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ON DEMAND RADIATION INDUCED
CONSTRUCTIVE AND DECONSTRUCTIVE
CHEMICAL REACTIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a Continuation of U.S. appli-
cation Ser. No. 15/590,181, filed May 9, 2017, now allowed,
which is a Continuation of U.S. application Ser. No. 15/183,
110, filed Jun. 15, 2016, now U.S. Pat. No. 9,676,918, and
also claims priority to U.S. Provisional application Ser. No.
62/175,683, filed Jun. 15, 2015, the entire contents of each
of which are hereby incorporated by reference. The present
application is related to U.S. Provisional application Ser. No.
62/018,915, filed Jun. 30, 2014, entitled IMPROVED
ADHESIVE BONDING COMPOSITION AND METHOD
OF USE, the entire contents of which are hereby incorpo-
rated by reference. The present application is also related to
PCT application PCT/US2015/021307, filed Mar. 18, 2015,
entitled IMPROVED ADHESIVE BONDING COMPOSI-
TION AND METHOD OF USE, the entire contents of
which are hereby incorporated by reference. The present
application is also related to U.S. Provisional application
Ser. No. 61/955,547, filed Mar. 19, 2014, entitled ADHE-
SIVE BONDING COMPOSITION AND METHOD OF
USE, the entire contents of which are hereby incorporated
by reference. The present application is related to U.S.
Provisional application Ser. No. 61/955,131, filed Mar. 18,
2014, entitled ADHESIVE BONDING COMPOSITION
AND METHOD OF USE, the entire contents of which are
hereby incorporated by reference. The present application is
related to U.S. Provisional application Ser. No. 61/331,990,
filed May 6, 2010, and U.S. Provisional application Ser. No.
61/443,019, filed Feb. 15, 2011, the entire contents of each
of which are hereby incorporated by reference. The present
application is also related to U.S. provisional patent appli-
cation 61/161,328, filed Mar. 18, 2009; U.S. provisional
patent application 61/259,940, filed Nov. 10, 2009; U.S.
Provisional Application Ser. No. 60/954,263, filed Aug. 6,
2007, and 61/030,437, filed Feb. 21, 2008; U.S. application
Ser. No. 12/059,484, filed Mar. 31, 2008; U.S. application
Ser. No. 11/935,655, filed Nov. 6, 2007; U.S. Provisional
Application Ser. No. 61/042,561, filed Apr. 4, 2008; 61/035,
559, filed Mar. 11, 2008; and 61/080,140, filed Jul. 11, 2008;
U.S. patent application Ser. No. 12/401,478 filed Mar. 10,
2009; U.S. patent application Ser. No. 11/935,655, filed Nov.
6, 2007; U.S. patent application Ser. No. 12/059,484, filed
Mar. 31, 2008; U.S. patent application Ser. No. 12/389,946,
filed Feb. 20, 2009; and U.S. patent application Ser. No.
12/417,779, filed Apr. 3, 2009, the entire contents of each of
which is hereby incorporated by reference. This application
is related to U.S. patent application Ser. No. 13/102,277 filed
May 6, 2011, the entire contents of which is hereby incor-
porated by reference. This application is related to U.S.
patent application 61/735,754 filed Dec. 11, 2012, the entire
contents of which are hereby incorporated by reference.

FIELD OF INVENTION

The invention pertains to the activation of suitably reac-
tive chemistries inside polymeric materials to induce con-
structive chemical reactions such as curing; and, subse-
quently, having the ability to induce on demand the
degradation of such polymeric materials. Such polymeric
degradation facilitates the recycling of bonded parts and
highly cross-linked polymer networks such as rubber tires.
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Such constructive and deconstructive chemical reactions are
induced by the combination of an initiating radiation having
suitable photonic energy and depth of penetration along with
chemical additives that modulate the initiation energy.

