoinitiator concentration to 1 wt% Table II. 26. The
impact of this variation on the kinetics profiles of both reactive functions is shown in Figure
Il. 28.
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Figurell. 28: Influence of the concentration of the radical photoinitiator on the photopolymerization

kinetics of DAC and DEP under a broadband exposure, light intensity~70 mwW/cm?

From the results collected in Table Il. 27, it can be seen that the increase in D 1173
concentration contributed to improve noticeably both Rpn./[M]o as well as the final
conversion for the methacrylate. This effect is merely attributed to the increase of the
absorbed light with increasing the D 1173 concentration, thereby resulting in increasing
the initiating rate Ri (cf formula 1.1 and I11.2). Therefore, the enhancement of the
polymerization extent arises from the increasing formation of initiating species. By
contrast, the variation of the radical photoinitiator concentration has only a slight impact on
the kinetics of the epoxide photopolymerization increasing slightly both Rpmax/[M]o and
conversion probably due to the exothermicity of the radical polymerization (cf Table Il. 27).
From these experiments, it can be concluded that whatever the radical photoinitiator
content (between 0.5 wt% and 2 wt%), the epoxide polymerization proceeded quite as fast
as the methacrylate one, and the photopolymerization of the later is noticeably affected. In
order to increase the difference in reactivity between the cationic and the radical
photopolymerization in UV cured IPNs, a monochromatic irradiation was selected. By

adjusting the radical photoinitiator content, the sequence order of the two systems can be
changed.
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IV.2.3 Kinetics study at 366 nm exposure

As seen above, broadband exposure does not affect strongly the photopolymerization
kinetics. Therefore, it was decided to study the formation of IPNs under monochromatic
exposure at 366 nm (the light intensity is about 15 mwW/cm? for which the two
photoinitiators exhibit very different absorption properties (cf Annex I.1 and Annex I1.1).

vV.2.3.1 Photopolymerization of the starting monomers

Again, the photopolymerization of each individual monomer and of the hybrid

methacrylate/epoxide mixture were monitored. Results are collected in Table II. 28.

Tablell. 28: Rpmax/[M]oand conversion at 630s for the neat resins and the hybrid formulations; at 366

nm, light intensity~15 mwW/cn?, 35 um

RUN Rpmax/[M]o * 100 (s™) Conversion (%)
DAC DEP DAC DEP
Run 7 0.01 - 8 -
Run 8 - 1.3 - 61
Run 9 11 1.6 45 85
Run 10 1.6 1.7 56 88
Run 11 4.1 2.3 72 82

Again at 366 nm with a reduced light intensity and in presence of air, the Rpma/[M]o Of the
methacrylate resin was low and the final degree of cure hardly reached 8% (Run 7). This
lack of efficiency can be explained as before by the effect of oxygen which is quite
pronounced due to the thin sample thickness (~35 pm), the low photoinitiator
concentration (0.5 wt%), the low light intensity and the value of the extinction coefficient of
D 1173 which was measured to be about 10 L. mol*.cm™ at 366 nm in acetonitrile.

As regards to the polymerization of the neat epoxide (Run 8), it was observed to take
place more rapidly than for the methacrylate Run 7. The polymerization rate is 100 times
higher and the degree of cure reached after 630 s of illumination is 61%. DEP readily
polymerizes since the TAS extinction coefficient value is relatively important: the value for
TAS is 109 L.mol™*.cm™ at 366 nm in acetonitrile. In addition, the system is not inhibited by
oxygen, and the presence of an induction period rather depends on the presence of

moisture (few seconds).
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Photopolymerization of the hybrid mixture

> Effect of radical photoinitiator concentration

Turning now to the curing of the hybrid system, the effect of the concentration in radical

photoinitiator on the Kkinetics profiles of both the methacrylate and the epoxide

photopolymerizations is illustrated in Figure Il. 29.

80 80+ i
m(mla]
70 70 oo DDDEEDDEDDD -
1 Py b O0g et
oo’ gRee” ooooooooooooooo
60 o* 60 B 10000
b L AAMAAAAAAAMAAALALAAMLLALLLALLL H@gi‘ilfooooo
o .’. AL = ﬁ»ﬁ'oooo
Fooq 4 S s0 Ao
S AR S .
c d A/A c é@ﬁ
S 40 [ e S 40 y
7] / A == 7]
]l 4 £ g 3 il
g 30 / J F —=—Runo9 Z 7 //[3 —0—Run9
/ = A Q A
Sall 4 {4 4—Run 10 S0l A Run 10
P —e—Run 11 % —o—Run11
/ i
10 /A H/E 10 ‘{f
o A== : : : : 0 T T T T
0 50 100 150 200 0 50 100 150 200

Irradiation time (s)

DAC conversion

Irradiation time (s)

DEP conversion

2.5 251 4.51
4.04
2.0 Run ¢ Rur 1C Rur 11
- 2.0 ~ 35]
K3 "o < 3.0
o 159 S 151 S 5
2 2 2 2]
= 1.04 -2 ] _o 2.01
£ g0 S 15]
205 o 05 N 1.0
_c & 0.5]
0.0 T T T 1 0.0 T ¥ T A 0.0 T T T
0 50 100 150 200 0 50 100 150 200 0 50 100 150

Figurell. 29: 1) Influence of the radical photoinitiator concentration on the kinetics of

Irradiation time (s)

Irradiation time (s) Irradiation time (s)

200

photopolymerization of DAC (SR 348C) and DEP (UVR 6110) at 366 nm, 15 mW/cm?. 2) Rp/[M]o
versustime curves: black for DAC, grey for DEP at 366 nm, 15 mW/cm?

110



UV cured Interpenetrating Polymer Networks (IPNs)

The plots of the Rp/[M], vs irradiation time have been calculated from the slope of the
conversion curve at each time. It allows us to follow the evolution of the polymerization
rate with time and with the evolving networking formation. This leads to a different
approach of the polymerization process which can be divided into three steps. The first
step is the autoacceleration process. The increase in the medium viscosity increases the
efficiency of the propagation reaction until a maximum is reached (Trommsdorff effect).
Then, the Rp/[M], value is levelled off to a maximum value during a short time interval
because the propagation starts to be diffusion controlled. Finally, the polymerization rate
drops down due to the vitrification phenomenon which finally stops the reaction.

From Run 9, it can be seen that the presence of the epoxide greatly improves both the
methacrylate Rpmad[M]o and the final conversion compared to the one of the neat
methacrylate formulation for the same reason as above-mentioned. As before, for the
cationic system, neither the polymerization rate nor the final conversion are noticeably
affected by the presence of DAC.

Obviously, the increase in D 1173 concentration increased both the maximum rate of
polymerization and the final conversion of the methacrylate system. This is clear when
looking at the rate profiles, on which can be seen that the maximum rate of polymerization
Is shifting to shorter times when the D 1173 concentration increases. In the meantime, a
sharp decrease in the inhibition time is noted. Very interestingly, the DEP polymerization
is barely affected by the kinetic of formation of the polymethacrylate network. The DEP
kinetics profiles are very similar from Run 9 to 11, and the maximum of the rate profiles
are very similar as shown in Figure II. 29.

Focusing on the relative reaction of the two monomers leads to a picture of the IPN
formation. In the case of Run 9, the epoxide reacts prior to the methacrylate. The
polymerization of the latter exhibits an important inhibition period. When the epoxide
conversion is high enough, the radical polymerization starts due to a gelification of the
medium which decreases the inhibition by oxygen. However, the same effect limits the
final conversion of the methacrylate to a relatively low value. Run 10 exhibits a different
behaviour. Indeed, the formation of the two networks occurs simultaneously, as can be
seen from the rate profiles. This would lead to a real simultaneous IPNs. As a
consequence, the final conversion of the methacrylate is higher than in the previous case.
Finally, for Run 11 the D 1173 concentration is high enough to make the
photopolymerization of the methacrylate much faster than the epoxide one leading to a

higher final conversion of the polymethacrylate network.
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Therefore, the two networks are formed in different time scales depending on the D 1173
concentration. Besides, we succeeded by modifying the radical photoinitiator
concentration, to influence the sequence of formation of each polymer network and
ultimately one can expect to end up with different morphologies and final properties for the
different materials. As a result, we will study the thermomechanical properties of most of
the UV cured IPNs studied in this academic study.

IV.2.4 Final properties

Iv.2.4.1 Thermomechanical analysis of the UV cured analysis

Mechanical properties of some selected systems were performed by DMA analysis (cf
Annex 1.1, Annex 1.2 and Annex Ill.1) for the principle of this technique and the
experimental conditions), with the aim to obtain glass transition temperature (Ty) and to
eventually observe phase separation phenomenona. All these materials possess only one
T, meaning that phase separation was either avoided or very limited. The presence of
only one peak is an evidence of a good interpenetration and compatibility between the two
networks within the final material, showing that homogeneous UV cured IPNs have been

synthesized. The T, values referring to the different samples are given in Table II. 29.
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Tablell. 29: Deter mination of the Ty of the different selected for mulations

Run Tg ()
Run 1 109°
Run 2 tb.”
RUN 3 n.m.?®
Run 4 154"
Run 5 153"
Run 6 157"
Run 7 n.m.”
Run 8 th.?
Run 9 th.”
Run 10 th."
Run 11 127°

n.m.: not measured; t.b.: too brittle to be measured

a samples cured under UV belt conveyor with a fusion lamp type H, 10 m/min, light intensity: UVA: 440 mJ/cm?, UVB: 430
mJ/cmz, UVC: 90 mJ/cm?, UVV: 480 mJ/cm?, 4 passes done, sample thickness~85 pm
b samples cured with polychromatic light of a Hamamatsu Hg-Xe lamp at 366 nm with a light intensity~15 mW/cm? sample

thickness~85 pm

The T4 value for the pure methacrylic resin photopolymerized with a broadband lamp was
found at 109C, showing that in these conditions, the photopolymerization of
dimethacrylate is high enough (final conversion of 39%), allowing to perform a DMA
analysis. On the contrary, the brittleness of the UV cured epoxy resin (Run 2) prevented
us from determining the T4 value for this compound, but it is probably high.

In the case of hybrid mixtures Run 4 to 6, nice films were obtained as a consequence of
the IPN formation. Meanwhile, the T4 values of these hybrid formulations were more
important than the neat methacrylic sample (about 154<C for the hybrid formulations and
109C for the neat methacrylic resin) due to the higher conversion degree of the
methacrylate function and the presence of the polyether network. The striking point is that
for the hybrid blends, the T, values are similar despite the variation of the radical
photoinitiator amount. This similarity might account for the nearly complete polymerization
achieved by the dimethacrylate in all the cases and the use of a broadband light source
leads to a methacrylate first polymerization according to the reaction rates obtained

earlier. The properties of the photo-IPNs seem to depend mainly on the first network
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formed. The second network has a lower impact on the mechanical properties in absence
of postcuring.

Under exposure at 366nm, it was not possible to determine the T, values for the samples
obtained from the neat methacrylate (Run 7), the sample being only slightly converted
(final conversion of 8%). This effect was due to the low light intensity of the Hg-Xe lamp
and the oxygen inhibitory effect. The neat epoxide sample Run 8 was as previously found
to be too brittle to be tested in tension mode. This was also the case for Run 9 and 10 for
which the IPNs are mainly composed from polyether network, i.e. a final conversion higher
than 85% for epoxide and less than 56% for methacrylate. In these cases, the epoxide
network is formed first or simultaneously with the methacrylate one. By contrast, Run 11
exhibits the highest final conversion (72%) of methacrylate and a slightly lower final
conversion of epoxide (82%), leading to a more flexible IPNs. In that case again, the
methacrylate network is formed first and the T4 is close to the one obtained for the pure
methacrylate photopolymer at 39% of conversion (broadband irradiation). The damping
properties are conserved in that sample as in the one photopolymerized under a
broadband irradiation even if the DAC conversion is lower and the DEP conversion is
higher. The dimethacrylate contributes to the toughness of the UV cured material.
According to the experimental results, T, values for IPNs are close to the one of the first
network photopolymerized when the polymerization rates of epoxide and methacrylate are
different.
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IvV.2.4.2 Morphology of the UV cured IPNs

The aim of these experiments is to try to identify domains inside the IPNs that could
correspond to the 3D organization of the networks inside the coating. Figure 1. 30
displays the SEM photos of the selected formulations depending on the nature of the light

source (cf Annex I.1, Annex 1.2 and Annex IV.1).

Figurell. 30: SEM micrographs of the |PN samples cured at 366 nm; light intensity, 15 mW/cm? (Run

9, Run 10 and Run 11) and at broadband irradiation (Run4, Run 5, Run 6); with an H type lamp
(Fusion) associated to a conveyor belt; speed=10 m/min; UVA: 440 mJ/cm?, UVB: 430 mJ/cmz?, UVC:
90 mJ/cm?, UVV: 480 mJ/cm?); four passeswere done

Unfortunately, for the samples cured at 366 nm, it is not possible to properly conclude on
the presence of any domains owing to the presence of liquid resin remaining in the
samples (mainly methacrylate). This observation is in line with the results from the RT-
FTIR experiments, showing that upon UV exposure at 366 nm and at a light intensity of 15
mW/cm?, the dimethacrylate does not fully cure.

On the contrary, for the samples cured with the broadband exposure setup, a slight phase
separation with undefined boundaries between the phase domains of the two polymers
was noticed. The domain size ranges from 80 nm to 160 nm and 250 nm, with the
increase in the radical photoinitiator concentration. The domains size is lower than 400 nm

(visible wavelengths) which suggests a good interpenetration between the networks.
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These results are consistent with the single T, found for the UV cured hybrid mixtures with
the DMA analysis. The evidence of the radical Pl on the domain size show that the
microscale network properties will strongly depend on the relative rate of polymerization of
DAC and DEP even if the T4 value does not strongly vary. Unfortunately, it was not
possible to chemical identify the two networks. Complementary experiments with AFM in
order to characterize the local hardness should therefore be performed to have a better
knowledge of the final IPN morphology.

An insight on the evolution of the mechanical properties like the shear modulus could be
important to have more details about the network formation. It has been done through a
collaboration with Deutsches Kunststoff-Institut, in Darmstadt, Germany with a home

made real-time ultrasound reflectometry RTUR combined with near-infrared spectroscopy.

IvV.2.4.3 Rheological properties of the UV cured analysis

Changes in rheological properties, and particularly shear modulus, of the resin during
photopolymerization process can be probed by means of real-time ultrasound
reflectometry RTUR combined with near-infrared spectroscopy used to follow the

107108 One of the main

conversion of the reactive functions as a function of time
advantages of RTUR is the possibility to monitor the properties even at high vitrification
levels. This technique is described in Annex V.1.

The formulation used in Run 4 was cured in the device during 300 s. The conversion of
the methacrylate, as followed by near-infrared spectroscopy, is fully completed within

100s (Figure II. 31a).
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Figurell. 31: Real-time near-infrared spectroscopy (a) and ultrasound reflectometry (b) of Run 4
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Although the conversion of the epoxide cannot be followed in-situ because there is no
characteristic vibration band of the cycloaliphatic ring in the NIR, one can assess that the
photopolymerization occurs in the same time scale as the one of methacrylate, as
discussed above (see Figure Il. 27).

Figure 1. 31b shows that the shear modulus increases as the photopolymerization
proceeds and reaches about 0.5-0.7 GPa. Very interestingly, it can be seen that the shear
modulus continues to increase after the completion of the photopolymerization a change
in the slope of the curve around 300 s is explained by a change of the sample
temperature as a consequence of the switch off of the lamp.

The continuous increase in the shear modulus is attributed to the increase in the polyether
network formation, due to the living character of the cationic polymerization. This is
confirmed by DSC experiments that show the presence of unreacted monomer after
exposure. 10000 s after exposure, the value of the shear modulus was found 4 times
higher that the one obtained after the switching off of the lamp. It can also be seen that
the shear modulus keeps growing after 7h of monitoring. This shows clearly how the IPNs

strengthen after the photogenesis.
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V CONCLUSIONS AND PERSPECTIVES

This chapter dealt with the comparison of the curing properties of a commercial hybrid
resin Renshape®SL 7870 under a stereolithography set up SLA 7000 and a new rapid
manufacturing device developed by Huntsman. These techniques mainly differ from their
actinic wavelengths, their curing speed and the temperature reached by the resin at the
focal point during the building process. The criterion of comparison was the achievement
of the green strength for the UV cured materials. The green strength corresponds to an
overall of mechanical properties (modulus of elasticity, fracture strength...) that the UV
cured material must have in order to whistand the handling and the post-curing steps. The
curing Kinetics were studied in DPG to understand why the Renshape®SL 7870 resin
undergoes a sluggish polymerization at high speed exposures with Griffin machine but it is
readily cured by SLA machine. This difference in reactivity was found to be strongly
dependent on the actinic wavelength. Indeed, on one hand, at 355 nm, both radical and
cationic photoinitiators absorb light and the green strength is ensured by both radical and
cationic systems. On the other hand, at 366 nm, the cationic photoinitiator exhibits a very
low absorption. No epoxide conversion was evidenced by NIR spectroscopy. Therefore,
the green strength could not be reached. Some attempts have been made to broaden the
spectral sensitivity of the triarylsulfonium salt used as a cationic photoinitiator at 366 nm.
A radical photoinitiator or a photosensitizer was added to the formulation so that it
sensitizes the cationic photoinitiator through an electron transfer reaction. However, owing
to the low reduction potential of the sulfonium salt, only a slight enhancement was noticed.
The same experiments were performed with the iodonium salt Irgacure®250 (I 250)
known for its high reduction potential. In presence of only | 250, the epoxide monomer
does not polymerize but with the alkoxybenzyl radicals from Irgacure®651 photolysis, the
polymerization rate was found to be 4 times greater than for the system containing
exclusively the epoxide monomer and the sulfonium salt. Besides, the most striking result
was obtained with the polynuclear aromatic compound 9,10-diethoxyanthracene in
combination with | 250, the polymerization rate was 7 times higher. However, the
iodonium salt is not thermally stable which can be detrimental for the rapid prototyping
process. To overcome this shortcoming, it could be interesting to add into the formulation
a stabilizer.

Another alternative to enhance the curing speed was to introduce into the hybrid
formulation the anti-oxidant triphenyl phosphine. Its presence tremendously speeded up
the radical polymerization and therefore the resulting heat evolved might induce the

cationic polymerization and increase the initial polymerization rate.
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Aware of the complexity of the interpenetrating polymer networks systems, we decided to
investigate by an academic approach the formation of another hybrid system based on a
cycloaliphatic epoxide and a methacrylate as a function of different exposure conditions
and relative amount of photoinitiators. By controlling the exposure conditions, it was found
possible to control the formation of the two networks and to evidence the effect on the
final properties. On this basis, real time ultrasonic reflectometry demonstrated that the
shear modulus of the IPNs increases up to more than 7h after exposure, as a
consequence of the living character of the cationic polymerization.

Despite all the efforts made in order to understand and to optimize the commercial hybrid
resin, it was not possible to increase the cure speed under Griffin. As a consequence, it
was decided to move on different chemistries and to investigate new routes for the

development of photopolymerizable formulations more adapted to the Griffin device.
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|  INTRODUCTION

Due to their commercial availability and their high reactivity, UV curable acrylate

16 Nevertheless, their

monomers have been widely used in various industrial fields
sensitivity towards oxygen during photopolymerization and the important shrinkage within
the final material are particularly detrimental ®®. One way to overcome most of these
drawbacks is to use Interpenetrating Polymer Networks (IPNs). Indeed, these hybrid
systems combine the advantages of both radical and cationic photopolymerizations.
However it was demonstrated in Chapter Il that they have shown limits for applications

under Araldite®Digitalis.

Another approach is to investigate alternative or new chemistries capable of replacing
acrylate-based systems. The chemistries that were selected are thiol-ene, silane-ene and
maleimide chemistries. Some literature studies have highlighted both their high reactivity

and degree of cure with the advantage of being less sensitive towards oxygen ***. |

n
terms of fast response, these chemistries may fulfill the Huntsman specifications for
Araldite®Digitalis but the resulting UV cured materials have also to meet some
mechanical propertie requirements (flexural green strength~40 MPa, high T, high tensile
modulus (1400-1500 MPa) and low shrinkage). Therefore, this chapter will consider all
these parameters. The first part of this chapter starts with a literature review of these three
chemistries in order to understand the basics and fundamental aspects of each chemistry

and determine their assets and also the associated problems.

In the light of this bibliography survey, our interest then will focus on the maleimide
chemistry despite the lack of commercial monomers. In addition to the commercial N-
tertbutylmaleimide, we chose to synthesize a liquid bismaleimide since these monomers
display outstanding features. They can for instance act as comonomer in charge transfer
photoinduced polymerization **3. The process is based on the copolymerization between
an electron acceptor monomer and an electron donor monomer ***°. This chemistry is
versatile since manifold combinations have been examined but we decided to inquire on
one of the most reactive and promising combination, maleimide (Ml)/vinyl ether (VE).
Therefore, the second part of this chapter deals with the study of the kinetics of
photopolymerization of different systems as well as the characterization of the final
properties of the cured materials in order to optimize the performances of the formulations
in comparison with some commercial SL resins. Finally, due to the high shrinkage
exhibited by the vinyl ether monomers, they were replaced by norbornene monomers.