DISCUSSION OF THE BACKGROUND

(Photo-Degradation, Chain Scission in Biological Poly-
mers):

Polymers are used in a wide range of applications from
composite structures, automobile tires and adhesives to
athletic shoes and fibers and are well known. One particu-
larly important application subsequent to all domains of
manufacturing is the field of reclaiming and recycling from
already manufactured parts that have reached their end of
life. Adhesives have proliferated many assembling processes
to bond dissimilar parts. The properties of the bonding
adhesive can be tailored to the part. Commercially available
materials are formulated to meet various requirements, and
in addition to the monomer(s) may contain particulate fillers
such as metal, oxides, or dielectric powders, as well as
various additives to control thermal conductivity, viscosity
and other properties. However, once the functional life of a
given product is over it becomes desirable to be able to
reclaim valuable parts of the product (such precious metals)
and recycle subassembly from the products (such as plastics)
that can be reground for re-melting and re-use in making
new products. The economics of recycling are not trivial.
The more time, energy, and effort are involved to enable
recycling, the less economically viable it becomes to harvest
from old products to make new ones. The easier the methods
that can be used to disassemble to reclaim and recycle, the
better it is from a manufacturing stand point. Also, mini-
mizing contamination of recycled products and recovering
raw materials with the least contamination, the better it is
from an economic stand point. For these reasons, methods
that enable the disassembly of bonded parts (in pristine
forms) would be highly desirable. A set of related technolo-
gies encompassing process, apparatus and methods are pro-
vided herein to take an existing polymer network that is
highly reacted with good properties through an efficient
degradation process to depolymerize it for ease of removal
and de-bonding of joint parts while maximizing yield.

SUMMARY OF THE INVENTION

Accordingly, one object of the present invention is to
provide reactive chemistries and associated methods of use
to enable two objects to become de-bonded across their
interface under X-Ray, e-beam and UV radiation that can be
cured by chain scission, minimization of cross links, a
combination of chain scission and breakage of crosslinks in
the absence of line-of-sight. The novel reactive chemistries
across an interface between two objects have to be compli-
mentary and compatible with the reactive chemistries
needed to form the adhesive leading to bonding as a first step
of the process.

A further object of the present invention is to provide a
method for de-bonding objects contained in an article at an
interface between the objects, wherein the objects are joined
at the interface through an intermediate layer by causing
destruction of bonds within the intermediate layer through
an applied energy.

Another object of the present invention is to provide a
method for the decomposition of a polymeric article which
contains one or more energy modulation agents by applying
an applied energy to the polymeric article, wherein the one
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or more energy modulation agents convert the applied
energy into an emitted energy sufficient to cause bond
destruction within the polymer.

These and other objects of the present invention, indi-
vidually or in combinations thereof, have been satisfied by
the discover of a method for de-bonding objects contained in
an article at an interface between the objects, wherein the
objects are joined at the interface through an intermediate
layer, comprising:

applying energy from a radiation source, wherein the
energy is sufficient to cause destruction of bonds within the
intermediate layer; and

separating the two objects from one another.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the invention and many
of the attendant advantages thereof will be readily obtained
as the same becomes better understood by reference to the
following detailed description when considered in connec-
tion with the accompanying drawings, wherein:

FIG. 1 shows a graphical representation of an embodi-
ment of an adhesive assembly used according to the present
invention.

FIG. 2 shows a graphical representation of an embodi-
ment of an adhesive assembly used according to the present
invention.

FIG. 3 shows a graphical representation of an embodi-
ment of an adhesive assembly used according to the present
invention.

FIG. 4 shows a graphical representation of another
embodiment of the present invention using an adhesive
assembly.

FIG. 5 shows a graphical representation of a further
embodiment of the present invention using an adhesive
assembly having a primed surface on one of the substrate
portions.

FIG. 6 shows a graphical representation further embodi-
ment of the present invention using an adhesive assembly
having a primed surface on both of the substrate portions.

FIG. 7 shows a graphical representation of irradiating an
adhesive assembly depicted in FIG. 5 with X-rays while
submerged in an acid wash bath to speed decomposition.

FIGS. 8A-8E are graphical representations of various
forms of superposition of multiple plies in a multi-ply
composite construction.

FIG. 9 is a graphical representation of the use of primer
layers between adjacent plies in a multi-ply composite
construction, from which the present invention can decon-
struct the multi-ply structure and recover separate ply layers.