These latters are known to be highly reactive in thiol-ene chemistry and they give rise to
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high crosslinked materials **. Unfortunately, a few norbornenes are commercially available
so for our survey we synthesized 3 compounds. To our knowledge, the association
maleimide/ norbornene has never been examined before so the results obtained from the

kinetics and from the thermomechanical analysis were compared to the MI/VE systems.
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Il LITERATURE SURVEY

ll.1 Basics of thiol-ene chemistry

[1.1.1 History

An interesting alternative to the common acrylate, epoxy and IPN photopolymerizations is
thiol-ene chemistry that combines not only the outstanding features of acrylate
photopolymerization but also their insensitivity towards oxygen ?°%. Different aspects of
this chemistry have already been reported by numerous researchers such as Morgan et
al*, Bowman et al 22%%% Hoyle et al ™%, Jonsson et al *%...The most important
features will be presented in the following pages. The thiol-ene polymerization lies in the

reaction between a thiol functional group and an ene functional group .
[1.1.2 The reactants

11.11.2.1 Thiol compounds

Basically, alkyl thiols, thiol glycolate esters and thiol propionate esters are employed in

thiol-ene polymerization *. The typical structures are represented in Figure IlI. 1.

R«.OJ\/\SH
Alkyl 3-mercaptopropionate

R\OLSH

Alkylthioglycolate
pA Sk -SH

n

Alkyl thiol

Figurelll.1: Typical chemical structuresof thiolsused in thiol-ene chemistry
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Thiol glycolate esters and thiol propionate esters were shown to be more reactive. Indeed,
the H bonding between the thiol function and the ester carbonyl might facilitate the
cleavage of S-H bonds. Wautticharoenwong et al *° have demonstrated that the thiyl
radicals reactivity also depends on the structure of the thiols. They have demonstrated
that, for a same structure, the cycloaliphatic thiol was the less reactive than the aromatic
thiol. The steric hindrance and the ring strain of cyclohexane cycle might explain this

result.

11.L1.2.2 Ene compounds

It was reported that polythiols were capable of copolymerizing with various multifunctional
enes such as norbornene, vinyl ether, allyl ether, acrylate, etc...'* The structures of the

enes commonly used in thiol-ene chemistry are depicted in Figure Ill. 2.

dA A~ A P
Norbornene Vinyl Ether Allyl Ether Propenyl Ether
\/\NJ\N/\/ j\/\/
OJ\N ,1\0 N P /wrnk
|\/ V\O,KNJLO/\/ o]
Allyl Triazine Allyl Isocyanurate Alkene Acrylate
1 b
R
“OJ\%[D\R Qﬁc’ )TOKR /\Cé‘
s)
Unsaturated Ester Maleimide Methacrylate Acrylonitrile
(UPE)
i
“rR
A@" R P qﬁ
Styrene Diene N-Vinyl Amide

Figurelll.2: Typical chemical structuresof enesused in thiol-ene chemistry

Their reactivity was shown to be strongly linked to the nature of double bond substituent
groups. Hoyle et al ** have classified these compounds according to their reactivity. It
tends to diminish in the case they are electron poor monomers: Norbornene > Vinyl ether
> Propenyl > Alkene = Vinyl ester > N-Vinyl amides > Allyl ether = Allyl triazine > Allyl
isocyanurate > Acrylate > Unsaturated ester > N-substituted maleimide > Acrylonitrile >
Methacrylate > Styrene > Conjugated dienes. Norbornenes, methacrylates, styrenes, and
conjugated dienes exhibit particular behaviours. The exceptional reactivity of the
norbornenes compounds is related to the release of the ring strain during the addition of
the thiyl radical on the double bond and the ease of the hydrogen abstraction reaction of
the thiol hydrogen by the carbon centered radical. Methacrylates, styrene or conjugated
dienes are among the less reactive enes because of the stability of the carbon centered

radicals formed after the addition of the thiyl radical on to the ene double bond. Besides
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this, the generated radicals (methacrylic, benzylic, allylic) undergo an hydrogen

abstraction reaction with low rate constants.

11.1.2.3 Kinetics of photopolymerization

Thiol-ene photopolymerization is based on a step growth addition between an olefin and a
thiol. The first step consists in forming thiyl radicals by using benzophenone derivatives, or
cleavable photoinitiators (PI) or directly exciting thiol compounds. Subsequently, these
radicals react with ene double bonds to produce carbon centered radicals that abstract an
H from thiol groups to form again thiyl radicals via a chain transfer reaction (CT) (the rate
constant for the chain transfer reaction is kcr). Finally, the thiyl radicals continue the
propagation step (the rate constant for the propagation step is k). Generally, termination
involves a recombination process **. The overall mechanism is illustrated in Scheme lIl. 1
for a monofunctional thiol and a monofunctional ene. Usually, a multifunctional ene and a

multifunctional thiol are used to get a crosslinked network (average functionality is greater

than two).
Initiation RSH + PI(if used) A, RS® + Other Products
i . A kp RS
Propagation 1 RS + \ R ——
R ~

Propagation 2 RS ke . RS H
pag <+ RS—H—» RS .
Chain transfer R’ R
Termination RS’ + RS’ —> RS—RS
. RS
rRs® . . RS SH
R /\R,

RS RS R
RR' : e RS_E "SR
"

Schemelll. 1: Different steps of thiol-ene photopolymerization involving monofunctional thiol and
ene. k, and ket stand for the propagation and chain transfer rate constants respectively

Contrary to acrylates, thiol-ene system is much less sensitive towards oxygen since in
presence of oxygen, the thiyl radicals which are insensitive towards oxygen are
generated. Indeed, first, molecular oxygen reacts with the carbon centered radicals to
produce peroxy radicals. Afterwards, the peroxy radicals are scavenged by thiols via an
hydrogen abstraction reaction to form thiyl radicals capable of participating to the

propagation step **. The mechanism is described in Scheme Ill. 2.
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=y N
RS- + 3 — —
R &
7
RSH /
/ J o,
RS H RS 00-
*, _f:- I.-"'
RS- b (. \ \
n
R R
RSH
R5 AOWOH
y
RS+ —

Schemelll. 2 : Effect of oxygen on the thiol-ene polymerization

According to Scheme lll. 1, in a stoechiometric thiol-ene mixture, both thiol and ene are
consumed in the same proportions unless the ene compound has the ability to
homopolymerize. For instance, in a stoechiometric thiol/acrylate mixture, the acrylate
undergoes a nearly complete polymerization whereas the thiol conversion is levelling off
at 50% *>*°. Cramer et al ** have performed some experiments between a tetrafunctional
thiol and different enes (respectively acrylate, norbornene, vinyl ether and vinyl silizane)
by means of DSC and RT FTIR spectroscopy in order to investigate the Kkinetics
mechanisms. The results outlined the changes in the kinetics mechanisms according to
the nature of the ene monomers. The polymerization rate can be expressed as a function

of thiol and ene concentrations with n and m the reaction order for each reactant

(Rp 0 [SH]”[C = C]m) (I1.1). n and m were shown to be dependent on the ratio of the

rate constant of propagation (kp) to the rate constant of chain transfer (kcr): (Kp/kcr). The
value of the ratio might be related to the olefin electron density and the carbon centered
stability. For instance, for thiol-allyl ether and thiol-acrylate, the ratio value was found to be
very high so the polymerization rate depends only on the thiol concentration with a first
order dependency. This means that the chain-transfer hydrogen abstraction process is the
limiting step. Meanwhile, for thiol-norbornene and thiol vinyl ether, both k, and kcr values
were similar. In other words, neither the propagation step nor the chain-transfer step is
rate-determining. As a consequence, both thiol and ene concentrations displayed 0.5

reaction order. As regards to vinyl silizane, the ratio value was low, below unity. The
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polymerization rate was first order according to only the ene concentration. In this case,
the propagation step 1 is the limiting step.

11.1.2.4 Properties of thiol-ene chemistry

Thiol-ene based photopolymers display outstanding properties such as good adhesion
and oxidative stability due to the presence of thioether bonds, homogeneous crosslinked
network, water absorption resistance and excellent color stability **. Furthermore, the
onset of the gel formation is delayed in thiol-ene system compared to the traditional
acrylate systems owing to the step-growth process. As a consequence, a higher
polymerization conversion might be reached for the thiol-ene polymerization and
combined with a lower volume shrinkage contribute to alleviate the shrinkage stress within
the cured material **.

Nevertheless, thiol-ene chemistry often gives rise to tough materials with low glass
transition temperature. The flexural strength and modulus was shown to be lower than the

ones of the dimethacrylate resins '

. However, for some distinct applications, hard
materials are often required. These mechanical properties can be improved by adding
fillers into the formulations or by achieving different combinations between multifunctional
thiols and enes. Indeed, it is possible to get stiff material by mixing thiols with
norbornenes. The presence of rigid moieties such as norbornene aromatic cycle increases
the T, value ",

Instead of synthesizing new rigid thiol and ene monomers, a third component, a vinyl

monomer can be added to the formulation *

. The advantage of a ternary system
thiol/vinyl 1/vinyl 2 is the possibility to both control and tailor the final properties of the
material. Work ** has been done about the determination of the kinetic parameters of such
complex system. When the vinyl monomers do not homopolymerize, typical step growth
polymerization takes place between the thiol and the vinyl monomers (e.g. thiol/vinyl
ether/norbornene, thiol/allyl ether/norbornene). The relative conversion of the reactive
functions depends on the ratio between the propagation rate constants. Whilst, in the case
where one vinyl monomer homopolymerizes (e.g. thiol/lene/acrylate), the
copolymerizations between the thiol and the vinyl monomers simultaneously happen with
the vinyl homopolymerization. The degree of cure of each monomer is related to both the
propagation and chain transfer kinetic parameters. In addition the morphology of these

% have worked on the

ternary systems has been examined. Wei and al
photopolymerization of a ternary system containing trithiol and triallyl ether (ratio 1:1) and
a 16-functional acrylate based monomer. The increase in acrylate amount not only raised
the T4 value but also broadened this transition range. The polyacrylate presence might

harden the final material and might bring some heterogeneity within the cured material.
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The presence of nanodomains rich in polyacrylate were inferred from AFM analysis.
Modifying the component proportions might enable to control thermal properties of the
photopolymerized material. The DMA measurements along with the Perzoz hardness
experiments on different thiol-ene/acrylate ternary systems shed on light the relation
between the ability to absorb energy during an impact and the Ty value. The impact
absorption seems to grow in the vicinity of the glass transition. Additionally, the nature of
the acrylate monomer strongly influenced the impact resistance of the cured material.
Ternary systems that contained acrylates with bisphenol A moiety possesses outstanding
impact energy absorption at room temperature.

Another alternative is to form an hybrid material by introducing a cationic monomer such
as an epoxide monomer. The action of polysulfide generated according to a thiol-ene
polymerization on epoxide monomers was investigated by Ortiz et al ***%. They have
shown that their inherent nucleophilicity had a detrimental effect on the cationic
polymerization. They partially or totally inhibit the polymerization by reacting with the
oxonium ions. However, the sulfides could afterwards quickly react with the oxonium
terminated growing polyether chains to form sulfonium salts capable of inducing thermally
polymerization of the remaining epoxy functions, as referring to Scheme lll. 3. The thermal
treatment consisted in heating the samples at 100C for 1 h **.

s o'-H
-‘P_L- Iy £ 4 \
' ) + Anl'SbFy —BY, /0

= polymer

Quenching gf the oxonium salts R—8H
by thiol compound

Formation of the polysulfide

Formation of the
trialkylsulfonium
salts

Oxonium terminated >\ g )
growing chains { y T { ? — :

Thermally react with the
unreacted epoxide monomer

Schemelll. 3: Effect of thiol compound on the cationic photopolymerization for a hybrid system
containing cyclohexene oxide with pentaerythritol tetrakis (3-mer captopropionate) (RSH) in presence

of 1% of (4-n-decycloxyphenyl)phenyliodonium hexafluor oantimonate **
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The DMA analysis of the resulting postcured photopolymers indicated an important shift of
the polymer T4 to higher values in comparison to the Ty of the thiol-ene based
photopolymers. As a consequence, the introduction of epoxy provides better mechanical
strength. The morphology of the cured materials was also studied. The TEM micrographs
pointed out the material homogeneity which was consistent with the single peak found for
the loss modulus results. Carioscia et al ** have also worked on the development of
interpenetrating polymer networks based on thiol/ene/epoxy formulations but herein the
epoxide polymerized anionically. The hybrid system comprised two different mixtures
(mixture 1: thiol (50 molar %) /ene (50 molar %) and the mixture 2: thiol (50 molar %)
/epoxide (50 molar %)). The thiol-epoxide polymerization lies in the reaction between the
thiol and a tertiary amine in order to generate a thiol anion capable of additioning with the
epoxide group. The variation of the ratio of the mixture concentration had a drastic impact
on both conversion and mechanical properties. The highest Ty and the lowest
polymerization stress were obtained with the 50/50 w/w thiol-ene/thiol-epoxy mixture. The
mechanical properties of the different mixtures were found to be comparable with the ones

of dimethacrylate dental restorative resins.

Despite these exceptional properties, this chemistry displays some drawbacks that are not
negligible such as thiol odor and the unstability of the formulations. Fortunately, they can
be partially circumvented by respectively using masking agents, modifying the synthesis
process and using thermal stabilizers **.

Although the thiol-ene chemistry was found interesting to study, we were asked to look at

alternative chemistry not yet reviewed.

1.2 Silane-ene

Recently, a new free radical photopolymerizable system based on the association

between silanes and ene was presented by Lalevée et al ®

. Very similar in the principle to
the thiol-ene polymerization, silyl radicals are the initiating species. They could be
generated either by a homolytic cleavage of the Si-Si bond or by hydrogen abstractions on
the silane. Afterwards, they react with the ene double bond to produce carbon centered
radicals that regenerate silyl radicals via hydrogen abstraction reaction, as illustrated in

Scheme lll. 4.
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Schemelll. 4 : Mechanism of the silane-ene chemistry

+ R,SI
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Like thiol-ene, silane-ene polymerization is not sensitive towards oxygen inhibition. This
new reaction process was investigated not only with multifunctional acrylates but also with
vinylacetates, divinyl ethers and allylbutylethers. The silane-ene mechanism was
evidenced by RT FTIR spectroscopy. The high reactivity of the silyl radical towards both
electron rich and poor alkenes was pointed out. The addition rate constant was greater
than the initiation rate found for benzoyl, phosphinoyl or aminoalkyl radicals formed from
the photolysis of type | cleavable photoinitiators. Despite the variation of the ene nature,
the diphenylsilane exhibits a low degree of cure in comparison with thiols (in thiol-ene
chemistry). The Bond Dissociation Energy (BDE) of Si-H function is higher than for S-H so
the hydrogen transfer between the silane and the radical may not be promoted. This
drawback can be overcome by using silanes with a low BDE. But only a few silanes are
commercially available.

In view of expanding the silane chemistry to the cationic UV polymerization, Lalevée et al
* have proposed a new three component initiator system composed by a photoinitiator or
a dye (camphorquinone (CQ) or Isopropylthioxanthone (ITX) or eosin), a silane and a
diphenyl iodonium salt capable of enhancing iodonium UV spectral sensitivity to the visible
range. Generally, these systems were more efficient under air than the commonly
systems wused to promote the cationic polymerization (CQ/amine (Ethyl-4-
dimethylaminobenzoate (EDB) or N-methyldiethanolamine (MDEA))/ iodonium salt). Both
cationic polymerization rate and final conversion were significantly improved. These
results might arise from the different involvements of the silyl radicals on the
polymerization process. It was found out that they could be oxidized by the iodonium salts
and lead to the propagation of the reaction. They have the propensity to interact with O,
and thus decrease its concentration within the medium. The possible interactions between

the three components are depicted in Scheme lll. 5.
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Oxygen gquenching

Schemelll.5: Thedifferent interactions of the silyl radicals with oxygen, theiodonium salt (@, *) and
the photosensitizer (PS) *

The same might hold true for the sulfonium salts except that they are less effective than
the iodonium salts because of their lower reduction potential.

Due to the lack of commercial silanes, preliminary experiments with RT FTIR
spectroscopy and DMA analysis were only carried out with diphenylsilane. The study
consisted in introducing a growing amount of diphenylsilane into the ethoxylated bisphenol
A diacrylate resin. The acrylate polymerization rate was shown to decrease because the
copolymerization process is slower than the acrylate homopolymerization. Additionally,
the presence of a high concentration of unconverted diphenylsilane after the
polymerization results in a decrease in the T4 value from 99T to 45C. For now, this
chemistry gives rise to materials with thermomechanical properties that are not suitable

for our project.

[1.3 Maleimide chemistry

For a long time, maleimides have been used as monomers, crosslinking agents or matrix
components in organic chemistry. It was also proved that these compounds could be
useful in the UV curing field. Indeed, they can act as both photoinitiators for acrylates and

comonomers in photoinduced donor acceptor copolymerization *°.
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[1.3.1 Donor/acceptor copolymerization

11.3.1.1 Definition

The process lies in the copolymerization between electron acceptor monomers and
electron donor monomers and can lead to the formation of an alternating copolymer ***°.
Basically, the acceptor monomers (A) used are functional substituted ethylenes containing
primary carboxyl, anhydride, ester, amide, imide, nitryl moieties like maleic anhydride,
dimethylfumarate and maleimide monomers. An important variety of donor monomers (D)
with electron rich functions is also available such as N-vinylpyrrolidone, styrene ethers
and vinyl and propenyl ethers **°. Examples of donor and acceptor monomers suitable

for this chemistry are given in Figure Ill. 3.

Acceptor monomers

(A)
o (o]
o)

¢O MEOM ¢q JJ'R

OMe n
o
° o
Maleic anhydride Dimethylfumarate Maleimides

Donor monomers (D)

Vinyl and propenyl ether
N-vinylpyrrolidone Styrene ethers

Figurelll. 3: Few examples of acceptor and donor monomer s

The choice of multifunctional acceptor and donor monomers is important so as to get a

crosslinked material with good properties *2.

These associations exhibit interesting features such as: *?

* Alower sensitivity to oxygen than the traditional acrylate UV chemistry.

» The disappearence of the chromophore during the polymerization that allows to
cure thick samples with high degree of cure.

* The improvement of scratch and adhesion properties (formation of covalent bond
during H-abstraction reaction)

» The fact that polymerization can occur without photoinitiator. The maleimides can
act as photoinitiators. All the coloration and degradation problems due to

photoinitiator byproducts in the cured material are alleviated.
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Although the reactivity of this system has been clearly evidenced by photocalorimetry and

IR spectroscopy, the polymerization mechanism is still not clear. Some investigations
have been made and are reported hereafter.

11.3.1.2 Polymerization mechanism: Description of the different steps

a) Initiation

v Initiation via the formation of an excited state charge transfer complex
Initiation step is generally explained through the formation of an excited state charge
transfer complex which can be formed from ground state charge transfer complexes or
from an association between the excited acceptor (A) and the donor (D) and vice et versa,
% as presented in Scheme Ill. 6.

r=="
J . m o )L--Jk Charge transfer complex
X Y X Y -~ ~
(3) (A) hv
hv N ° o
i A ) X Y
* I 1,4-biradical
‘ ‘ I Exciplex
(U= AN = LA
X Y - - x_ .y X Y
Zwitter ions _ Cyclobutane
Acceptor monomer * *
in excited state
+ - () .
X Y X Y

\_ Contact radical ion pair

with X: electron donor moiety

Y: electron acceptor moiety

Schemel11. 6 : Two routesfor theformation of the exciplex **2

The formation of the charge transfer complex at the ground state results from dispersion

forces between the donor (D) and the acceptor (A) monomers. The equilibrium of the
reaction is written as follows “°:

A+D O [A.D]

Basically, the nature of charge transfer complex depends on the strength of intermolecular

interactions between the two monomers. According to the Mulliken theory °, the charge
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transfer complex will be particularly stable if the overlap between the donor HOMO orbital
and the acceptor LUMO orbital is maximal. In this case, the complex will display a high
electronic coupling and will be highly colored. Consequently, these complexes can be
observed by UV-Visible spectroscopy. Indeed, for some donor/acceptor couples, the
presence of the complex will not only induce a bathochromic shift of the UV absorption
spectra compared to the addition of the different components but also leads to the
creation of new absorption bands. Sometimes, the wavelength shift can be superior to 100
nm.

Whatever the synthesis route chosen for the exciplex formation, the generated species
are photochemically identical. As a matter of fact, under the irradiation of a broadband
emission source, the two mechanisms might occur at the same time. The decay of the
exciplex subsequently yields to the production of several transient species: biradicals,
zwitter ions and contact radical ion pair. All the structures are summarized in Scheme lll.
6.

The nature of the intermediates is strongly related to the nature of the monomers ° as well
as the character and the polarity of the medium. If the 1,4 biradical is formed, radical
copolymerization will be promoted whereas the zwitter ions will participate to an ionic
polymerization. When the contact radical ion pair is formed, the two kinds of
copolymerization take place. It is interesting to note that these species can recombine in
order to form the stable cyclobutane ring via 2+2 cycloaddition.

Since we are interested in radical induced polymerization, the formation of the 1,4
biradical should be privileged. Lee et al ° have shown that the combination of respectively
strong/weak or weak/strong donor and acceptor monomers could promote the radical
process. As a consequence, these complexes exhibit low ionic character and a weak UV
absorbance.

Once formed, the 1,4 biradical can generate the initiating species by abstracting a

hydrogen from an H-donor (RH) according to the mechanism in Scheme Ill. 7.

y > ° + R andlor H o+ R

Schemelll. 7: Formation of theinitiating species from the biradical 1,4 with the H donor

The H donor can be added to the formulation or be one of the monomers. Therefore, the

monomer structures play a key role in the efficiency of donor/acceptor system.
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v Initiation by one of the monomers
10,46

Herein, the initiation step proceeds without an exciplex formation . The initiating
species are formed via inter (RH, an H donor) or intra molecular H-abstraction from a
monomer excited state (cf Scheme Ill. 8). H-abstraction will predominantly take place in
systems where easily abstractable hydrogens are present or in case the concentration of

the charge transfer complex is particularly low.

*
hv RH .
e —_— + R and/or + =

7 7 z H

with Z: chromophore moiety

Schemelll. 8 : Formation of theinitiating species from one of the monomersin an excited state *°

v Initiation by a radical photoinitiator
In the cases where the UV absorption of the charge transfer complex or of the monomer is
too low to generate enough initiating species, the introduction of a photoinitiator is
essential in order to enhance the overall polymerization process and reach both high
polymerization rate and final conversion. Several authors have worked on the
investigation of the mechanism *"°. As it is drawn in Scheme IlI. 9, they have suggested
that the free radicals generated from the radical photoinitiator photolysis might either react

with the charge transfer complex or with one of the monomer.

Pl Vo R . Pl Vo R o
R-A-D R-D, R-A
Ker
A+D=[A. D] AD

Schemelll. 9 Initiation mechanism using aradical photoinitiator “
b) Propagation

The propagation step will occur according to two mechanisms either by a cross-over
process or by the homopolymerization of the charge transfer complex *°*347%152 The

description of the mechanisms is given in Scheme lll. 10.
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R + Af{orD)-—— RA:(or RD")
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D RADA"
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Ay e > RIADI,
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With Re the free radicals, A acceptor monomer, D donor monomer

SchemelIl. 10 : M echanismsfor the propagation step

¢) Termination

As for acrylates, it is expected that the termination of growing chains for donor/acceptor
system takes place either by combination of two radicals, or by disproportionation, one
macroradical might abstract an hydrogen atom from another neighbouring macroradical to
form two polymer molecules, or by occlusion, the radical species are trapped in the

network and are not able to react further 3,

Various monomer combinations have been examined such as vinyl ether/fumarate, vinyl

51,54,55 56

ether/maleate , vinyl ether/maleimide *°. We have decided to focus on the
association vinyl ether/maleimide as this system has been thoroughly inquired by many
authors such as Jonsson et al #1%°°"%8 Hoyle et al ***%°®' Decker et al *"***>%?  and its
reactivity is comparable to the reactivity of a common acrylate formulation. This system is

considered as a potential alternative to the common UV curable resins.

[1.3.2 Maleimide/vinyl ether system

a) Chemicals

Given that maleimides are acceptor monomers, they can be associated to the donor
monomer vinyl ethers in order to undergo “charge transfer promoted photoinduced
polymerization. Contrary to vinyl ethers which do not absorb above 250 nm, maleimides
display special absorption features. They can absorb light both near 200 nm and between

280-300 nm due to the presence of a photoreactive chromophore *°.
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Thus, they have the ability to act as photoinitiator for free radical polymerization *>°>"%37°,
They can undergo an easy homopolymerization in presence of labile H on the N-
alkylchain. At the triplet excited state, the maleimide might abstract an H according to both
intermolecular and intramolecular reactions so as to produce the initiating species. These
latters react with the maleimide monomer in the propagation step to form the polymer.

Incidentally, the maleimide excited state involved in initiation step might be different
depending on the maleimide concentration. In other words, for low maleimide
concentration, only the maleimide in the triplet state undergoes self quenching reaction
and hydrogen abstraction reaction. By increasing the maleimide concentration, the
likelihood for the participation of the maleimide singlet state to the electron/proton transfer
sequence rises. The same holds true if an important amount of hydrogen donor is
introduced within the formulation. Due to the relative short singlet lifetime, the reactions
involving these species have not been clearly ensured but they have to be taken into

account in the event of some species able to react with the singlet *°.

Usually, the polymeric material obtained after the copolymerization between a donor and
an acceptor monomer is an alternating copolymer. But, the maleimide can
homopolymerize so a statistical copolymer with isolated vinyl ether units might also be
produced. Both the maleimide homopolymerization and the vinyl ether/maleimide
copolymerizations processes are in competition which yields to a more complex analysis
of the mechanism involved between these two monomers. To clarify the mechanism,
investigations have been carried out especially by means of NMR analysis, laser flash
photolysis and RT FTIR spectroscopy.

b) Mechanism of the kinetics of photopolymerization

v Initiation
As mentioned before on the basis of the donor and acceptor copolymerization process,
the initiation of the system maleimide/vinyl ether can proceed either via the direct
excitation of the maleimide or via the formation of an exciplex. The first hypothesis that the
excited maleimides initiate the photopolymerization by intramolecular or intermolecular H
abstraction was emitted because the existence of transfer complex between the
maleimide and the vinyl ether was not confirmed by UV spectroscopy °. However, there
are some indications that are in favor of the participation of the charge transfer complex
during initiation. Some NMR measurements performed on maleimide/vinyl ether

copolymer prepared with an excess of vinyl ether at ambient temperature support the
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hypothesis of the complex formation. Indeed, the stereochemistry of the resulting
copolymer was constituted by cis succinimide units. However, according to Mulliken
theory, if the reaction had involved free monomers, the succinimide units should have
adopted the thermodynamically stable conformation trans®®.

Another pathway for initiation step was evidenced by Jonsson by means of laser flash
photolysis measurements ®. It was pointed out that the maleimide in the triplet state was
quenched by the vinyl ether monomer via an electron transfer reaction. The initiating
radicals were subsequently generated through the transfer of a proton from the vinyl ether
radical cation to the maleimide radical anion. An overall process is proposed in Scheme
. 11.

i
! A ] Moy
o | o \B¢ | - o | .
/\:/\ A L )\ /\“)\

Schemellll. 11 : Electron/proton transfer reactions asinitiation step for maleimides and vinyl ether
mixtures "*

This pathway seems to be the more likely but the initiation via the formation of an exciplex

can also happen particularly under high light intensity.

v' Propagation

The elucidation of the propagation step was achieved by Decker with IR spectroscopy by
studying the influence of the monomer concentrations on both the maleimide and the vinyl
ether polymerization rates in presence of a radical photoinitiator at a wavelength superior
to 385 nm '*°!. The determination of the kinetics mechanism is easier with a radical
photoinitiator because the initiation step is dissociated from the propagation step since the
same amount of initiating species is produced for all the formulations. By contrast, in a
photoinitiator free system, the initiation rate depends on the maleimide concentration. It
decreases with the disappearance of maleimide double bond upon UV irradiation.
Therefore, the study would have been more difficult.

The results have demonstrated that when the vinyl ether monomer is in excess, no
maleimide homopolymerization occurs because all the maleimide monomers are
associated to the vinyl ether monomers. Under these conditions, the copolymerization is
very effective and gives rise to an alternating copolymer. As the polymerization rate is not
related to both the maleimide and the vinyl ether concentrations but varies linearly with the

maleimide concentration, Decker & al ***' have concluded that the acceptor-donor
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complex participates to the chain reaction. Broadly speaking, the polymerization
mechanism of the maleimide/vinyl ether monomer with an excess of vinyl ether can be
described as follows:

. MIVE] . , [MIVE]
[RMI'VE] —— [RMIVE ]——— [RMIVEMI VE] ———> [RMIVEMIVE |——>
Mﬁy'
- [w( [RVEMIMI VE]— > [RVEMIMIVE ] LAVEL,
[Mﬁx [R'VEMI] —— [R'VEMI’]
MIVE] ““RVEMIVE MI]———=[R'VEMIVEMI | [MIVE]

Schemellll. 12 : Polymerization mechanism of the system maleimide/vinyl ether when vinyl ether isin
excess and in presence of aradical photoinitiator

According to Scheme Ill. 12, the propagating vinyl ether radicals only react with the
maleimide monomer (because the vinyl ether monomer can not homopolymerize)
whereas the initiating radicals R’» and the propagating maleimide radicals can react with
both monomers. So the copolymer formed is not a pure alternating copolymer. When the
maleimide is in excess, the copolymerization process is hindered by the
homopolymerization process. The obtained polymer is a statistical copolymer with isolated
vinyl ether units.

c) Properties

The researches done on MI/VE systems mainly concern the Kinetics of
photopolymerization.

Morel et al *® have conducted a prospective study about the final properties of the
resulting crosslinked networks for some photoinitiator free MI/VE systems. They have
shown that the UV cured materials are not only chemically resistant to chloroform but also
highly crosslinked. Their viscoelastic properties might be modulated by acting on the
monomer chemical structures.

Few investigations have been made into this field and need to be continued in order to get
a good insight of the photopolymer engineer properties (heat resistance, hardness...) and
consider the photopolymer practical applications. Consequently, the influence of the
monomer structures on the thermomechanical properties and on the extent of shrinkage
will be explored.
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Il STUDY OF MALEIMIDE /VINYL ETHER MIXTURES IN
PRESENCE OF RADICAL PHOTOINITIATOR

[11.1 Chemicals

At the beginning of this study, we encountered some difficulties due to the limited choice
of commercial maleimide monomers. The name of the available compounds is
summarized in Table Ill. 1. Most of them were in solid form. Except for BMI-2300®, the
attempts to dissolve them into vinyl ether resins or in organic solvents such as acetone or
THF were not fruitful. Lumicure MIA 200 and Q-Bond are liquid bismaleimides but they are
not commercialized any more. N-tertbutylmaleimide (NTMI), a monofunctional monomer,
was chosen for this study because it was the only liquid maleimide commercially

available.

Tablelll. 1: List of the available commercial maleimides

Physical state Chemical name Remark

4,4-bismaleimidodiphenylmethane
(Matrimid 5292 A)
N-cyclohexylmaleimide

Problems of solubility

solid N-benzylmaleimide
1,6'-bismaleimide-(2,2,4-trimethyl)hexane
(BMI-TMH®)

phenylmethane maleimide ok
(BMI-2300®)

polyether-based bismaleimide acetic ester
(Lumicure MIA 200)
Bismaleimide 36 carbon cycloaliphatic No longer commercialized
liquid branched structure
(Q-Bond)

N-tertbutylmaleimide

(NTMI) ok

Owing to the irritancy of NTMI, it was mandatory to wear suitable respiratory equipment
and to perform experiments in well-ventilated rooms. It was associated to the trifunctional
vinyl ether monomer tris[4-vinyloxy)butyltrimellitate (TRIVE) in order to get a high
crosslinked UV cured material. 2,4,6-trimethylbenzoyl-diphenyl-phosphineoxide (TPO)
was used as radical photoinitiator since it displays a great efficiency and absorption up to
400 nm. Its concentration was set up at 5 wt% after a prescreening study. The overall

chemical structures of these compounds are depicted in Table Ill. 2.
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Table Ill. 2 : Chemical structures of the maleimide vinyl ether and radical photoinitiator present in
the reference formulations

Chemical name

Chemical structure

N-tertbutylmaleimide
(NTMI)

Tris[4-(vinyloxy)butyl]
trimellitate
(TRIVE)

2,4,6-trimethylbenzoyl-
diphenyl-
phosphineoxide
(TPO)

[ll.2 Variation of the proportions between N-tertbutylmaleimide and

Tris[4-(vinyloxy)butyl] trimellitate

Three formulations with different molar proportions of NTMI and TRIVE were prepared.

The proportions were calculated with respect to the reactive functions. The details of the

three formulations are given in Table Ill. 3.

Tablelll. 3: Composition of the different NTMI/TRIVE for mulations

Composition

Formulation name

mol% of NTMI double

mol% of TRIVE double

bond function bond function wt% of TPO
NTMI 3070 TRIVE 30 =0 :
NTMI 5050 TRIVE 50 50 5
NTMI 7030 TRIVE 70 30 5

The experimental conditions are described in Annex I.1 and Annex Il.1. The decrease of

the characteristic IR absorption bands at 693 cm™ corresponding to C-H maleimide double

bond and at 1637 cm™ assigned to the stretching vibration of vinyl ether double bond have

been used to compute the respective conversion of these functions "% The kinetics

profiles are shown Figure Ill. 4. Herein, the commercial acrylic resin Renshape®SL Y-C

9500 is taken as reference. Its reactivity is compared to the reactivity of the tested

formulations. The composition of MI/TRIVE mixture was found to have drastic effect on

both the polymerization rate and the final conversion.
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Figurelll. 4: Influence of the molar percentage of monomer reactive functions on the kinetics of
photopolymerization of the 3 MI/TRIVE mixtures; 5wt% TPO; kinetics profile of Renshape®SL Y-C
9500 asreference; in air; Hg-Xe Hamamatsu lamp at 366 nm, light intensity=19 mW/cm? sample
thickness~35 pm

Table lll. 4 reports information about some kinetics parameters, Rpna/[Mlo (s7), the
conversion reached by the system after 430 s of irradiation and the amount of converted
maleimide and vinyl ether double bond reactive functions. Interestingly, these systems are
highly reactive as they display higher Rpmax/[M]o values than the Renshape®SL Y-C 9500.
When TRIVE is in excess (formulation NTMI 3070 TRIVE), the Rpma/[M]o value for the
maleimide monomer is about 2.4 times higher than for the vinyl ether. At first glance, the
high polymerization rate for the maleimide in comparison with the vinyl ether was
assigned to the maleimide homopolymerization that concomitantly occurs with the
copolymerization process. Nonetheless, the calculation of the molar percentage of the
polymerized reactive functions discloses that the value for maleimide compound is
surprisingly slightly lower than for TRIVE. The plasticizing effect of the unreacted vinyl
ether molecules (38 mol% of unreacted vinyl ether double bond) might partially contribute
to the high values found for the Rpma/[M]o. The higher molar percentage of converted
vinyl ether double bonds is unexpected because it is known from literature that the vinyl
ether monomer can only radically copolymerize so the molar percentage of polymerized
vinyl ether double bond should be inferior or at maximum equal to the molar percentage of
cured maleimide double bond. The additional disappearance of vinyl ether monomer

during the photopolymerization can not be attributed to the vinyl ether monomer volatility
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since its boiling temperature is 95C at 20 mmHg. T he difference observed might arise
from possible side reactions. Decker et al ** have demonstrated that in presence of an
excess of vinyl ether, TPO radicals reacted with the vinyl ether monomer to generate extra
vinyl ether initiating radicals. These species might presumably abstract an H from the
medium.

By contrast, when the maleimide concentration is equal or superior to the vinyl ether
concentration, the Rpma/[M]o values for NTMI decrease in comparison with the values
found for TRIVE and the molar percentage of converted maleimide double bonds increase
becomes larger than for vinyl ether double bonds. In the equimolar mixture, both
Rpmax/[M]o and extent of cure for NTMI are higher than for TRIVE. If pure copolymerization
process occurred, these values should be similar. Thus, the maleimide
homopolymerization has also to be taken into consideration. Both processes take place.
When NTMI is in excess, the proportion of converted maleimide double bond is superior to
the proportion of vinyl ether. So the homopolymerization process seems to occur
concomitantly with the copolymerization process. The NTMI homopolymerization is
sluggish which could explain the decrease in the polymerization rate for the maleimide
system.

These experiments underline the complexity of the photopolymerization between NTMI
and TRIVE in presence of a radical photoinitiator. It involves not only NTMI
homopolymerization, NTMI/TRIVE copolymerization but also side reactions that were not
clearly identified.

Tablelll. 4 : Determination of Rpmax/[M]o, the conversion at 430 sand the mol% of converted reactive
functions, same experimental conditionsthan Figurelll.4

mol% of
Formulation . Rpmax/[M]o * | Conversion converted
name ey 100 (SJ) (%) reactive
functions
Renshape®
SLve 5’500 AC* 38 77 n.d**
NTMI 3070 VE 98 45 32
TRIVE Ml 236 80 24
NTMI 5050 VE 60 69 35
TRIVE Ml 81 83 42
NTMI 7030 VE 82 95 29
TRIVE Ml 44 70 49

*stands for acrylate double bond function

**No information on the exact composition of this commercial resin
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[11.3 Variation of vinyl ether nature

The experiments consisted in preparing equimolar mixtures containing NTMI with different
difunctional vinyl ether monomers in presence of 5 wt% TPO in order to study the
influence of the VE structure on both the kinetics of photopolymerization and on the
thermomechanical properties. The vinyl ethers have different backbones. Their chemical
structure is given in Table Ill. 5. 1,4-butanedioldivinyl ether (BDVE) and 1,4-
cyclohexanedimethanol divinyl ether (CDDVE) respectively possess an aliphatic chain
and a cyclohexane ring in their backbone. As regards to bis[4-vinyloxy)butyl]lisophthalate
(DIVE), its backbone is the same than TRIVE. For this survey the reference formulation is
NTMI 5050 TRIVE.

Tablelll.5: Chemical structuresand viscosities of the selected vinyl ether monomers

Chemical nhame Chemical structure Viscosity (mPa.s)
KCH2 o ° Hzcﬁ
Tris[4-(vinyloxy)butyl] N o > A
trimellitate o 253 mPa.s at 22C
(TRIVE) NN
A
Bis[4-(vinyl oxy)butyl] 0 o
isophthalate HC O~ 0 OO 85 mPa.s at 22C
(DIVE)
1,4-butanedi oldivinyl
CH
ether LN TN NN | L3mPasat22T
2
(BDVE)
/\

1,4-
cyclohex anedimethanol Hzc\/o\/<_>/\0 CH, 4.4 mPa.s at 22
divinyl ether (CDDVE)

Table 1l1l. 6 indicates the influence of the vinyl ether monomer on the kinetics parameters.
First of all, except for the formulation NTMI 5050 BDVE, the quantity of reacted Ml double
bonds and the Rpma/[M]o are slightly greater than for vinyl ether monomers. The general
trend observed is in full line with the fact that contrary to vinyl ether monomer that can
only radically copolymerize, NTMI undergoes both copolymerization and
homopolymerization processes. Interestingly, the ratio between Rpna/[M]o for NTMI and
Rpmax/[M]o for VE monomer is almost the same for all the formulations about 1.2. As
expected, the decrease in the vinyl ether functionality led to a decrease in reactive
function concentration and thus, the rate of polymerization is lower. However, the final
conversion for the formulation NTMI 5050 DIVE is better because the vitrification

phenomenon is delayed. Furthermore, Table Ill. 6 clearly outlines the higher reactivity of
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both TRIVE and DIVE compared to BDVE and CDDVE monomers. For the mixture
NTMI/TRIVE, the polymerization rate is on average 23 times higher and the induction
period time is roughly 10 times smaller. In fact, these formulations are more viscous so
the atmospheric oxygen can not readily diffuse into the sample and affect the radical
polymerization by scavenging the triplet excited TPO molecules and the initiating radicals
generated from TPO photolysis.

Tablelll. 6 : Determination of the induction period, the Rpma/[M]o, the conversion at 430 sand the

mol% of converted reactive functionsasa function of vinyl ether naturefor formulations containing

50 mol% of NTMI reactive functionsand 50 mol% of various VE (DIVE, BDVE and CDDVE); same
experimental conditionsthan Figurelll.4

Formulation e nEem Rpmax/[M]o * | Conversion cg]r?\lgtgtj
A q A max

name Function time period 100 (%)) (%) R

(s) functions
NTMI 5050 VE 01 60 69 35
TRIVE MI ' 81 83 42
NTMI 5050 VE 0.1 69 79 40
DIVE Ml ' 77 95 48
NTMI 5050 VE 1.4 2.3 84 42
BDVE MI ' 1.8 67 34
NTMI 5050 VE 23 3.2 83 42
CDDVE Ml ) 3.6 88 44

I11.4 Variation of Ml structure

In order to investigate the influence of the maleimide functionality and structure on the
photopolymerization process with DIVE, a solid maleimide oligomer, the phenylmethane
maleimide, was used despite the solubility and crystallisation problems encountered with
a solid. Its molecular weight is unknown so some approximations were made. Its molar
percentage was calculated as a function of the polymer unit. It was dissolved in DIVE by
heating at 70C according to this composition 25 mo 1% BMI-2300®+75 mol% DIVE+5
wt% TPO. Due to solubility problem, it was not possible to investigate the variation of
monomer proportions. As the choice of maleimide compound was really limited, it was
decided to synthesize one liquid bismaleimide at the end of this phD thesis, the
poly(propylene glycol) bismaleimide compound (PPGBMI), to confirm some hypothesis
and fill out this survey. It is noteworthy to say that by lack of time, all the experimental data
have not been collected for the system PPGBMI/DIVE. The synthesis of PPGBMI is
thoroughly described in Annex VI. Vasquez et al " has shown that PPGBMI was

particularly reactive. Its photopolymerization rate in absence of photoinitiator was close to
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the photopolymerization rate for the system tripropylene glycol diacrylate with 3 wt% of D
1173. The chemical structures of these compounds are depicted in Table IlI. 7.