FIG. 10 is a graphical representation showing the use of
an embodiment of the present invention to deconstruct
vulcanization bonds present in rubber compositions.

FIGS. 11A-11E are graphical representations showing
various types of coated and uncoated phosphors according to
the present invention.

FIGS. 12A-12B are graphical representations showing
coated mixed phosphor aggregates according to the present
invention.

FIGS. 13A-13D are graphical representations showing the
preparation of conformable phosphor coated films using a
draw knife, cutting the films into desired die-cut shapes, and
the ability of these films to accommodate stretching and
maintaining its form across complex interfaces.

FIG. 14 is a schematic depicting conversion of primary
and scattered initiating energy such as x-rays by energy
modulation agents in a medium.
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FIG. 15 is a schematic depicting x-ray scattering events
and interactions with energy modulation agents in the
medium

DETAILED DISCUSSION OF THE PREFERRED
EMBODIMENTS

An aspect of the present invention pertains to process,
chemistries, applications and methods related to the incor-
poration of special chemistries (special additives) to be
embedded in polymeric materials (including organic, inor-
ganic and biological polymers), whereby the resultant for-
mulation can be processed by first imparting energy (includ-
ing but not limited to UV light, heat, X-Ray, E-beam) to
promote chemical reactions (including but not limited to the
formation of adduct, cross-linkages, addition); and, subse-
quently, after an elapsed time ranging from months to years
depending on the intended functional life, the polymeric
material can be made to undergo deconstructive reaction(s)
to degrade (though loss of structural integrity, downsizing of
molecular weight, breakage of crosslinks, breakage of spe-
cific bonds to name a few examples). The deconstructive
chemical reactions are caused by exposing the polymeric
material to a deeply penetrating radiation capable of being
modulated by the special additives that in turn emit a least
one radiation (distinct for the initiation radiation) which is
capable of effectively causing the degradation of the said
polymer(s) that have undergone an initial constructive reac-
tion.

In one case of the present invention, the attributes of the
novel material chemistry include, but are not limited to, the
ability to form free radicals and to cause bond scission under
X-Ray energy. The addition of UV radiation to X-Ray
radiation leads to enhanced free radical formation and bond
scission. The addition of heat to the UV and X-Ray energies
leads to further enhancement of the free radical formation
and bond scission leading to deconstructive reactions in the
polymer network.

There are various possibilities for depolymerizing a net-
work including the use of a highly energetic light such as
UV light. Typically, depolymerization needs a direct expo-
sure to UV light to occur where one surface is permeable to
direct UV exposure enabling depth of penetration of such
highly catalytic light. Most adhesives do not allow UV to
penetrate more than a few atomic layers up to possibly
microns, which make the application of external light inef-
fective at depolymerizing an established polymer network.
However, with the use of special additives (preferably in
powder form like phosphors) possessing the ability to modu-
late a highly energetic incident radiation with depth of
penetration capability, such as X-Ray or E-beam, into UV
light, a technology pathway to have dispersed UV centers
across a polymer network can be utilized for depolymerizing
purposes. This phosphor mediated technology can enable
mechanisms within the thickness of adhesives that are
enclosed with no line of sight and the materials need not to
be UV transparent. Such degradation mechanisms include:
1-Photo-degradation of polymer backbones via exposure to
UV radiation (in UVA, UVB and UVC) and 2-Cleavage of
molecular backbones via exposure to UV radiation.
Extended exposure to ultraviolet (UV) radiation may cause
the significant degradation of many materials.

UV radiation causes photo oxidative degradation which
results in breaking of the polymer chains, produces free
radical and reduces the molecular weight, causing deterio-
ration of mechanical properties and leading to useless mate-
rials after an unpredictable time. For example, Polystyrene
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(PS), one of the most important material in the modern
plastic industry, has been used all over the world due to its
excellent physical properties and low-cost. When polysty-
rene is subjected to extended levels of UV radiation espe-
cially in the presence of air, it undergoes a rapid yellowing
and a gradual embrittlement. The mechanism of PS pho-
tolysis in the solid state (film) depends on the mobility of
free radicals in the polymer matrix and their bimolecular
recombination. Free hydrogen radicals diffuse very easily
through the polymer matrix and combine in pairs or abstract
hydrogen atoms from polymer molecules. Phenyl radicals
have limited mobility. They may abstract hydrogen from the
near surrounding or combine with a polymer radical or with
hydrogen radicals.