Tablelll. 7 : Chemical structures of selected maleimides

Chemical name Chemical structure
N-tertbutylmaleimide A
(NTMI)

Phenylmethane %/_g //\/_\/Q 4\/_)%
maleimide
(BMI-2300®) @{ 4@_} {j

Poly(propylene glycol) \

bismaleimide \ N . N
(PPGBMI) -25
le) (0]

The composition of the different tested formulations is specified in Table IIl. 8.

)]

Tablelll.8: Composition detail of NTM| 3070 DIVE, BMI-2300®2575 DIVE and PPGBM | 3070

DIVE
Composition
Formulation name mol% of M| double mol% of DIVE double
. . wt% of TPO
bond function bond function

NTMI 3070 DIVE 30 70 5
BMI-2300®2575 DIVE 25 75 5
PPGBMI 3070 DIVE 30 70 5

According to Table Ill. 9, under our experimental conditions, the Rpma/[M]o value for the
maleimide monomer is about 2-3 times higher than for the vinyl ether depending on its
nature and its viscosity. The difference is all the more noticeable than the formulation is
less viscous. The formulations are ranked in descending order of viscosity as follows:
NTMI 3070 DIVE > PPGBMI 3070 DIVE > BMI-2300®2575 DIVE. These results are
consistent with the results found for the formulation NTMI 3070 TRIVE. Therefore, the
same arguments can be used herein for the interpretation of the kinetics parameters.

BMI-2300® possesses a higher functionality and a lower irritancy than NTMI so we will
continue our study with the system BMI-2300®2575 DIVE. For convenience sake, the use
of PPGBMI/DIVE mixture would have been more suitable but at that time, PPGBMI had
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not been synthesized. In the BMI-2300®2575 DIVE formulations in which VE reactive
functions are in excess, an important amount of residual vinyl ether insaturations is
present which can possibly modify the physical properties of the material in long term.
One solution to increase the degree of cure of vinyl ether monomer is to introduce into the
formulation a cationic photoinitiator to promote the vinyl ether homopolymerization.

Tablelll.9: Determination of Rpmax/[M]o, the conversion at 430 sand the mol% of converted reactive
functions accor ding to the maleimide nature; in air; Hg-Xe Hamamatsu lamp at 366 nm, light
intensity=19 mW/cm? sample thickness~35 um

mol% of
. . Rpmax/[M]o * | Conversion converted
Formulation name Function 100 (s'l) (%) reactive
functions
VE 38 36 25
NTMI 3070 DIVE M 113 97 9
BMI-2300®2575 VE 10 59 44
DIVE Ml 19 93 23
PPGBMI 3070 VE 43 58 41
DIVE Ml 105 94 28

1.5 Influence of the photoinitiator system

[11.5.1 Addition of a cationic photoinitiator to the formulation BMI-2300®
2575 DIVE

For this study, two kinds of onium salts were chosen: the iodonium, (4-methylphenyl)[4-(2-
methylpropyl) phenyl]-, hexafluorophosphate(1-) (I 250) and the mixture triarylsulfonium
hexafluoroantimonate salts (TAS). They are known to be highly efficient photoinitiators for
cationic polymerization. Their structure is drawn in Table Ill. 10. Mixtures containing 25
mol% BMI-2300® + 75 mol% DIVE+ 5 wt% TPO (BMI-2300®2575 DIVE) and 1 wt% of
each cationic photoinitiator were prepared. The name of the formulations is respectively
BMI-2300®2575 DIVE +1 wt% | 250 and BMI-2300®2575 DIVE +1 wt% TAS. They were
prepared and tested by RT FTIR spectroscopy. Their kinetics profiles were compared to
the formulation named BMI-2300®2575 DIVE in which just TPO is present.
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Table Ill. 10 : Chemical structures of the selecteaationic photoinitiators

Chemical name Chemical structure
lodonium, (4- T
methylphenyl)[4-(2- /©/
methylpropyl) phenyl]-, e
hexafluorophosphate(1-) e
(1 250) F

Triarylsulfonium

hexafluoroantimonate salts Sth}é@S@g SDFG/@S@ngFE

(TAS)

As it is pointed out in Figure lll. 5, the presence of the cationic photoinitiator has no
influence on the maleimide kinetics profiles but has a great impact on the vinyl ether

conversion. The introduction of TAS and | 250 allow to increase the vinyl ether

conversion.
100
ﬁaﬁiﬂjttmwwgfx'ﬂ!#‘ .
] i @/o/o~o/o/o~o/o-o~oo
o/o/o/o/o/o/ D/D/D/D’D/D
? O/O/O /D’D/D’D’D/D/D
S 60| o -
S /O 07 ﬁfﬁ/ﬁ%/ﬁ»ﬂ'k-ﬁ-i?-%-{rfﬁfﬁ/ﬁ- .
S L=
g 1 g —»— BMI 2300 2575 DIVE (*) (VE)
= f —o— (*) + 1% wt | 250 (VE)
(@) —o—(*) + 1% wt TAS (VE)
o —— BMI 2300 2575 DIVE (*) (MI)
20 —e— (*)+ 1% wt | 250 (MI)
—u—(*) + 1% wt TAS (MI)
0 . : . | | | | | | |
0 100 200 300 400 =00

Time (s)

* For an easier reading of the legend, the composition of the formulation BMI-2300®2575 DIVE is written (*)

Figurelll.5: Effect of the cationic photoinitiator on the kinetics profiles of the formulations BM -
2300®2575 DIVE; BM|-2300®2575 DIVE + 1 wt% | 250; BM |-2300®2575 DIVE + 1 wt% TAS; in air;
Hg-Xe Hamamatsu lamp at 366 nm, light intensity=19 mW/cm? sample thickness~35 pm
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Table Ill. 11 outlines the nearly complete maleimide conversion despite the variation of
vinyl ether conversion. The effect of cationic photoinitiator is not preponderant at the
beginning of the process. Indeed, similar Rpmax/[M]o Was found for the formulations with
and without the cationic photoinitiators. It seems that first the copolymerization process
occurs and is predominant compared to the cationic homopolymerization. After, the
copolymerization process slows down showing only the cationic homopolymerization. The
improvement is more significant for the formulation containing |1 250 than TAS. Indeed,
according to the literature, | 250 is more easily sensitized than TAS by the phosphinoyl
radicals generated during TPO cleavage owing to its higher reduction potential. This result

is also in good accordance with the results presented in Chapter II.

Tablelll. 11 : Deter mination of Rpma/[M]o, the conversion at 430 sand the mol% of converted
reactive functionsfor the formulations BM1-2300®2575 DIVE; BM-2300®2575 DIVE + 1 wt% | 250;
BM-2300®2575 DIVE + 1 wt% TAS; same experimental conditionsthan in Figurelll. 5

Formulation : Rpmax/[M] o . mol% of converted
name AUSEE *100 (S_J) COMEEEN (1) reactive functions

BMI-2300® VE 10 59 44
2575 DIVE M 19 93 23
BMI-2300® VE 10 85 64

2575 DIVE +1
W% | 250 MmI 20 91 23
BMI-2300® VE 10 73 51

2575 DIVE + 1
Wi% TAS M 19 93 23

This experiment has demonstrated that an increase in vinyl ether conversion is feasible
with a cationic homopolymerization sensitized by the free radicals produced upon radical
photoinitiator photolysis. A large choice of radical photoinitiators with distinct absorption
features is commercially available. Hence, by a proper choice of the radical photoinitiator,

it might be possible to greatly improve the vinyl ether conversion.

[11.5.2 Modification of the radical photoinitiator in presence of the

cationic photoinitiators TAS and | 250

Based on the best results shown in Chapter Il for the cationic polymerization sensitization,
TPO was replaced by the benzoin ether photoinitiator 2,2-dimethoxy-1,2-diphenylethan-1-
one (Irgacure®651) and the hydroxyl alkyl phenyl ketone 2-hydroxy-2-methyl-1-phenyl-
propan-1-one (Darocur®1173). Their structure, their molar and weight concentrations and

the extinction molar coefficient are gathered in Table Ill. 12.
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Table 1ll. 12 : Chemical structures, weight and moar concentrations and molar extinction coefficients
of the selected radical photoinitiators

Concentration Concentration €3s6nm (*)

Name Chemical structures (Wto%) (mol.L .1) (L.mol '1.cm'1)

2,4,6-

Trimethylbenzoyl- 9
diphenyl 0=p—C CHj 5 0.22 442
phosphine oxide

(TPO)

2,2-Dimethoxy-
1'2_ O OCH

diphenylethan-1- O ! O 5 0.30 105
one OCH,
(1651)

2-Hydroxy-2-

methyl-1-phenyl-

propan-1-one
(D 1173)

(*) in acetonitrile

OH 5 0.51 10

For convenience sake, the mixture 25 mol % BMI-2300® + 75 mol % DIVE + 1 wt % TAS
will be named a for the next experiments. For instance, the formulation containing 25 mol
% BMI-2300® + 75 mol % DIVE + 5 wt% TPO +1 wt % TAS will be named a + 5 wt%
TPO (same formulation previously called BMI-2300®2575 DIVE +1 wt% TAS). The name

and the composition of the tested formulations are presented in Table I1l. 13.

Tablelll. 13 : Name and composition of the different formulations

Composition
Formulation mol% of BMI-2300® mol% of DIVE Wt% of radical Wt% of
name double bond function Sl [Eail hotoinitiator TAS (wt%)
function P
a+5wt% TPO 25 75 5 1
a+5wt% | 651 25 75 5 1
a+5wt% D 1173 25 75 5 1

The formulation a + 5 wt % TPO is taken as reference. The kinetics profiles obtained by
RT FTIR spectroscopy are represented in Figure Ill. 6. The difference in reactivity is
significant. According to the nature of the radical photoinitiator, the polymerization rate for

both reactive functions and the final conversion for vinyl ether monomer can be modified.
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*a represents the mixture 25 mol % BMI-2300® + 75 mol % DIVE +1 wt % TAS

Figurelll. 6: Influence of the radical photainitiator on the kinetics profile of the different
formulationsa + 5wt % 1 651 and a + 5wt % D 1173; in presence of 1 wt% TAS,; reference
formulation: a + 5wt % TPO; in air; Hg-Xe Hamamatsu lamp at 366 nm, light intensity=19 mW/cm?
sample thickness~35 um

The polymerization rate for both reactive functions was found to be higher for the
formulation o + 5 wt % TPO than for the formulations a + 5wt % | 651 and a + 5 wt % D
1173. According to Table Ill. 12, TPO exhibits a higher molar extinction coefficient than |
651 and D 1173 which promotes the production of radicals and leads to a larger
polymerization rate. By contrast, in Table Ill. 14, the degree of cure reached by vinyl ether
monomer for the formulations a + 5 wt % | 651 and 5 wt % D 1173 is nearly total whereas
the degree of cure is levelling off at 73% for the formulation a + 5 wt % TPO. This
incomplete vinyl ether conversion might be explained by the premature vitrification of the
medium due to a higher polymerization rate for the later system. Additionally, the initial
concentration of both D 1173 and | 651 are slightly higher than for TPO. In Chapter II, we
have demonstrated that alkoxybenzyl and a-hydroxyl radicals from | 651 and D 1173

photolysis respectively were more efficient photosensitizers than phosphinoyl radicals
towards TAS.

As it is shown in Table Ill. 14, the replacement of TAS by | 250 does not influence the

Rpmax/[M]o Of the different systems but contributes to increase the degree of cure. For
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formulations comprising both |1 250 and a radical photoinitiator, the mixture 25 mol % BMI-
2300® + 75 mol % DIVE + 5 wt% TPO +1 wt % | 250 is written down 3.

The compositions of the formulations are similar to the one reported in Table IIl. 13
replacing a by  and TAS by | 250.

Tablelll. 14 : Determination of Rpma/[M]o and the degree of curefor different formulationsa + 5 wt
% TPO, a + 5wt %1651 and a + 5wt % D 1173 (in presence of 1 wt% TAS); B+ 5wt % TPO, B+ 5wt %

651 and B +5wt % D 1173 (in presence of 1 wt% | 250); reference for mulation: BM1-2300®2575
DIVE; same experimental conditionsthan in Figurelll. 6

i 0,
Formulation name Function 3‘1)88‘/(@"1])0 Con;(tafé%ns( %)
_ a B a B
(\{'g%’; ectrrr‘]?f) 10 11 73 85
o or B+ 5 wt% TPO Maleimide
(697 Cm-l) 19 24 93 91
(\{gg'? it::ff) 5 3 98 88
o or B+5 wt% | 651 Maleimide
(697 cm’) 14 13 95 92
(\ig'?itr?ff) 1 0.9 99 100
o or B+5wt% D 1173 —
Maleimide 3 26 91 88
(697 cm™) :

Another possibility to increase the degree of cure of both reactive functions is by
performing a post-curing treatment. This process is currently used in stereolithography in
order to reach the required mechanical properties. Usually, an UV oven with broadband
UV lamps is used to thoroughly polymerize the laser cured part. It will be compared to

thermal post-curing.

[11.6 Influence of the post-curing treatment

To perform these experiments, we decided to work with formulations undergoing an
incomplete photopolymerization process such as the formulations NTMI/TRIVE.

After RT FTIR experiments at 366 nm, the photopolymers obtained from NTMI/TRIVE
mixtures were subjected to UV and thermal post curing treatments. The UV curing post
treatment lied in curing the samples with a fusion lamp type H associated to a conveyor
belt speed of 10 m/min. Four passes were done. Conversely, for the thermal post cure
process, the samples were maintained in an oven at a temperature of 110C during 1 and
2 hours.

The final conversion was determined by RT FTIR spectroscopy before and after they had
been post cured under UV and thermal exposure. The characteristic IR absorption bands
for monitoring the disappearance of both reactive functions were the same than

previously. Nonetheless, an internal standard band was chosen in order to compensate
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the eventual change in sample thickness owing to the post curing treatments. The
absorption band at 750 cm™ ascribed to =C-H aromatic ring was used as internal standard

2 band for the calculation.

The corrected conversion is determined according to this formula:

Abc:c _ A(::c
A)ref Aref
100
Ave=c g (I11.2)

Abref

Corrected conversion =

With
A, corresponding to the area of IR absorption band of reactive double bond at t=0 s

Ay« corresponding to the area of the reference IR absorption band of =C-H aromatic ring

att=0s

A .. corresponding to the area of IR absorption band of reactive double bond att s
A4 corresponding to the area of the reference IR absorption band of =C-H aromatic ring

atts

Table Ill. 15 reports the evolution of the degree of cure as a function of UV and thermal
post-curing treatment for the different formulations NTMI 3070 TRIVE, NTMI 5050 TRIVE
and NTMI 7030 TRIVE. The results highlight the fact that for all the formulations, the UV
and the thermal post-curing treatment yield to the same final conversion for both reactive
functions. One can expect that under the thermal post curing treatment, the mobility of
radicals raise due to the increase in temperature which yields to an increase in double
bond conversion. Under UV post curing treatment, additional free radicals are produced
from the photolysis of maleimide leading also to further double bond conversion.

For formulations NTMI 3070 TRIVE and NTMI 5050 TRIVE, the increase in conversion for
both reactive functions is very low because the few unreacted maleimide functions left
(between 5 and 8 mol%) might be trapped within the three dimensional polymer networks.
Their action might be probably hindered. For the formulation NTMI 7030 TRIVE, a
conversion of 100 % is observed for double vinyl ether functions whilst an almost
complete polymerization is attained for the maleimide function. The increase in the
conversion is more important for the double bond maleimide function than for the double
vinyl ether function (+14% for the double bond maleimide function and +9% for the double

bond vinyl ether function) because the maleimide homopolymerization occurs
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concomitantly with the copolymerization process. The levelling off of the double bond
maleimide conversion might stem from the low amount of unreacted maleimide function

left and the vitrification phenomenon.

Tablelll. 15 : Effect of UV and ther mal post-curing treatment on the degree of cure of the
formulationsNTMI 3070 TRIVE, NTMI 5050 TRIVE, NTM1 7030 TRIVE studied in Tablelll. 4

Conversion

Conversion | Conversion after the UV jJ| Conversion after the

Formu lation Function after the post curing after the thermal

name curing at (%) curing at post curing
366nm (%) 366nm (%) (%)

(a) lSI 2nd 3Fd 4th 1h Zh

) | B®) [O) |®) (©) (c)

NTMI 3070 VE 46 48 48 49 49 41 49 52

TRIVE MI 82 81 81 81 81 79 78 79

NTMI 5050 VE 73 75 77 78 78 73 79 81

TRIVE Ml 85 87 87 88 88 85 89 89

NTMI 7030 VE 91 91 | 100 | 100 100 94 100 100

TRIVE MI 77 84 87 88 90 74 92 93

Curing conditions:
(@) Hg-Xe hamamatsu lamp at 366 nm, light intensity~19 mW/cm? during 430 s, sample thickness~35 pm
(b) UV belt conveyor with a fusion lamp type H, 10 m/min, light intensity: UVA: 440 mJ/cmz?, UVB: 430 mJ/cmz?, UVC:

90 mJ/cmz2, UVV: 480 mJ/cm?, 4 passes done, conversion after each pass
(c) Sample heated at 110C in oven during 1h and 2 h

These experiments have demonstrated MI/VE systems are highly reactive systems that
can give rise to fully cured materials depending on both the nature of the monomers, the
radical and cationic photoinitiators. It will be interesting now to investigate the thermal

mechanical properties of the most relevant above-mentioned formulations.

[11.7 Thermomechanical properties

The mechanical properties especially the glass transition temperature and the Young’s
modulus were evaluated for the most relevant above-mentioned formulations by using a
DMA equipment in tension mode. The curing and the measurement procedures are
explained in detail in Annex 1.2 and Annex lll.1. The degree of cure reached by the
monomers corresponds to the values given in Table Ill. 15 after the UV post-curing. The
glass transition temperature and the Young’s modulus values are presented in Table IlI.
16. The commercial resin Renshape®SL Y-C 9500 was used as reference. From these
results, it can be noticed that the monomer proportions within the matrix influences a lot
the final mechanical properties. For maleimide double bond concentration above 50
mol%, the formulations exhibit interesting features. Their Young’s modulus values are

comparable to the value obtained for Renshape®SL Y-C 9500 and their T4 values are
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higher. An increase of almost 100 is observed. This difference can be attributed to the
high rigidity of Ml combined with the fact that more maleimide double bonds have been
converted. These formulations gave rise to highly crosslinked materials.

By contrast, when the vinyl ether monomer is in excess, both Young’s modulus and Ty
values decrease. The Young’s modulus values are divided by a factor 4 to 40 depending
on the nature of the formulations. As regards to the T4 values, they are similar to the
Renshape®SL Y-C 9500 photopolymer. In the formulations NTMI 3070 TRIVE, NTMI
3070 DIVE, BMI-2300®2575 DIVE, about 30-45 mol% of unpolymerized vinyl ether
double bond are still remaining after the curing. They may act as plasticizers which lowers
the density of crosslinking and cause a decrease in the T4 value as well as in Young’s
modulus. The increase in DIVE double bond conversion, as it is the case for the
formulation a + 5 wt% D 1173 with the introduction of the cationic photoinitiator does not
lead to a significant increase in both the Young’s modulus and T4 values. On the contrary,
both values are lower. It was demonstrated by a few experiments that are not presented
here that the presence of DIVE decreased the T, value probably due to the long chains in
the backbone. The structure of the monomer also plays an important role. The increase in
functionality improves the degree of crosslinking. Therefore, a rise of 30T in T 4 values
was noticed between the formulation with TRIVE and DIVE. The influence of the
functionality on the Young’s modulus is more important for the mixtures NTMI 3070 TRIVE
and NTMI 3070 DIVE where vinyl ether double bond functions are in excess.

Tablelll. 16 : Determination of the glasstransition temperatures and Young's moduli for the
reference Renshape®SL Y-C 9500 resin and some M I/VE formulations

Young's
modulus (MPa) Ty (T)

(a) @
SL Y-C 9500 1430 + 100 92
NTMI 3070 TRIVE 438 + 65 88
NTMI 5050 TRIVE 1325 + 87 176
NTMI 7030 TRIVE 1240 + 91 202
NTMI 3070 DIVE 45+ 4 53
NTMI 5050 DIVE 1365 + 295 132
NTMI 7030 DIVE 1685 + 115 171
NTMI 5050 CDDVE -
NTMI 7030 CDDVE - 260
BMI-2300®2575 DIVE 358+ 61 84
o+ 5 wt% TPO - 92
B + 5 wt% TPO - 81
o+ 5wt% | 651 Too brittle
o +5wi% D 1173 24037 | 74

(a) samples cured under UV belt conveyor with a fusion lamp type H, 10 m/min, light intensity: UVA: 440 mJ/cm?,
UVB: 430 mJ/cm?, UVC: 90 mJ/cm?, UVV: 480 mJ/cm?, 4 passes done, sample thickness~90 pm
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The formulations containing a high content of maleimide display high T4s and Young’s
modulus which fulfills a part of the specific properties of SL resins in terms of rigidity and
robustness. Another requirement that these resins should meet is a low shrinkage.
Shrinkage is a topical issue in stereolithography because the UV curable resins tend to
develop a non uniform linear shrinkage during the photopolymerization process which
results in residual internal stresses responsible for distortions and changes in the
generating part dimensions. As a consequence, the linear shrinkage of these materials

has been determined.

[11.8 Determination of the volumetric shrinkage and linear deflection

Both volumetric and linear shrinkage were determined for some formulations listed in
Table Ill. 17. The volumetric shrinkage was evaluated by calculating the density of the
formulation before and after curing according to the procedure described in Chapter IV.
The linear shrinkage was indirectly assessed by straightforwardly measuring the
deflection of a coated cantilever upon irradiation (cf Chapter IV). All the data were
compared to the values found for the formulation containing 95 wt% trimethylolpropane
triacrylate (TMPTA) + 5 wt % TPO (named TMPTA), the commercial acrylic Renshape®
SL Y-C 9500 and hybrid acrylate/epoxide Renshape®SL 7800 resins.

Tablelll. 17 : Determination of thelinear deflection for the most relevant for mulations

Average deflection
(mm)
@

TMPTA * 6.8+2

Renshape®SL Y-C 9500 * 0.6 £0.25
Renshape®SL 7800 0.3 +0.25
NTMI 5050 TRIVE 2.2+0.75
NTMI 7030 TRIVE 0.7 £ 0.25
BMI-2300®2575 DIVE 0.6+£0.25
o + 5 wt% TPO 1.0+0.25
B+ 5 wt% TPO 0.7 £0.25

* The UV cured samples are not tack free

a) samples cured with a Hg Oriel lamp, light intensity~24 mW/cm*, sample thickness~50 um
| d with a Hg Oriel | light i ity~24 mwW/cm?® le thick 50

Before interpretating the results, it is important to say that some samples are not fully
cured so the degree of shrinkage might be undervalued in theses cases. For a proper
comparative study, all the formulations should reach the same degree of cure upon UV

irradiation.
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By referring to the data from Table Ill. 17, we first notice that our reference formulation
TMPTA undergoes both high volumetric shrinkage and linear deflection which is in good
agreement with literature. The conversion of the vinyl double bonds into short covalent
bonds induces an important volume contraction.

Secondly, as presumed, the commercial resins Renshape®SL Y-C 9500 and Renshape®
SL 7800 were optimized in order to develop both low volumetric shrinkage and linear
deflection. Although, Renshape®SL Y-C 9500 is an acrylic resin, the volumetric shrinkage
and the linear deflection values are low because this formulation is a mixture comprising
various compounds such as high molecular weight oligomers that contribute to decrease
the shrinkage magnitude as the concentration of reactive function within the formulation
decreases . The result for the hybrid Renshape®SL 7800 resin is not really surprising.
Indeed, this optimized mixture is mainly constituted of epoxide resin (70 wt%) and it is well
established that the volumetric shrinkage for epoxides is low (between 2-6%) due to the
ring opening process "°. Indeed, during the ring opening process, the release of ring strain
counterbalances the volume contraction due to the conversion of the Van der Waal's
interactions into shorter covalent bands "°.

Finally, concerning the maleimide and vinyl ether monomers formulations, drawing
conclusions is not so obvious. It seems that the shrinkage level depends on the vinyl ether
reactive function content.

In the equimolar mixture NTMI 5050 TRIVE, the shrinkage magnitude is relatively high.
This can be accounted for the presence of vinyl double bonds within the vinyl ether
monomers. They are responsible for important volume contraction of these monomers
during the polymerization process. The shrinkage level is similar to the acrylate one.

By contrast, if the vinyl ether reactive function content is in default such as NTMI 7030
TRIVE, the formulation is characterized by both low volumetric shrinkage and linear
deformation. Moreover, despite an important conversion of DIVE double bonds in the
formulations BMI-2300®2575 DIVE in presence of both a radical and a cationic
photoinitiators, the linear deformation of these formulations is in the same range than for
the formulation NTMI 7030 TRIVE because the rate of polymerizations of these systems
are tremendously lower than for the system NTMI/TRIVE. For instance, for the formulation
o + 5 wt% D 1173 the polymerization rates for vinyl ether and maleimide are respectively
72 and 28 times lower than the polymerization rates for the mixture NTMI 5050 TRIVE.
Consequently, the system might have time to relax. Additionally, BMI-2300® is an
oligomer with long chains so the shrinkage phenomenon might be limited. The value
found for the formulation BMI-2300®2575 DIVE is slightly lower because of the presence
of unconverted vinyl ether molecules (cf Table Ill. 14, 31 mol% of unconverted vinyl ether

reactive functions are present after the photopolymerization) acting as plasticizers.
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The experiments have not been done for the formulation comprising vinyl ether reactive
function content with an excess NTMI 3070 TRIVE but we can suppose that the level of
shrinkage might be low as a substantial amount of uncured vinyl ether molecules might
partially release the internal stresses.

The mixtures NTMI 5050 TRIVE and NTMI 7030 TRIVE were shown to be very interesting
in terms of reactivity, degree of cure and thermomechanical properties. Keeping in mind
that no optimization was made, at an equimolar monomer ratio, both volumetric and linear
shrinkage are high due to the vinylic polymerization process. However, the formulation
NTMI 7030 TRIVE exhibited low shrinkage, in the same range than the one for
Renshape®SL 7800 resin, a nearly complete polymerization for both reactive function
(completion of the conversion with the post curing treatment) and the UV cured material
displays a high T, value (202 ).

These systems exhibit final properties close to those required for SLA application
justifying deeper investigations in particularly on the nature of maleimide comonomer in

order to reduce the shrinkage magnitude.

IV INVESTIGATIONS ON THE POLYMERIZATION OF MALEIMIDE /
NORBORNENE MIXTURES IN PRESENCE OF RADICAL
PHOTOINITIATOR

V.1 Introduction

Among the available electron rich olefins, norbornenes (NOR) have shown to be
promising in thiol-ene chemistry because of their higher reactivity in comparison with vinyl
ethers. The fast polymerization of thiol-norbornene is accounted for the alleviation of the
ring strain due to the addition of the thiyl radical onto the double bond and the rapidity of
the H abstraction reaction between the thiol and the carbon centered radical. Moreover,
the UV cured thiol-norbornene materials have high T, values because of the rigidity of the
norbornene structure. It would be now interesting to observe and to understand the
influence of norbornene moiety on the maleimide chemistry to see if the backbone
chemistry and the norbornene function can impact the polymerization kinetics, the network
structure and the shrinkage. Few norbornenes are commercially available. We used the
1,1,3,3-tetramethyl-1,3-bis[2-(5-norbornen-2-yl)ethyl]disiloxane, mixture of endo and exo
(TBDNS) from Aldrich. This kind of silicon monomers displays particular features as
regards to the surface properties, and thermal resistance. It is not representative of the
behaviour of the common norbornenes. Thus, we synthesized 3 norbornenes according to

the synthesis procedures presented in Annex VII.
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We synthesized the compound 1,6-hexanediol di-(endo,exo-norborn-2-ene-5-carboxylate)
(HDDNEC). This compound has already been synthesized by Carioscia *'. Meanwhile, the
norbornenes  bis-2,2-[4-(2-[norborn-2-ene-5-carboxylate] ethoxy) phenyl] propane
(EBANEC) and polyethylene glycol (200) di-(norborn-2-ene-5-carboxylate)) (PEGNEC)
were to our knowledge for the first time synthesized. HDDNEC and PEGNEC were
chosen for their linear chain within their backbone and the presence of respectively 2 and
8 easily abstractable H in order to study the influence of easily abstractable H on the
polymerization mechanism in presence of a radical photoinitiator. Concerning EBANEC,
its backbone contains the rigid bisphenol A moiety since it imparts outstanding mechanical
properties such as high T, value, toughness, rigidity and elevated temperature

performance. Their chemical structures are reported in Table Ill. 18.

Tablelll. 18 : Chemical structuresof thetested norbornene monomers

Chemical name Chemical structure
) T -
TBDNS —Ei—0-Ei—
tHy  CH,

HDDNEC 4 Wo\“\nw 0

EBANEC Y‘(

PEGNEC 4~/\§}\<;g;1

They were studied with respectively NTMI (cf Table Ill. 19) and PPGBMI (cf Table Ill. 20)

in equimolar ratio. The typical IR absorption bands at 697 cm™ corresponding to the
deformation of maleimide ring plane for =C-H bond and the band at 719 cm™ # attributed
to the norbornene out of plane bending C-H vibration ** were not selected for this study
due to the overlap between the maleimide IR absorption band at 697 cm™ and a
neighbouring norbornene IR absorption band. Hence, we worked with the IR bands at
3059 cm™ " and 3105 cm™ " which correspond respectively to the norbornene =C-H

stretching vibration and maleimide =C-H stretching vibration. Although the intensity of
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these IR bands is lower than for the bands 697 cm™ and 719 cm™, the kinetics profiles are
equivalent so these new bands are appropriate for our study. The kinetics curves are
plotted in Figure IIl. 7.

100
kK
P el i :
*-*/*-::::l-l-l-l’.\.‘l’.'.-.‘./.-.‘./.-.7.7 ‘:
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Figurelll. 7 : Influence of the norbor nene structure on the kinetics of photopolymerization of the
mixtur es containing 50 wt% of NTM1 and 50 wt% of various norbornenesreported in Tablelll. 18; in

air; Hamamatsu lamp at 366 nm, light intensity=19 mW/cm? sample thickness~35 pm

The trend is the same for all the formulations no matter the norbornene nature. According
to Table lll. 19, Rpmax/[M]o for NTMI is about 3 times higher than for the norbornene.
Additionally, the conversion of the maleimide double bond is twice greater than the
norbornene double bond conversion. Like vinyl ether monomer, the norbornene does not
undergo any significant homopolymerization but it can radically copolymerize. So it can be
assumed that about half of maleimide double bond functions have participated to the
homopolymerization and the other half has reacted with the norbornene double bonds.
The reactivity of the MI/NOR systems is significantly less important than for the systems
NTMI/TRIVE and NTMI/DIVE but it is better than for the system NTMI/BDVE whose
backbone is close to HDDNEC. It should have been interesting to evaluate the reactivity
of a norbornene with DIVE backbone but we did not find an acrylate with the same DIVE
backbone. Another difference with the system NTMI/VE is the low degree of cure reached
by the norbornene between 34 and 50%. The maleimide homopolymerization is promoted

at the expense of the copolymerization process.
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Perhaps, the free radicals generated during the radical photoinitiator photolysis are not so
reactive towards norbornene double bond. The corresponding addition rate constant might
be lower than the one between the free radicals and the vinyl ether double bond. We can
also assume that the affinity between the maleimide and the vinyl ether is better than
between the maleimide and the norbornene. The monomer reactivity ratios could be
determined.

The use of a silicon monomer affects mainly the photopolymerization of the maleimide.
Both the degree of cure and the polymerization are lower in comparison with the systems
using typical norbornene. However, the degree of cure reached by the norbornene is more
important in the system NTMI/TBDNS.

Tablelll. 19 : Deter mination of Rpma/[M]o, the conversion at 430 sand the mol% of converted
reactive functionsfor mixtures containing 50 wt% of NTM | and 50 wt% of various norbor nenes
reported in Tablelll. 18; same experimental conditionsthan in Figurelll. 7

mol% of
. Rpmax/[M]o * | Conversion converted
Name Function 100 (s'l) (%) reactive
functions
NTMI 5050 Mi 4.3 78 39
TBDNS NOR 1.7 46 23
NTMI 5050 Mi 5.4 94 47
HDDNEC NOR 2.1 50 25
NTMI 5050 MI 6.6 85 43
EBANEC NOR 2.1 37 19
NTMI 5050 Ml 6.8 91 46
PEGNEC NOR 1.9 34 17

As shown in Table Ill. 20, the use of PPGBMI instead of NTMI barely affects the kinetics
of photopolymerization for the different norbornenes but rather influences the results for
the maleimide polymerization. The higher reactivity of PPGBMI contributes to some extent
to increase the maleimide polymerization rate sometimes at the expense of the final
conversion. It seems that in low viscous PPGBMI 5050 HDDNEC mixture, the difference
of reactivity between the maleimide and the norbornene functions is more pronounced
because the polymerization rate for the maleimide is 3.7 times higher than for the

norbornene.
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Tablelll. 20 : Determination of Rpmax/[M 1o the conversion at 430 s and the mol% of converted
reactive functionsfor mixtures containing 50 wt% of PPGBM I and 50 wt% of various norbornenes
reported in Table Ill. 18; same experimental condiions than in Figure Ill. 7

mol% of
. Rpmax/[M]o * Conversion converted
Name Function 100 (s'l) (%) -
functions
PPGBMI 5050 MI 11 99 49.5
HDDNEC NOR 2.7 48 24
PPGBMI 5050 MI 6.8 77 39
EBANEC NOR 15 32 16
PPGBMI 5050 MI 7.8 78 39
PEGNEC NOR 1.4 30 15

IV.2 Thermomechanical properties

The glass transition temperature for the formulations NTMI with the difunctional
norbornene TBDNS was determined in the same experimental conditions than previously.
The values are reported in Table Ill. 21. They are in between the values found for the
system NTMI with the difunctional DIVE and the values found for the system NTMI with
the trifunctional TRIVE. The rigidity of both maleimide and norbornene functions might
account for these results. By lack of time, the thermomechanical properties of the other

formulations have not been assessed.

Tablelll. 21 : Determination of the glasstransition temperaturesfor the Renshape®SL Y-C 9500
reference formulation and some MI/VE and M1/TBDNS for mulations

Ty (T)

@
Renshape®SL Y-C 9500 92
NTMI 5050 TRIVE 176
NTMI 7030 TRIVE 202
NTMI 5050 DIVE 132
NTMI 7030 DIVE 171
NTMI 5050 TBDNS 156
NTMI 7030 TBDNS 196

(@) samples cured under UV belt conveyor with a fusion lamp type H, 10 m/min, light intensity: UVA: 440 mJ/cm?,
UVB: 430 mJ/cm?, UVC: 90 mJ/cm?, UVV: 480 mJ/cm?, 4 passes done, sample thickness~90 pm

Likewise, the volumetric shrinkage and the linear deflection for the formulations NTMI with
the difunctional norbornene TBDNS were assessed.
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IV.3 Volumetric shrinkage and linear deflection

The data from Table Ill. 22 disclose that both NTMI 5050 TBDNS and NTMI 7030 TBDNS
formulations display a very low linear deformation in comparison with the formulations
TMPTA or NTMI/TRIVE. The value is similar to the value for the commercial hybrid
mixture Renshape®SL 7800. However, for the same reason as previously mentioned, this
value has to be taken with caution because the NTMI 5050 TBDNS and NTMI 7030
TBDNS samples are not fully cured.

Tablelll. 22 : Determination of the linear deflection for the TM PTA refer ence formulation, the
commer cial resins Renshape®SL Y-C 9500 and Renshape®SL 7800, the NTMI/TRIVE and
NTMI/TBDNS mixtures

Average deflection

(mm) (a)
TMPTA * 6.8+2
Renshape®SL Y-C 9500 * 0.6 £0.25
Renshape®SL 7800 0.3+0.25
NTMI 5050 TRIVE 2.2+0.75
NTMI 7030 TRIVE 0.7 +0.25
NTMI 5050 TBDNS * 0.1+0.25
NTMI 7030 TBDNS * 0.3 +0.25

* The UV cured samples are not tack free.

(@) samples cured with a Hg Oriel lamp, light intensity~24 mW/cm?, sample thickness~50 um

According to these previous experiments, the MI/NOR systems seem less reactive than
MI/VE systems but in compensation the shrinkage level seems lower. Before any
optimization, it would be interesting to test the MI/NOR systems under Griffin
(Araldite®Digitalis demonstrator) in order to check if the green strength is reached even at
high exposure speed.
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V CONCLUSIONS AND PERSPECTIVES

Among the potential alternatives to conventional UV curable resins, we selected the
MI/VE systems knowing perfectly that we needed to synthesize maleimide monomers
owing to their limited commercial availability. Interestingly, these systems almost meet all
the Huntsman requirements for Araldite®Digitalis application.

Primarily, as regards to the kinetics of photopolymerization, the RT FTIR experiments
pointed out not only their high reactivity in presence of a radical photoinitiator but also the
complexity of the photopolymerization process. Indeed, the variation of the monomer
concentrations has revealed that side reactions might occur at the same time than the
maleimide homopolymerization and the maleimide/vinyl ether copolymerization. In
addition, the polymerization rate was shown to be strongly dependent on the formulation
viscosity (due to oxygen inhibition and the reactive species mobility) and the nature of the
monomers especially the nature of the vinyl ether. Decker has suggested that vinyl ethers
are more reactive towards free radicals than N-substituted maleimides *3. The assessment
of this later parameter was particularly difficult owing to the lack of availability of
commercial liquid maleimides.

Furthermore, the introduction of an onium salt into the formulation has proved to
substantially enhance the conversion of vinyl ether double bond without affecting the
maleimide homopolymerization. A nearly complete polymerization was achieved by both
functions. This improvement is based on the sensitization of the cationic photoinitiator by
free radicals generated during the radical photoinitiator photolysis. Therefore, better
results were found for the formulations comprising the iodonium salt than the sulfonium
salt because the iodonium salt is more easily sensitized owing to its higher reduction
potential. On the contrary, the variation of the radical photoinitiator affects both the
maleimide and the vinyl ether kinetics of photopolymerization since the radical
photoinitiator plays an important role in the initiation step of the radical polymerization and
in the sensitization process of the cationic polymerization.

Secondly, in terms of thermomechanical properties, the DMA analysis demonstrated that
these systems led to UV cured materials displaying not only high T4 values but also high
tensile modulus, close to the references values (Ml double bond functions = 50 mol%).
The shrinkage measurements disclosed that low linear deflection could be achieved by
decreasing the amount of vinyl ether (VE reactive functions < 30 mol %) within the mixture
or by choosing another comonomer. Given these promising results obtained with both RT
FTIR spectroscopy and DMA, the most suitable formulation i.e NTMI 7030 TRIVE was
tested with Griffin (Araldite®Digitalis demonstrator). Interestingly, the green strength was
reached even at high speed such as 10 mm/s (the optimal speed was settled by
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Huntsman at 14 mm/s). From these first experiments, this formulation could be used for
RP under Araldite®Digitalis. However, as for the commercial resins Renshape®SL Y-C
9500 and Renshape®SL 7800, further investigations have to be done before in order to
optimize it.

Finally, the replacement of vinyl ether by norbornene did not tremendously modify the
reactivity of the maleimide/ donor monomer system. The prospective study showed that
some maleimide/ vinyl ether systems notably NTMI/DIVE and NTMI/TRIVE were more
reactive. We have supposed that these differences might lie in the intrinsic norbornene
nature and also on the affinity of between the norbornene and the maleimide compounds.
Consequently, it would be interesting for the future to investigate for example the effect of
norbornene regioselectivity on the photopolymerization process, to elucidate the initiation
and the propagation mechanism of this system by using laser flash photolysis and RT
FTIR spectroscopy techniques and determine the propagation rate constants of the
maleimide  homopolymerization  and maleimide/norbornene  copolymerization.
Nonetheless, these systems display interesting features such as high T, values for the UV
cured materials and the low extent of shrinkage. Finally, whatever the studied
maleimide/norbornene system, a huge quantity of unreacted norbornene double bond
functions was present after the photopolymerization (about 50 mol%). To increase the
norbornene double bond conversion, it would be interesting to add a catalyst so the
residual norbornene can undergo a ring opening metathesis polymerization during a

thermal post-curing treatment.
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|  INTRODUCTION

Among the different raw materials used in Rapid Prototyping (RP), UV curable
formulations are well-appreciated as the fabrication process only requires a low amount of
energy to be cured and the photopolymerization rate is fast *?. Nonetheless, these high
polymerization rates reached in a bulk formulation can prevent the system from relaxing °.
So, the liquid UV curable resins tend to shrink whilst they turn into solid upon UV

irradiation. Shrinkage “*°

results from the replacement of intermolecular bonds (Van der
Waals’ interactions) between the monomer molecules by shorter covalent C-C bonds, in
the polymer during the polymerization process °. Moreover, the heat evolved during this
process can lead the curing material to thermally expand and contract after cooling down’.
Therefore, residual stresses occur which can result in important distortions ®° even cracks
within the cured part. These dimensional changes in the generated object are a major
problem for RP techniques such as stereolithography (SLA) where the accuracy and the
quality of the piece are essential *°. Like SLA, Araldite®Digitalis process is based on the
photopolymerization process, we can expect that this new technology has also to cope
with shrinkage issues. To be more precise, these residual stresses do not only depend on
the shrinkage and the degree of cure reached by the monomer but also on the adhesion
and the confinement, the Young’s modulus of the polymer system and on the processing
conditions. Indeed, for unconfined systems such as films, the stress resulting from
shrinkage can release and trigger visible distortions in the product whereas for confined
systems such as dental restorations, the shrinkage is converted into internal stresses
which can engender cracks or delamination and undermine the mechanical and physical
properties of the coatings *.

Numerous research studies have been carried out on shrinkage evaluation and on the
accuracy in SLA process **™°. The shrinkage magnitude depends non exhaustively on the
polymer Tg, the curing temperature, the light intensity as well as the photoinitiator
concentration ** and the functionality.

The shrinkage can be evaluated by measuring the change in volume during the
conversion of the monomer to the polymer. It corresponds to the volumetric shrinkage. It
is related to the concentration of the reactive functions in the monomer and the degree of
cure in the polymer °. However, the curl distortion of SLA parts does not really depend on

the volumetric shrinkage but rather on the photopolymerized thickness layer %

, SO the
determination of the linear shrinkage is also crucial. Therefore, this chapter will consist in
setting up both volumetric and linear shrinkage methods in order to characterize the most
interesting formulations studied along this thesis. Various methods can be used for the

determination of volumetric shrinkage such as gas or liquid pycnometry "8, dilatometry
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61920 ‘measure of both liquid monomer and solid polymer densities (use of graduated tube

21 22,23

and balance) “°, buoyant mass determinations (Archimedes principle) , optical

profilometry ?* and bonded disk technique *?’. As regards to the determination of the
linear shrinkage, the commonly employed techniques are laser interferometry "?2°
holography *°, microscopy *!, profilometry * and linometer *.

SLA or Araldite®Digitalis is a layered manufacturing process in which 100 um-thin layers
surrounded by liquid monomer are photopolymerized one layer at a time. As a
conseguence, in order to assess the extent of shrinkage within the multi-layered part, we
can assimilate each layer to a coating. Among the aforementioned techniques allowing
the determination of shrinkage for coatings, we have chosen two methods that are easy to
implement, to analyze the data and to explain the results. The two methods are the
determination of the densities before and after curing for thin coatings with the buoyant
mass determination method and the method proposed by Ganahl * based on the
cantilever deformation. This latter is normally employed for calculating the stress resulting
from shrinkage in thin coatings. But herein, since, we are only interested in performing a
qualitative survey, we only measured the cantilever curling in response to stress and for
convenience sake we assimilated these data to the linear shrinkage. The description of
these two methods is thoroughly described in the following pages. For practical reasons,
the experiments were not conducted at the Araldite®Digitalis actinic wavelengths
(between 330 nm and 450 nm, the main emission band is at 366 nm) but at broadband

irradiation.
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I DESCRIPTION OF THE SELECTED METHODS TO MEASURE
VOLUMETRIC AND LINEAR SHRINKAGES

II.1 Measurement of the volumetric shrinkage

Volumetric shrinkage (S) was determined by calculating the density of the formulations
before the curing (d.) in liquid state and after the curing (d,) in solid state (polymer) e It

was calculated as follows:

S(%) = (1—dLJ* 100 (IV.1)
dp

1) Determination of the density of the liquid formulations (d, )

The density of the uncured liquid resin was measured by pycnometry.
A precise amount of liquid resin was introduced in a 1 mL-pycnometer. The sample was
weighed with a Sartorius balance with £ 0.00005 g of accuracy.

m
d, = TL (IV.2)

with
m_: the mass of the liquid resin
V: the exact volume of a 1 mL volumetric flask
The relative incertitude values are defined as the error of the volumetric flask. It is the ratio

of volumetric flask accuracy over the volumetric flask volume.

2) Determination of the density of the UV cured resins in solid state

The UV curable resins were coated on a glass substrate by means of a motorized bar
coater. They were cured under air with a fusion lamp type H associated to a conveyor belt
speed of 10 m/min. The light intensity was measured with to be UVA: 440 mJ/cmz?, UVB:
430 mJ/cmz?, UVC: 90 mJ/cmz2, UVV: 480 mJ/cm?). Four passes were done (cf Annex |.2).
The sample thickness was around 100 um. After stripping a piece of the photopolymer
from the substrate, its density was evaluated by using the Sartorius density determination
kit comprising a hydrostatic balance % (accuracy +0.0005 g).

When a solid, whose mass in air is my, , is immersed into a reference liquid such as

water, its weight decreases to my.er OWINg to the buoyancy force (F= Mg~ Myater )-
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By referring to the Archimedes principle (The force of buoyancy is equal to the weight of
the liquid displaced by the volume of the solid), the volume (V) of the sample is equal to *:

V= (IV.3)

By measuring the solid mass in air (my;) and in water (myqer) the specific gravity is

m, m,, *d
d - ar — air water |V4
P \Y (mair B rn\/vater) ( )

The relative incertitude for the measurement of d, corresponds to the incertitude of the

balance.

Two measurements were carried out in order to determine the average density of the UV

cured formulations.

[I.2 Measurement of the linear shrinkage

[1.2.1 Principle
Ganahl * has set up a straightforward method for the determination of the polymerization

stress due to shrinkage during the photopolymerization process. This technique consists
in measuring the deflection of a thin brass coated cantilever under UV irradiation which
indirectly gives us information about the extent of shrinkage. The deformation of the
cantilever results from the transfer of a stress from the coating to the cantilever during the
polymerization as the coating is stuck to the cantilever. A scheme in Figure IV. 1 illustrates

this phenomenon. An horizontal stress is at the origin of the vertical deflection.

Direction of
Coating shrinkage stresses
— L —
r—_‘
Before cuing Cantileve

After curing e [T
— //,/“iﬂaend_l?_ﬁght

Figure IV. 1: Scheme of shrinkage stressin the plane of a coating causing a vertical deflection of a
cantilever *
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As it can be expected, the nature of the substrate plays an important role in this
technique. In order to facilitate the deflection measurement, the cantilever has to deform
with a certain level and meet some requirements: i) the deformation must be elastic, ii) the
polymer has to well adhere onto the cantilever, iii) the cantilever must not interfere in the
polymerization process by reacting with the monomer or being dissolved by it. Other
parameters such as the coating thickness, the chemical nature of the UV curable resin
and the light intensity are also at the origin of the cantilever deflection. Their influence will
be explained in the following pages.

Herein, we considered that the determination of the cantilever deflection for different
formulations was sufficient for a comparative survey. But it is possible with this technique
to go further and evaluate the internal stress of the coatings. As a matter of fact, Corcoran
et al ** has found in the 1960s a relationship between the cantilever deflection and the
internal stresses in the organic coatings. This relationship lies in Stoney’s equation and
depends on moduli of elasticity and Poisson ratios of the coating and the cantilever. The

internal stresses are defined as follows:

_ hE. t° , hE.(t+0)
3LSLCC(t + C)(l_Ys) LSLC (l_Yc)

(IV.5)

S: the internal stress

h: the deflection of the cantilever

Es: the modulus of elasticity for the substrate

E.: the modulus of elasticity for the coating

Y. Poisson’s ratio of the cantilever substrate

Y.: Poisson’s ratio of the coating

Ls: length of the substrate to the edge point where the deflection is measured
L.: length of the coating

t: the thickness of the cantilever substrate

c: the thickness of the coating

The first term in the equation deals with the stresses remaining in the coating. By contrast,
the second term informs about the stresses evolving during the deflection of the
cantilever. This equation is valid if one assumes that the coating is homogeneous along

the cantilever length.

183



Chapter IV

[1.2.2 Experimental set up

11.2.2.1 Substrate

As depicted by Ganahl **, we have chosen a brass alloy whose properties fulfil all the
aforementioned requirements. It is made of 70% Cu and 30% Zn. The dimensions of the
brass cantilevers were 5 cm long, 13 mm wide and 0.05 mm thick. The adhesion between
the coating and the cantilever was ensured by washing the cantilever first in water and in
soap. Afterwards, the cantilevers were rinsed in deionized water followed by acetone.

Finally, they were stored in acetone ¥,

11.2.2.2 Application of the coating

The coating thickness was around 30-50 pum. The formulations were applied on the brass

cantilever by means of a motorized device for a better reproducibility.

11.2.2.3 Light sources
Two different polychromatic light sources were used. The first one is a Hg Oriel arc lamp
whose light intensity was 24 mW/cm?. The second one is a Hg Oriel flood exposure light
source. Its intensity varies from 15 to 60 mW/cm?. The samples were irradiated during 3

min. The emission spectra of both lamps are depicted in Annex 1.3 and Annex |.4.

11.2.2.4 Deflection measurement

a. Manual measurement with a ruler

The measurements of the deflection were achieved on both left and right extremities sides
of the cantilever with a ruler as some cantilever deformation is not homogeneous. An
average value is obtained.

The net deflection is calculated by measuring the cantilever deformation before and after
the irradiation. Three experiments were performed in order to determine an average value
of the net deflection. For each experiment, the maximum incertitude value was calculated.
It corresponds either to the reading error equal to 0.25 mm which is the half value of the
smallest division on the ruler or to the difference between the two extreme values. Figure

IV. 2 illustrates this method.
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Ruler

UV cured

cantilever for an
acrylic

formulation

UV cured
cantilever for
an hybrid IPN

formulation

FigurelV. 2 Picture of two coated brass cantilevers after photopolymerization with the Hg Oriel arc
lamp, light intensity 24 mW/cm?

b. Use of adigital micrometer
During the shrinkage study, a digital micrometer was purchased from Keyence in order to
achieve an automatic measurement of the deflection. The new experimental set up is

shown in Figure IV. 3.

Detector

Hg lamp Cantilever
(Light intensity
24 mW/cm?)
Scanning
micrometer

FigurelV. 3: Picture of the new set-up experiment using a digital micrometer

In this method, the light emitted from a GaN green LED, is first collimated into an uniform
parallel light beam (3 cm of width) and then passes through the extremities of the brass
cantilever (the target) side. The measurement is achieved in a single point at the middle of
the cantilever width. A part of the light is hidden by the target; as a result the high speed
linear CCD (HL-CCD) located in the sensor part collects a modulated light intensity with

high and low intensity areas.
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Afterwards, these data are finally transmitted and processed in the controller unit where
the cantilever height is determined and displayed. When the cantilever bends under UV
irradiation, the shadow position changes. As a consequence, the height variation can be
measured. This device ensures both a high accuracy of £ 0.15 um in height and a high-
speed measurement (2400 points per second). Thus, besides the accuracy, the possibility
to monitor in situ the cantilever deflection versus time could also be investigated in order
to try to understand the shrinkage stress generation. It is noteworthy to say that the LS
7030M micrometer possesses an imaging camera so it is possible to observe the

cantilever deformation. A scheme of the optical micrometer is represented in Figure V. 4.

Sensor system Emission system
HL-CCD for Beam_rsplitter High-intensity GaMN green LED
measurement use elecentric optical e ,
/‘ /‘system Special diffusion unit —\
— | 0 S
) @
CMOS image
Sensor ] \_
N o I +— “Target Collimator lens
Receiver

Transmitter

FigurelV. 4 : Scheme of the scanning micrometer

Once again, three experiments were performed in order to determine an average value of
the net deflection for each sample. The incertitude values were calculated according to

the difference between the two extreme values.

[1.2.3 Assessment of the linear shrinkage technique and its
optimization

In order to evaluate the effect of some processing parameters on the manual and digital
linear shrinkage methods, we worked with an acrylic resins exhibiting a significant
shrinkage. The preliminary experiments were carried out with a formulation named SR
833S comprising a difunctional acrylate monomer SR 833S in presence of 5 wt% of the
radical photoinitiator  2,4,6-trimethylbenzoyl-diphenyl-phosphineoxide  (TPO). Their
chemical structures are represented in Table IV. 1. The influence of the nature of the
substrate, the sample thickness and the light intensity was examined.
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TablelV. 1: Chemical structuresof SR 833S and theradical photoinitiator TPO

Chemical name Chemical structure

Tricyclodecane dimethanol diacrylate

(SR 8339) i I
CHFC‘*C*O—HZC%C Hzfofc—c‘::CH2
H H

2,4,6-trimethylbenzoyl-diphenyl-
phosphineoxide HeG

(TPO) o&@—@cm

11.2.3.1 Nature of the substrate

No matter the method, for quite all the UV cured coated cantilevers, we noticed that the
left side was always higher than the right side. We attributed this difference to the
manufacturing process of the selected brass alloy.

To confirm this hypothesis, we have carried out few experiments for which the brass alloy
substrate was picked out at different areas of the roll that is to say: on the left, in the
middle and on the right. The results revealed that the substrate position in the roll greatly
influenced the cantilever deformation. A difference was observed between the 3 parts
even though the substrates were previously flattened between two metal plates with a 350
bar pressure. The more reproducible experiments were achieved with the substrate cut on
the left side. As a consequence, the memory effect of the substrate due to the winding

process has to be kept in mind.

11.2.3.2 Sample thickness

The influence of the coating thickness on the cantilever deformation was examined at
three different thicknesses (50 um-70 um-100 um) with the two linear shrinkage methods.
The cantilever deflection relies on the degree of cure reached at the three sample
thicknesses. The extent of cure depends on several physical parameters such as the light
penetration, atmospheric oxygen and temperature. Their effect on the polymerization
process will be primarily commented and then related to the cantilever deflection as a
function of the sample thickness.

First of all, according to the Beer’s law, the propagation of the light through the material
should decrease exponentially depending on both the nature and the concentration of the
photoinitiator as well as the absorption of the monomers.

Herein, despite an important amount of TPO radical photoinitiator, we could assume that

the light would penetrate inside the coating and reach the bottom layers and induce the
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polymerization process since the photoinitiator photobleaches. As the quantity of
monomers increases with the sample thickness, we could suppose that the stress might
rise with the sample thickness and result in a prominent deflection.

Secondly, oxygen affects the radical polymerization process by scavenging both the
photoinitiator molecules at the excited triplet state and the free radicals *. The effect is
particularly pronounced for thin coatings for which the continuous diffusion of oxygen into
the coating inhibits the polymerization reaction and leads to a tacky surface. Adversely, it
is more difficult for oxygen to reach the bottom layer of the coating because the viscosity
increases during polymerization. Thus, there is a gradient of conversion within a coating
film. The conversion increases with the depth until a plateau value. Therefore, the
samples with high coating thicknesses should be less sensitive towards oxygen and the
conversion through the sample might be better owing to the possible migration of the
reactive species from the bottom towards the surface.

Finally, owing to the high exothermicity of the acrylate monomer polymerization (about 14-
20 kcal.mol™ %), the temperature influence has to be considered too. The heat evolved
during the reaction might increase the sample temperature and thus might promote the
mobility of the reactive species and extend the degree of cure. By considering the ratio
surface to volume, the temperature rise should be more important in thick samples *.
Consequently, all these physical parameters contribute to increase the cantilever
deformation with the coating thickness. We have observed that for the 70-100 pum thick
samples, the deformation was so important that the cantilever deflection was not
homogeneous (the difference between the left and the right side cantilever extremities
was important) and not reproducible. The overall data are summarized in Table IV. 2.

TablelV. 2: Influence of the coating thickness (50 um -70 pum -100 um) on the cantilever deflection;
measur ements per formed with the ruler; Hg Oriel lamp, light intensity~24 mW/cm?

Cantilever Coating thickness (um)
50 pym 70 pm 100 pm

i left side 24+0.25 8.7+0.25 6.2+0.25
Trial 1

right side 25+0.25 6.8 £0.25 53+0.25

. left side 29+0.25 6.0 £0.25 12.5+0.25
Trial 2

right side 2.6 +0.25 3.3+0.25 7.0£0.25

. left side 2.8+0.25 5.0+0.25 13.0+0.25
Trial 3

right side 2.7+0.25 25+0.25 9.0£0.25
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Typically, the cured layer thickness in SLA process is 100 pm but for a good
reproducibility and for accuracy reasons, it is advised to work with a 50 um coating
thickness. The digital method was shown to be particularly sensitive to the extensive
cantilever deflection as the substrate deformation is measured at one point and not at two
points as it is the case for the manual method. Therefore, the digital method will be only
suitable for thin coating thicknesses (maximum 50 pm). By lack of time, we did not have
time to check the existence of a gradient of conversion through the samples. Nonetheless,
it would be afterwards interesting to use the confocal Raman microscopy in order to

determine the conversion profile through the sample.

[1.2.3.3 Light intensity
The effect of light intensity on the cantilever deflection was studied. The light intensity
ranges from 5 to 70 mW/cm?®. It appears from Figure IV. 5 that above a threshold light
intensity (45 mW/cm?) a significant increase in cantilever deflection was measured. It
could be assumed that a certain amount of energy is required to reach a high degree of
cure and subsequently a prominent bending. This result can be related to the influence of
light intensity on the overall radical photopolymerization process, since an increase in light
intensity allows to increase both the polymerization rate and the final conversion 33
Firstly, at high light intensities, the rise in sample temperature may promote the molecular
mobility and yield to higher final conversion *. Then, the use of high light intensities allows
to reduce the oxygen inhibition because a sufficient number of free radicals is generated
to induce the polymerization and increases the initiation rate 2. This rate becomes so high
that the chemical reaction rate is faster (square root dependence between the
polymerization rate and the light intensity for radical photopolymerization *%) than the
stress relaxation rate which leads to a free volume excess. Under these conditions, the
degree of cure achieved by the system increases, hence the shrinkage phenomenon is
promoted *"*°. As illustrated in Figure IV. 5, the plot is characterized by two well-defined
domains that could be modelised by two linear relationships between the cantilever

deflection and the light intensity for the difunctional SR 833S monomer.
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Deflection (mm)

Light intensity (mW/cm?)

FigurelV.5: Plot of the deflection versuslight intensity for the SR 833S for mulation with the Hg flood

exposure light source

In order to confirm this tendency, the same experiment was performed with a trifunctional
trimethylolpropane triacrylate (TMPTA). As seen in Figure V. 6 the same relation than for
SR 833S was established. However, the threshold light intensity is reached earlier at
about 18 mW/cm? and the cantilever deflection is twice higher. This difference might stem
from the increase in monomer functionality. It has been reported that the monomer
functionality has a big impact on both the polymerization rate and the degree of cure. As
the monomer functionality increases, the initial concentration of reactive functions rises
which contributes to tremendously accelerate the polymerization but limits the extent of
cure due to the premature vitrification of the medium 3%, As a result, the system has no
time for relaxation and the shrinkage is higher. We have also noticed that for the TMPTA
formulation that some cracks appeared on the coating if the light intensity was superior to
25 mW/cm®. The presence of cracks is the evidence that the magnitude of stress within

the material has reached a critical value 3.
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FigurelV. 6 : Plot of the deflection versuslight intensity for the TMPTA formulation with the Hg flood
exposure light source

To conclude on these preliminary experiments, as the substrate position in the roll can
affect the cantilever deformation, for the next experiments, we will always use the left side
of the roll to prepare the cantilever. The sample thickness is set up at 50 um for sake of
reproducibility and the Hg Oriel lamp whose light intensity is 24 mW/cm? will be selected

to prevent any formation of cracks.

I RESULTS

[11.1 Selected formulations

For our comparative survey, the acrylic resin named TMPTA exhibiting the higher level of
shrinkage for an acrylic based resin was taken as reference. Both the volumetric and the
linear shrinkage were determined for this formulation according to the methods presented
in the section 11.2.2.4. Their magnitudes were first compared to the results obtained with
the commercial SL resins Renshape®SL Y-C 9500, a neat acrylic resin and Renshape®
SL 7800 an hybrid mixture. Then, the comparison was extended to the systems studied in
chapter Il displaying a good reactivity and interesting thermomechanical properties. Their

chemical composition is reminded in Table IV. 3.
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TablelV. 3: Composition of the selected DPG for mulations

Composition
; mol% of Ml mol% of DIVE ..
REIIELETRN WM double bond double bond wt% of TPO Ll %OT (_:gtlonlc
; . photoinitiator
function function

NTMI 5050 TRIVE 50 50 5 -

NTMI 7030 TRIVE 70 30 5 -

BMI-2300® 2575 25 75 5 -

DIVE

BMI-2300® 2575 25 75 5 1
DIVE + 1 wt% TAS

BMI-2300® 2575 25 75 5 1
DIVE + 1 wt% | 250

In order to compare a wide range of chemistries, we have introduced within the
commercial acrylic resin Renshape®SL Y-C 9500 30 wt% of NTMI (MDB 7) and 30 wt%
of the mixture NTMI 5050 TRIVE (MDB 8) respectively.

For convenience sake, the name of the overall selected formulations was simplified. The
shortcut names as well as the detail of the composition of the different mixtures and the

chemical structures are given in Table V. 4.

TablelV. 4 : Shortcut namesfor the selected for mulations

Shortcut Formulation name
name
Reference MDB 1 TMPTA

Commercial | MDB 2 Renshape®SL Y-C 9500

resins MDB 3 Renshape®SL 7800
MDB 4 NTMI 5050 TRIVE
MDB 5 NTMI 7030 TRIVE
MDB 6 BMI-2300® 2575 DIVE
Renshape®SL Y-C 9500+
MDB 7 30 wt% NTMI
form[ijl’aGﬁons on Renshape®SL Y-C 9500+
30 wt% (NTMI 5050 TRIVE)
MDB 9 BMI-2300® 2575 DIVE+
1 wt% TAS
MDB 10 BMI-2300® 2575 DIVE+
1 wt% | 250
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[11.2 Comparison of the performances between the two linear methods

The performances of the manual and the digital methods were investigated by means of
formulations displaying a different shrinkage magnitude. The comparison is made in Table
V. 5.

TablelV.5: Determination of the cantilever deflection by means of the ruler and micrometer methods

Average deformation Average deformation
manually determined digitally determined
(mm) (mm)
(@) @)
SR 833S 24+04 204
MDB 1 57+29 35+1.1
MDB 4 3.2+05 1.7+£0.25
MDB 9 1+0.25 0.92 £ 0.05
MDB 10 0.65+0.3 0.68 +£0.03

(@) samples cured with a Hg Oriel lamp, light intensity~24 mW/cm?, sample thickness~50 um

As it can be seen in Table IV. 5, for both methods, the error percentage increases for the
systems displaying high shrinkage > 2 mm. For the pure acrylic resin MDB 1, the error
percentage is about 50 % for the value found manually and 30% for the value found with
the micrometer. These huge differences might result from the non uniformity of the coating
thickness. If the coating thickness is hot homogeneous, the cantilever deformation will be
different especially for highly reactive UV curable resins. In addition, the values found with
the micrometer were lower than the values found manually because the cantilever height
either exceeds the measurement area of the micrometer or is distorted compared to left
and the extremities sides (left and right). Adversely, for low cantilever deflection < 2 mm,
the results found with the micrometer were similar to the ones obtained with the ruler and
the error percentage was lower.

So it is recommended to use the micrometer device only for systems displaying low
shrinkage. By contrast, the manual system can be employed for systems exhibiting both
high and low cantilever deflections even though its accuracy is lower for the latter case.
For the following comparative survey, we will deal with both high and low shrinkable

formulations that’s why the manual method is selected.
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[11.3 Comparison between the volumetric and linear shrinkages

Both the volumetric and the linear shrinkages were determined for the formulations

reported in Table IV. 6.

TablelV. 6 : Determination of the volumetric and thelinear shrinkagesfor some DPG for mulations

Formulations Volumetric shrinkage Linear deflection
(%) (mm)
MDB 1 11 £ 0.02 6.8+2*
MDB 2 4+0.02 0.6+0.25*
MDB 3 2+0.02 0.3+0.25
MDB 4 10 £ 0.02 22+0.75
MDB 5 3+0.02 0.7+0.25
MDB 7 8+0.02 0.85 + 0.25*
MDB 8 9+0.02 0.95 + 0.25*

* not tack free samples

The classification of the formulations by growing volumetric shrinkage in Figure IV. 7
shows almost the same trend than for the linear shrinkage. An inversion was observed
between the formulations MDB 2 and MDB 5. This difference might be explained by the
fact that the accuracy of both the volumetric and linear method is not the same. Moreover,

the volumetric and the linear shrinkage of these two formulations might be very close.

Volumetric Linear

shrinkage shrinkage
MDB 1 ¢ MDB 1 |
MDB 4+ MDB 4 +
MDB 8 | MDB 8
MDB 7 + MDB 7 +
MDB 2+ MDB 57
MDB 5 + MDB 2+
MDB 3 MDB 3+

FigurelV. 7: Classification of the tested formulations according respectively the volumetric and linear
shrinkage magnitude

As expected, the acrylate based formulation MDB 1 exhibits both high volumetric and
linear shrinkages which is in agreement with the values found in literature #*!. The high
exothermicity and the fast formation of the crosslinked network in a very short time results
in important shrinkage *’. Likewise, the commercial resins MDB 2 and MDB 3 optimized
for the SL process exhibit low linear shrinkage and reasonable volumetric shrinkage. As
regards to the DPG formulations, both volumetric and linear shrinkage values are located
in between MDB 1 and MDB 3. Afterwards, the cantilever deflection was plotted as a
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function of volumetric shrinkage for the tested formulations in order to establish a relation
between them. Ideally, linear shrinkage is proportional to volume shrinkage if the material
can freely shrink according to the 3 linear dimensions during the cure. In that case, the
linear shrinkage would be equal to one third of volumetric shrinkage “* but in practice, the
value is not always equal to one third depending on the relaxation characteristics of the
material and the effect of orientation **. As it can be seen in Figure IV. 8, in our case, the
relation is not linear, we can distinguish 3 areas. The first one corresponds to the
formulations exhibiting both low volumetric shrinkage and cantilever deformation (zone 1).
The second one gathers the formulations displaying a high volumetric shrinkage and a low
cantilever deformation (zone 2). And the last one is formed by the formulations that

experiment both high volumetric shrinkage and cantilever deformation (zone 3).

Deflection (mm)
O P N W H» O O N

Volumetric shrinkage (%)

FigurelV. 8: Linear shrinkage versusvolumetric shrinkage

These results might be partially explained by the differences in processing conditions
between the two techniques: the light intensity was more important for the sample cured
with the UV belt conveyor than with the Oriel Hg lamp. The monomer conversion was
assumed to be more important with the conveyor. The affinity between the UV curable
resins and the glass substrate might differ from the one with the brass alloy. And for the
cantilever method, the UV cured coating thickness varied from 40 to 60 um whereas the

sample coating thickness for the other method was between 80 and 110 um.
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[11.4 Kinetic monitoring of the cantilever deflection
One of the interesting point with the digital measurement is the possibility to monitor in
real time the cantilever deflection as a function of time. As it is depicted in Figure IV. 9, the
cantilever deflection is sharply rising and then it is levelling off due to the vitrification

phenomenon.

= N
[l 6] N (]
I I I ]

Deflection (mm)

o
(]
I

o

50 100 150 200
Time (s)

o

FigurelV.9: Example of atypical deflection vs. time curve obtained for the for mulation 95 wt%
Tricyclodecane dimethanol diacrylate (SR 833S) +5wt% TPO, coating thickness ~40 um, light
intensity ~24 mwW/cm?

The shape of the curve is comparable to the degree of conversion versus time curve.
However, it was not possible to find a correlation between the onset of
photopolymerization with the cantilever deflection because we could not follow in situ the
degree of conversion evolution. The brass alloy is not transparent to IR radiations.
Nonetheless, to get an insight of this correlation, we suggest using another substrate and
monitoring the kinetics of photopolymerization with a RT FTIR spectrometer under
experimental conditions as close as possible to the linear shrinkage measurement
conditions.

Taking into account the limitations of the digital micrometer in terms of reading
measurements we can observe in Figure IV. 10 an acceptable reproducibility for low
shrinkable systems MDB 9 and MDB 10.
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1.0+

o
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o
s Mﬁm
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0.5+
e \DB 9 (trial 1)
MDB 9 (trial 2)
+ MDB 10 (trial 1)
o MDB 10 (trial 2)

Deflection (mm)
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FigurelV. 10 : Superimposition of the kinetics curvesfor the formulationsMDB 9 and M DB 10;
coating thickness ~40 um, Hg Oriel lamp, light intensity ~24 mW/cm?
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IV CONCLUSIONS AND PERSPECTIVES

Shrinkage has a deleterious effect on the accuracy and on the longevity of the rapid
prototyping UV cured part. Hence, the comprehension of shrinkage formation is essential
to overcome these problems. To that purpose, the common volumetric shrinkage method
based on the variation of density between the monomer and the polymer and a linear
shrinkage stress method grounded on the cantilever deflection were used for a
comparison of the polymerization shrinkage arising from different UV curable formulations.
The experimental conditions for these methods did not correspond exactly to the real
processing conditions of Araldite®Digitalis or SLA process. Nonetheless, these methods
can inform us about the shrinkage behaviour of some UV cured resins. No significant
correlation was found between the volumetric and the deformation methods but quite the
same trend for the shrinkage level was observed under our experimental conditions. The
DPG formulations display medium volumetric shrinkage and cantilever deformation
depending on the monomer natures and their concentration. The influence of these
parameters has been inquired in Chapter Ill.

The techniques used for the linear shrinkage measurement was shown to be effective for
the comparative study but they still need to be improved. The replacement of the ruler by
the digital micrometer allowed to increase the accuracy of the method but only for systems
displaying a low cantilever deformation. The method was still limited by the lack of
reproducibility of the coating thickness and by the non homogeneous deflection of the
coated substrate. It still needs to be optimized. The application of a precise amount of
monomer to the substrate might ensure consistent measurements. As regards to the
substrate deflection, the use of sheets instead of rolls might reduce the inhomogeneities
due to the winning process otherwise the substrate might be changed. Furthermore, for a
better accuracy, the curving angle of the deformed substrate should be calculated for the
determination of the exact cantilever deflection. Ideally, the next step would be to
implement this method in Araldite®Digitalis or SLA process in order to assess the
shrinkage magnitude of built specimens after the process and after the post-curing
treatment. We have seen through this chapter that it was important to be closed to the real
processing conditions since shrinkage increases with each of these processing
parameters: light intensity, monomer functionality and the sample thickness. The results
concerning the effect of light intensity was particularly interesting. It descends from our
experiments that at relatively low light intensities, the shrinkage is minimized. However,
from a given light intensity, the linear shrinkage drastically increases. This would suggest
that, for a given dose of radiation, the curing of a sample with a rapid prototyping device

should be operated using different passes at high rates and low intensities rather than
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using one pass at low rate with a high intensity. Therefore, these experiments should be
performed with the Araldite®Digitalis UV conventional lamp or with the SLA laser in
smaller reservoirs of photosensitive resin to reproduce the common build-up conditions in
the large resin vat. Indeed, the presence of the liquid uncured monomer partially alleviates
the extent of stress generated during the formation of the UV cured layers ™. They also
should be expanded to multilayers systems to study the additional polymerization

shrinkage stemming from the overlay of the freshly cured layer on the former one.
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General conclusion

This thesis comes within the scope of the launch by Huntsman Advanced Materials
of Araldite®Digitalis, a new manufacturing machine. The unique feature of this device is
its ability to expose in one step a large surface of UV curable resin to conventional UV
light thanks to the MicroLightSwitch (MLS) technology, the heart of this invention. Our
challenge was to develop for this new device UV curable resins exhibiting outstanding
properties. Indeed, the resins have to be quickly cured during the building process, but
also the resulting UV cured materials have to display not only good mechanical properties
(combination of toughness and hardness properties) but also good surface properties to

be easily handled before the post-curing treatment.

At first, we investigated the IPN chemistry that is commonly employed in
commercial SLA equipment: the combination of two different polymer networks (epoxide
and acrylate) provides complementary physical/mechanical properties such as flexibility
and hardness, low shrinkage and high reactivity. It has been demonstrated that the
formulations developed for SLA could not be easily used under Araldite®Digitalis: the
photosensitive system was not efficient owing to the low absorption of the cationic
photoinitiator, a sulfonium salt at the actinic wavelength (366 nm). Hence, it is necessary
to increase the reactivity of the cationic system. In that purpose, we have carried out a
study about the electron transfer sensitization process. Several radical photoinitiators from
Ciba Specialties and aromatic hydrocarbons were tested. Significant improvements were
noticed with the free radicals from Irgacure®651 photolysis, the photosensitizer 9,10-
diethoxyanthracene, although the increase in reactivity was not sufficient to ensure the
green strength at high speed exposures. Besides the sensitization of the cationic
photoinitiator, the anti-oxidant triphenylphosphine was introduced into the formulation so
as to speed up the radical polymerization. This addition was shown to thermally influence
the cationic photoinitiator. By this way, the green strength was even reach at high
exposure speeds. Within this framework, we have also carried out an academic study on
the IPN chemistry in order to get a better understanding on the IPN formation. We got
some relevant information. We have shown that it was possible to control the formation of
the two networks by changing the radical photoinitiator content or the nature of the light
source. The sequence order of the network formation was found to strongly influence the
final thermomechanical properties. Besides, the real time ultrasound reflectometry
analysis pointed out that the IPNs keep strengthening even after 7h after the curing due to
the living character of the cationic polymerization. Despite the optimization process and a
better comprehension of the IPN chemistry, it was not possible to solve the lack of
efficiency of the IPN chemistry under Griffin cure by modifying only the photoinitiator

system.
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As a consequence, new chemistries that could overcome some of the aforementioned
shortcomings were investigated.

The association of maleimides with vinyl ether or norbornene monomers (cf
Chapter |lll) for the replacement of IPN chemistry is really promising since these resins
fulfil most of the Huntsman expectations. Indeed, RT FTIR experiments revealed higher
reactivities than a common commercial acrylic resin. In addition, the vinyl ether conversion
can be extended with the additional introduction of a cationic photoinitiator without
affecting the complete maleimide polymerization. Furthermore, the final properties of the
UV cured materials are very interesting. They display high crosslinking density (high Tg),
high tensile modulus and the shrinkage magnitude can be low depending provided that
the molar percentage of vinyl ether function is not superior to 30 mol%. Hence, the nature
of the comonomer is of prime importance. For the first time, the vinyl ether monomer was
replaced by a norbornene monomer, a rich olefin giving rise to materials with high T4. The
reactivity of this new maleimide/norbornene was lower than for some maleimide/vinyl
ether formulations and an important amount of norbornene monomer remains unreacted.
Nonetheless, UV cured maleimide/norbornene materials are highly crosslinked and the
norbornene conversion might be expanded during a post treatment for example by adding
a catalyst usually used for ring opening methathesis polymerization. The main
encountered problem was the lack of commercial availability of the maleimides and
norbornenes. To complete this study, we were obliged to synthesize 3 norbornenes and 1
bismaleimide. For the future, it will be interesting to synthesize various maleimides and
norbornenes with different structures in order to characterize their physico-chemical
properties and thus get a good insight of the potentiality of this chemistry.

Given the detrimental consequences of linear shrinkage on the piece final
properties such as distortions, cracks, the last chapter of this thesis was dedicated to the
evaluation of this phenomenon. The shrinkage was measured both volumetrically and
linearly. A screening survey was achieved with the formulations tested in Chapter lll.
Despite the differences in processing conditions, almost the same trends were observed.
The implementation of a linear shrinkage method based on the cantilever deflection
allowed us to study the influence of some parameters like the nature and the functionality
of the monomer, the sample thickness and the light intensity. Interesting conclusions have
been drawn. For instance, the variation of the light intensity has pointed out the existence
of a threshold value from which the shrinkage value tremendously increases. The
experiments have also shown some limitations of this method especially in terms of

accuracy and reproducibility. This method still needs to be improved because the final
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target is to implement this method directly within the machine in order to carry out the

experiments in the real processing conditions.

To conclude, in order to solve an industrial issue, we have conducted a multifacet
investigation. We first worked with IPN chemistry. We have highlighted the versatility of
this chemistry with the possibility to tailor-made the final properties of the material
according to the processing parameters. We have also identified one of its shortcomings
which is the low polymerization rate of the cationic polymerization. To overcome this
problem, important means have to be found. For instance, it might be interesting to
synthesize either more reactive cationic monomers or photoinitiators. Since the end of this
thesis, 2 new sulfonium salt photoinitiators from BASF exhibiting a greater absorption in
the UVA range have been released on the market. It would be interesting to perform some
trials with the latters under Griffin cure. In addition, to increase the stability of the cationic
photoinitiator, a stabilizer can be added to the formulation. These innovations might lead
to a revival of interest for this chemistry. As regards to the alternative chemistries that we
proposed, the features of these chemistries are particularly interesting in terms of
reactivity, versatility and final properties. They are worthwhile to go further into
investigation particularly for the new maleimide/norbornene system. The mechanism of
photopolymerization has still to be elucidated as well as the characterization of the final
properties. In addition to these studies dedicated to the formulation chemistry, we were
interested in the physical aspect of the shrinkage phenomenon.
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Annexe |: Irradiation sources

Annex I.1: Arc mercury-xenon (Hg-Xe) Hamamatsu lamp

For the studies of the kinetics of photopolymerization by Real-Time Fourier
Transform Infra Red (RT FTIR) spectroscopy, an arc Hg-Xe Hamamatsu lamp (L8222,
power=200 W) equipped a reflector optimized for the 366 nm wavelength coupled with a
flexible quartz light guide was employed for the irradiation of the sample. This lamp is
particularly suitable for the UV region since it presents the best characteristics of both
xenon lamps and high-pressure mercury lamp. The spectral distribution of this
polychromatic lamp is depicted in Figure 1. It can be converted into a monochromatic
source by the addition of an interferential filter at 366 nm. Basically, the light intensity was
set up at 17 mW/cm? for the experiments carried out at 366 nm and at 70 mW/cm? under

broadband irradiation (cf Chapter I, section 1V.2).

Hg-Xe lamp spectrum

3,00E+03 -
2,50E+03
2,00E+03
1,50E+03
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HW/cm ?nm

Figure 1: Broadband emission spectrum of the Hg-Xe Hamamatsu lamp
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Annex |.2: UV conveyor belt

The preparation of the samples for DMA analysis was performed with a semi-industrial UV

conveyor belt from Qurtech.

The samples were exposed to the illumination of a Fusion microwave lamp type H
associated to a conveyor belt speed of 10 m/min. The light intensity was measured to be
for one pass UVA: 440 mJ/cm?, UVB: 430 mJ/cm? UVC: 90 mJ/cm?, UVA: 480 mJ/cm?,

Four passes were done. The emission spectrum is given in Figure 2.
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Figure 2: Emission spectrum of the UV conveyor belt
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Annex 1.3: Arc Hg Oriel lamp

The linear shrinkage measurements were carried out with a 200 W Hg Oriel arc lamp from

Newport. The spectrum is shown in Figure 3.
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Figure 3: Emission spectrum of thearc Hg Oriel lamp

Annex |.4: Hqg flood lamp

The linear shrinkage measurements were also performed with an Hg Oriel lamp (Electric

power~300 W) whose spectral distribution is drawn in Figure 4.
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Figure 4: Emission spectrum of the arc Hg flood lamp
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Annexe |l: Real time techniques

Annex Il.1: Real Time Fourier Transform Infra Red (RT FTIR) spectroscopy
VERTEX 70 from Bruker is a digital RT FTIR spectrometer which permits to determine the

chemical and molecular composition of inorganic and organic compounds. When a
sample is exposed to IR radiation, (A = 1-100 ym) a part of the radiation will be absorbed
by the sample molecules and converted into molecular vibrational energy. The spectral
range typically used is the middle infrared (MIR) (from 4000 cm™ to 400 cm™) because it
corresponds to the range where the fundamental vibrations are typically excited (cf Figure
5) .
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Figure5: The electromagnetic spectrum

As the vibrational energy depends on the mass of the atoms, the force constant of the
bonds, the geometry and environment of the molecule, a FTIR spectrum is characteristic
for a complete molecule. The amount of absorption at a specific frequency can be used to
quantify the presence of the corresponding bonds.

Generally, the absorbance is calculated according to the Beer-Lambert’s law:

| oo ] e
| o)
i e

Figure 6: The absorption law
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With
&: the extinction absorption, L.mol™*.cm™
lo: the intensity of the incident light, Einstein.L™.s™
I: the transmitted intensity, Einstein.L™*.s™
C: the substance concentration, mol.L™

(: the path length or the coating thickness, cm

During the kinetics experiments in RT FTIR spectroscopy 2, the sample in Figure 7 is
exposed to both the excitation UV beam and the analysis IR beam so the polymerization
can be followed in situ. Indeed, a RT FTIR spectrum is recorded at short intervals, one
spectrum each 100 ms and collected at a resolution of 4 cm™ thanks to a liquid nitrogen-
cooled mercury-cadnium telluride (MCT) detector. The end of the optical guide is placed
at a distance of 3 cm from the sample and directed at an incident angle of 90° onto the
sample window. The final conversion is evaluated from the changes occurred in the
spectrum. For instance, when an acrylate is polymerized the C=C bond at the end of the
chain is converted into a C-C bond. This process is clearly visible in the RT FTIR spectra
in Figure 7 as the characteristic IR absorption band at 1407 cm™ (deformation of the

acrylate double bond) disappears with time.

UVlamp a
Light guide C=C
e
Oooo
UV beam uv
Sample
/
c-C

= = Data processing
Netector Mirrors IR beam

Figure7: A RT FTIR spectrometer

This technique enables to record directly the conversion versus time. The conversion is

calculated according to the formula A.1.

. Ag — A
Conversion =%X1OO (A1)
0

with
Ay, corresponding to the area of IR absorption band of reactive function before the

curing

216



Annexes

A, corresponding to the area of IR absorption band of reactive function at the time
t(s)Figure 8 shows the typical kinetics profile curve recorded by RT FTIR spectroscopy for
an UV curable acrylate resin cured upon UV exposure. This profile provides important

information about kinetics parameters such as *:
« The actual polymerization rate (Rp, mol. L*.s™) calculated at any time from the
slope of the RT FTIR curve and from the initial acrylate double bond concentration

[M]o. Its maximum is commonly attained between 10 and 30 % conversion.

e The inhibition period (t;, s) due to the presence of polymerization scavengers such

as oxygen for acrylates

e The final degree of conversion (X;)
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Figure 8: Conversion versustime profile for an UV-curableresin exposed to UV irradiation

These formulations were applied onto a KBr chip with a calibrated bar of 50 um. The
sample thickness was about 35 pum. The analyses were achieved with the IR
spectrometer, Vertex70 (Bruker) at room temperature and under air. The samples were
exposed to the UV illumination of a broadband Hg-Xe lamp (features in Annex I.1) and a
monochromatic light source at 366 nm (features in Annex 1.1).The decrease of the typical
IR absorption band of the reactive functions was monitored. OPUS software was

employed for the integration of the typical IR absorption bands.
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Annex Il.2: Photo Differential Scanning Calorimetry

Another way to characterize the kinetics of polymerization is to use the photo Differential
Scanning Calorimetry (photoDSC). Since the photopolymerization is a highly exothermic
reaction, the kinetics parameters can be evaluated by monitoring the evolved heat from
the polymerization. The DSC chamber allows to work under isothermal conditions and
under inert atmosphere by a constant nitrogen flush. As illustrated in Figure 9, the UV
irradiation passes through a transparent quartz window and irradiates both the sample

and the reference which is empty.

UV lamp

viy
]
»

‘i

Light guide

Cluarz window

e SENSOCS Oven

L) i ]

Computer

Figure 9: Simplified scheme of the photoDSC principle

Basically, the heat flow between the sample and the reference is recorded according to

the time (cf Figure 9).

147 1
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Heat flow (W/g)
e}
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Figure 10: Monitoring of the heat flow evolved during the polymerization by photoDSC
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The profile obtained gives access to the kinetics parameters *:

» The enthalpy of the reaction (AH,, J.g") corresponds to the area of the curve and is

proportional to the number of reactive functions participating to the polymerization.

e The time at the maximum peak (tna, S) corresponds to the time between the

beginning of the exposure and the maximum of the evolved energy of the reaction.

e The induction period (t, s) is defined as the time at 1% conversion of the

monomer.

The percentage of conversion X (%) and the rate of the polymerization are determined

from these formulas.

X (%) =

AH; x100

theoretical

with

AH;, the enthalpy of the reaction at t seconds, J.g'l

AHieoretican, the enthalpy released by the total of the acrylate double bond, in J.g'1

AHineoreicat WaS calculated according to this relation:
) fxXE XX\
AH¢heoritical = M

with

f, the monomer functionality

E, the energy necessary to break the reactive function

Xu, the monomer fraction within the formulation

M, the monomer molecular wei

ght

(A.3)

(A.4)

The polymerization rate is the slope of the conversion profile and can be defined as

follows:

da-[d(Athdt}

dt

AH theoretical

(A.5)

The photoDSC was used to characterize the kinetics of the photopolymerization of our

systems (cf Chapter IlI). The experiments were performed by means of the DSC Q200

from TA instruments. The formulations were placed into uncovered aluminium hermetic
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pans. The sample weight was about 2 mg. They were constantly submitted to a nitrogen
purge (50mL/min) in order to remove residual air within the resin and facilitate the heat
transfer phenomenon. The sample was irradiated by an Hg-Xe hamamatsu lamp (cf
Annexl.1) whose light intensity was about 21mW/ cm? Universal Analysis program
software from TA instruments was used to generate the results from these experiments.

Table 1 summarizes both the strengths and the limitations of the RT FTIR spectroscopy

and the photoDSC.

Annexes

Table 1: Advantages and drawbacks of RT FTIR spectroscopy and the photoDSC

RT FTIR

PhotoDSC

Monitored phenomenon

Disappearance of the reactive

Enthalpy of reaction

function
Slow polymerization (>10 s) +++ +++
Fast polymerization (< 1s) +++ -
Light intensity +++ ++
Controlled atmosphere + +4++
Temperature of polymerization - +++
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Annexe lllI: Thermoanalytical technigues

Annex lll.1: Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis (DMA) is used to characterize the polymer viscoelastic
properties. The technique consists in applying a sinusoidal deformation at a given
frequency to the sample and the resulting material response is measured as a function of
time. Under these conditions, a time shift is observed between the stress and the
deformation, as it is illustrated in Figure 11. This phase angle is called & (0<d<90° for
viscoelastic materials) °. For accuracy sake, the amplitude of the material deformation
must be within the linear viscoelastic region of the material. Indeed, in this region, the
material response does not depend on the magnitude of deformation and the material
structure is not modified.
Phase shift &

Measured stesss
/\ (©)

Time (s)

Figure 11 : Phase shift between the stressand the strain for viscoelastic materials

From the determination of 9, the storage modulus E’ which refers to the sample’s elastic
behavior, the loss modulus E” which measures the sample ability to dissipate the energy
and the loss factor tan d=(E'/E”) also called damping (evaluation of the capacity of
damping) can be determined. Their respective signals in a DMA thermogram are

represented in Figure 12.

1.0E+10 4 r2

1.0E+09 4
Thansmar F14

1.0E+08

Modulus [Pa]
T
tan a

1.0E+0T 4

tan &

1.0E+06 T T T T T T T T T
-0 40 20 0 20 40 =] B0 100 120 140
Temperature ['C]

Figure12: Typical DMA signals”®

221



Annexes

DMA can be used to determine the glass transition temperature (T4) corresponding to the
transition temperature between the glassy and the rubbery state (usually, the temperature
of the maximum of the loss factor, Tinsmax)-

The Young’s modulus referring to the stiffness of the material can also be determined. It is
the ratio of stress to strain. Experimentally, the determination of Young’'s modulus lies in
slightly increasing the amount of stress, whilst measuring the sample elongation at each
stress level. It corresponds to the initial slope of the stress-strain curve, as it is depicted in

Figure 13.

initial
mudulus

strain

Figure 13 : Calculation of the Young's modulus

Preparation of the samples:

The formulations were applied onto glass substrate by means of an automatic wire wound
applicator. They were polymerized under the UV conveyor belt according to the irradiation
conditions in Annex I.2. The sample thickness varies from 65 to 90 um depending on the
viscosity of the formulation. As a consequence, the sample thickness was checked with a
micrometer. A rectangular specimen was stripped from the substrate. Its dimensions were

about 3 cm*0.6 cm.

DMA experimental conditions

Dynamic mechanical analyses were conducted with DMA Q800 from TA instruments, at a
frequency of 1Hz in tensile mode. The tand curves were obtained as a function of
temperature at a constant heating rate of 3C/min. Usually, the temperature was ramped
from OC to 250-300<C. The interpretation of the re sults was achieved with Universal

Analysis program from TA instruments.

Young Modulus experimental conditions

The experiments were performed at room temperature. The force ramp rate was 2 N/min.

The maximum force applied was 18 N.
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Annex lll.2: Modulated Differential Scanning Calorimetry (MDSC)

Differential Scanning Calorimetry (DSC) is an analytical technique that gives some
interesting qualitative and quantitative information about endothermic and exothermic
sample transitions. The main interests of this method are the ease to prepare the sample,
the possibility to analyze liquids, powders, films..., the relative rapidity of measurement
and a wide temperature operational range. However, standard DSC displays some
limitations for differentiating processes occurring at the same time especially for a mixture
with several components °.

To overcome this problem, Modulated Differential Scanning Calorimetry (MDSC) can be
employed. Contrary to standard DSC where the heating rate is only changing linearly, in
MDSC, a sinusoidal heating rate is superimposed to the linear heating rate (See Figure
14) 7.

Temperahms Change Deang MOESC Expansiand

Average Tempersiure Change
Praogramived at 4Cmin

lModulaled Temperature Change o5
Frogrammed Wilh a Sinuseidal
Discillation of +~ 0420 eveiy 40 seconds

Temperalure (G

[————] Moddated Temperabme (")

I
L=
[
e
"
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=
"
&
1 ]

Tinia drndn'

Figure 14: Temperature profile from a MDSC experiment

MDSC is a more sensitive method than traditional DSC since it permits to distinguish the
thermal events occurring at a specific temperature or time during a run. Indeed, the total
heat flow measured by conventional DSC comprises two components, as it can be seen

from the following equation ®.

dH dT
—=Cp—+ f(T.t
3 P T/(TY

(A.6)
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The first component depends on the sample’s heat capacity and the heating rate.
Meanwhile, the second component is a function of absolute temperature and time. It is
called the kinetic component.

In MDSC, the linear heating rate is used to calculate the total heat row,Z—? the same

signal measures in DSC.

Cpi—I: This component is commonly named the Reversing heat flow or the heat capacity

component of the total heat flow. It is calculated from the heat capacity. It corresponds to
the fraction of the heat flow which is due to a heating rate modification. Basically, the

glass transition temperature is assessed with this signal.

f(T,t): This component is called Nonreversing heat flow. It corresponds to the difference
between the total heat flow and the reversing signal. Evaporation, cristallisation and

polymerization phenomena are commonly observed with this signal.

To sum up, the MDSC has the advantage to split the overlaid transitions (See Figure 15),
to directly calculate the heat capacity, to enhance the sensitivity for determining the

polymer initial crystallinity and measuring weak transitions.
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Figure 15: PET MDSC signalsfrom MDSC training course TA instruments
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The MDSC experiments were performed in order to determine the glass transition for the
homopolymers and for hybrid formulations in Chapter Il. The experiments require two

steps:

1. The curing of the photosensitive resins

The samples were photocured with DSC Q200 equipped with a photocalorimetry
accessory from TA instruments. They were placed into uncovered aluminium hermetic
pans. For sensitivity sake, the sample weight was about 10 mg. A special attention was
given to the sample preparation to get a flat surface to optimize the heat transfer with the
pan. They were irradiated by an Hg-Xe hamamatsu lamp (cf Annex |.1) whose light

intensity was about 21mW/ cm?.

2. MDSC experiments

After UV curing, the pans were hermetically sealed and MDSC experiments were carried
out with the same apparatus but with the MDSC option coupled with a cooling unit RCS.
The temperature was ramped at 2C/min from 0C to 2 50C and modulated at + 2C/min

every 60s. The DSC traces were exploited with the Universal Analysis program from TA

instruments.
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Annexe |V: Electronic microscopy technique

Annex IV.1: Scanning Electronic Microscopy (SEM)

Scanning electron microscopy (SEM) is a powerful method for observing a sample surface
topography. It is based on the scanning of a high energy electron beam onto the sample.
The beam of electrons is generated by the heat of a metallic filament located on top of the
microscope. Then, the beam is focused on the sample thanks to electromagnetic lenses.
The interaction between the electrons and the sample atoms leads to the ejection of
sample backscattered and secondary electrons. These latters are detected and turned
into a signal producing a surface image on a screen. In SEM, samples must be conductive
at their surface to avoid any accumulation of electrostatic charge at their surface. If the
specimens are insulators, they must be coated with gold vapour.

This device can also be employed for examining the sample morphology in the bulk on
condition that the sample is fractured. Usually, the sample is frozen by liquid nitrogen and

then broken.

The experiments were performed at I'Institut de Science des Matériaux de Mulhouse
(IS2M) by Dr Loic vidal.

Preparation of the samples:

The formulations were applied onto glass substrate by means of an automatic wire wound
applicator. They were polymerized under the UV conveyor belt according to the irradiation
conditions in Annex 1.2. Transparent tacky free films of approximately 40 um thickness
were obtained. Afterwards, the samples were metallised with gold, frozen in liquid nitrogen
and fractured. Electron micrographs were made at a magnification 25 000x with the
Philips XL 30 LaB6 Scanning Electron Microscop (SEM).
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Annexe V: Rheological technigue

Annex V.1: Combination of Real time dynamic ultrasound reflectometry and

time resolved near infrared spectroscopy

The Deutsches Kunststoff-Institut in Germany (DKI) has set up a new technigque based on
the association of Real time dynamic ultrasound reflectometry and time resolved near
infrared spectroscopy to monitor simultaneously in real time the shear modulus and the
conversion versus time during the photopolymerization of acrylate resins **°.

The device is a measuring cell having at the top and at the bottom fused quartz bars. The
fused quartz bar at the bottom was metallised with gold for NIR reflection. At the edges of
the cell, there are two piezo transducers: one transmitter and one receiver of shear waves
(resonant frequency of 5 MHz). Under the effect of an electrical pulse, the excited
transmitter engenders a transversal wave into the quartz bar. The shear wave is reflected
on the sample substrate interface (sample thickness~200 um) and turns towards the
receiver. Due to the presence of the coating in the interface, the reflected wave is shifted
in terms of amplitude and phase with regard to the value obtained only for the quartz bar.
As a result, the complex reflection coefficient can be determined. Finally, from this
coefficient and acoustic impedances of both the viscoelastic sample and the quartz cell
substrate, the complex dynamic shear modulus can be calculated.

Through the use of optical fibers and a lens system, NIR measurements can be
simultaneously carried out. For an optimum sample absorption, the NIR beam passes six
times through the coating. The determination of the the reactive function conversion is
achieved by following the disappearance of the typical NIR absorption band of the reactive

function versus time. A simplified scheme of this method is presented in Figure 16.

Quartz window

Reduced amplitude
and phase shifted

Coating (2 cm x 8 cm)
200 micron

source

reflected wave uv
NIR v v / NIR array
ﬁ

Ultrasonic
receiver

Ultrasonic transmitter

Thermocouple

Figure 16: Hyphenated Real time dynamic ultrasound r eflectometry and time resolved near infrared

Sspectr oscopy
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The device is placed in aluminium housing with a fused quartz window transparent to UV
illumination. Both the temperature (between 15 to 85TC) and the atmosphere (nitrogen
flow) are controlled. The cure of the sample is performed by means of a microwave UV
lamp (Nordson UV-Mac) (emission wavelength between 200 nm and 500 nm). The
sample thickness is around 200 um and the light intensity is roughly 35 mwW/cm?.
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The molecules were synthesized at both the laboratory Chimie Organique et Bioorganique
and the Department of Photochemistry.

Annexe VI: Synthesis of liquid bismaleimides

Given the lack of commercial available difunctional maleimide compounds especially
liquid ones, we decided to synthesize a poly(propylene glycol bismaleimide) (PPGBMI)

(molecular weight~390 g.mol™)

The poly(propylene glycol bismaleimide), PPGBMI was prepared in two steps. The overall

process is pictured in Figure 17 ™.

The first step was the preparation of poly(propylene glycol) bis (2-propyl ether maleamic
acid) intermediate. The second step was the preparation of PPGBMI from bismaleamic
acid, which was cyclodehydrated in situ. A solution of poly(propylene glycol) bis (2-
aminopropyl! ether) (noted PPGA) of Mw of 230 g.mol™ (30 g, 0.130 mol) in THF (30 mL)
was added dropwise at room temperature to a stirred solution of maleic anhydride (26.86
g, 0.274 mol) in THF (~100 mL). The reaction was carried out under argon atmosphere.
During the addition process, the solution changed from colorless to light yellow. The
resulting reaction mixture was then stirred for an additional hour, after which ZnBr, (61 g,
0.271 mol) was added in one portion. While the resulting reaction mixture was heated 40
), a solution of 1,1,1,3,3,3-Hexamethyldisilazane (HMDS) (66.3 g, 0.411 mol) in THF
(50 mL) was slowly added over a period of 1 h 30 min, and the mixture was heated (40
C) during 1 h 30 min with a reflux. After cooling to room temperature, the mixture was
filtered and the solvent evaporated. The resulting brown viscous residue was purified
using a packed silica gel column eluted with 70% cyclohexane/ 30% ethyl acetate. The
eluent was reduced in volume at the rotary evaporator. The corresponding maleimide was
obtained in 50 % yield. The purity is about 95%.

NMR: &y (400 MHz, CDCls) 1.01 (6H, m); 1.33 (6H, m); 3.45 (10H, m); 4.34 (2H, m); 6.65

(4H, s)
B13c (400 MHz, CDCl3) 171; 134; 75-69; 46; 17; 15 ppm
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H;N—( ?H— CH— Oa: CH,— si:H— MNH, + 2 [0}
CH CHy

THF
Ar atmosphere

0
ﬁL NH—{ CH-CHy— o% CH,— CH—N
L 5 by

HOOC

N—( (|3H- CH,— oi— CH,— (IIH— N
CH, CH,
o

Figure 17: Synthesis of a poly(propylene glycol bismaleimide) (PPGBM )
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Annexe VIl: Synthesis of norbornenes

The synthesis of the norbornenes can be divided into two steps.

The first step consists in cracking the dicyclopentadiene in order to obtain the
cyclopentadiene. The cracking was accomplished by using a distillation apparatus. In a
two-neck round bottom flask equipped with a dropping funnel and a condenser cooled
with iced water, 10 mL of dicyclopentadiene (bp~170C %) (0.08 mol) was stirred with 15
mL of decalin (0.10 mol) (bp ~189-191C %) at 200C. Decalin played the role of body
heat transfer due to its high boiling point. In the dropping funnel, 15 mL of
dicyclopentadiene (0.11 mol) was added dropwise to the bottom flask while the
cyclopentadiene distilled progressively at a temperature around 40C (bp ~41.5C ). 25
mL of cyclopentadiene is finally obtained. The product is immediately stored in ice to
inhibit the slow dimerization that occurs at room temperature. The distillation procedure

takes 1h30 to 4 hours depending on the desired amount of cyclopentadiene.

The second step corresponds to a Diels-Alder reaction between the cyclopentadiene and
the acrylate. Three different acrylates were selected for the synthesis: 1,6-hexanediol
diacrylate (SR 238), polyethyleneglycol (200) diacrylate (SR 259) and ethoxylated (4)
bisphenol A diacrylate (SR 601E). Their structure is represented in Table 2.

Table 2: Chemical structures of the selected acrylates

Acrylate name Chemical structure

\
SR 238 %O/\/\/\/OWH
o

o
SR 259 HZC\/J\O(/\/O%'/\CHZ
o

e} G.
H,e? I~ N TN
S CHy

" O I
O NF

SR 601E
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The second step will be only described for SR 238 but it is the same procedure for the two
acrylates left. The scheme of the Diels-Alder reaction is given below:

0] CH, O
2 @ + I)L /\/\/\/O\IK' phenothiazine L@/N\O/\/\/\,O
7 O —_— //
o) 80T

CH, O

In a 250 mL three neck round-bottom flask equipped with a dropping funnel, a condenser
and a nitrogen inlet was charged with a dropping funnel, a condenser and an Argon inlet,
0.82 g of phenothiazine (~2000 ppm), a thermal stabilizer was mixed with 50 g of SR 238
(0.22 mol). The mixture was preheated to 80C and 37 g of cyclopentadiene monomer
(0.56 mol) was progressively added to SR 238 by means of a dropping funnel. After the
complete addition of cyclopentadiene, the mixture was heated under reflux during further
four hours.

At this stage, the yield of the dinorbornene named HDDNEC was 90%. Some residues of
cyclopentadiene and dicyclopentadiene were still present about 5%. We faced some
problems for the purification of our product. The attempt to performing a column
chromatography eluted with 70% cyclohexane/30% ethyl acetate was not successful. A

yield of 5 % was found.

NMR: &; (400 MHz, CDCl;) 1.19-2.21 (17H, m); 2.78-3.20 (5H, m); 3.97-4.10 (4H, m);
5.91-6.20 (4H, m)

RT FTIR experiments were carried out with purified fraction and the non-purified one.
Mixtures comprising an equimolar ratio of each norbornene fraction with N-
tertbutylmaleimide in presence of 5 wt% of TPO were prepared. The experiments were
carried out under air, at 366 nm and at a light intensity of 21 mW/cm?.The results have

shown a similar reactivity for both purified fraction and the non-purified one.

The purification of the other dinorbornenes by column chromatography was not possible
because the products got stuck into the silica column owing to their acidity.

Consequently, taking into account the RT FTIR results for both purified and non purified
HDDNEC fractions, RT FTIR experiments for the other dinorbornenes could be carried out

on the non-purified resins.
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