The use of plastics in building applications is popular in
the developing world because of the low cost and the ease
of use of plastic components compared to the conventional
metal, glass, mortar, wood and other materials. Plastics are
used in other products such as outdoor furniture, fishing
gear, and marine craft, which are also routinely used out-
doors. Solar radiation reaching the surface of the earth is
characterized by wave lengths from approximately 295 up to
2500 nm. The solar radiation classified as UV-B (280-315
nm) has an energy of 426-380 KJ mol-1. Fortunately, the
higher energetic part of UV-B; 280-295 nm, is filtered by the
stratosphere and does not reach the earth’s surface, UV-A
(315-400 nm), has energy between 389 and 300 KJ mol-1
and is less harmful for organic materials than UV-B. Visible
(400-760 nm). If the photo induced degradation is initiated
on the inside of the polymer, then all wavelengths can be
utilized to influence rapid degradation.

Photodegradation is degradation of a photodegradable
molecule caused by the absorption of photons, particularly
those wavelengths found in sunlight, such as infrared radia-
tion, visible light, and ultraviolet light. However, other
forms of electromagnetic radiation can cause photodegra-
dation. Photo degradation includes photo dissociation, the
breakup of molecules into smaller pieces by photons. It also
includes the change of a molecule’s shape to make it
irreversibly altered, such as the denaturing of proteins, and
the addition of other atoms or molecules. A common photo
degradation reaction is oxidation. Photo degradation in the
environment is part of the process by which amber grise-
volves from its fatty precursor. Light-induced polymer deg-
radation, or photo degradation, includes the physical and
chemical changes caused by irradiation of polymers with
ultraviolet or visible light. In order to be effective, light must
be absorbed by the substrate (polymeric system). Thus, the
existence of chromophoric groups in the macromolecules is
a pre-requisite for the initiation of any photochemical reac-
tion.

Ketones, quinines, and peroxides are initiators for differ-
ent reaction degradation or chemical modification occurring
in organic compounds. They absorb light up to about 380
nm, which causes their excitation or cleavage to radicals.
One may initiate polymer degradation and other transfor-
mation by abstraction of hydrogen atom from a macromol-
ecule (PH) and formation of polymer alkyl radical (P.) The
influence of low-molecular weight organic compounds such
as benzophenone (BPh), anthraquinone (AQ) and benzoyl
peroxide (BPo) on the photo processes of polystyrene has
been studied. The results indicate that additives accelerate
and increase the photo degradation and photo oxidation of
polystyrene. Photo degradation may occur in the absence of
oxygen (chain breaking or cross-linking) and the presence of
oxygen (photo oxidative) degradation. The photo oxidative
degradation process is induced by UV radiation and other
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catalysts (or both) and can be accelerated at elevated tem-
peratures. Photo degradation of polystyrene (e.g. embrittle-
ment and color change) can take place upon irradiation with
a portion of UV light that is contained within sun light.

Nickel chelates are very effective quenchers of the triplet
state of carbonyl groups in polyolefins. These chelates have
been tested for photostabilization of polyisobutylene, poly
butadiene Lala and Rabek (1980), polystyrene George
(1974), PVC, poly (2,6-dimethyl-1,4-phenyloxide) and poly
urethanes. (Chandra 1983; Osawa et al. 1979).

Nickel chelates can photostabilize a polymer by one or
more of the following mechanisms.

(1) Quenching of the excited state of carbonyl groups

(ketones) through energy transfer.
(i1) Quenching of the singlet oxygen (102)
(ii1) Decomposition of the hydroperoxides (OOH) radical,
to non radical inactive species
These compounds operate by reacting directly with poly-
meric hydroperoxide (ROOH). The decomposition of
hydroperoxide in polymer to non radical derivatives was
first demonstrated by Carlsson and Wiles (1974). Many
metal complexes of sulphur containing ligands such as
dialkylthiocarbonate and dialkylthiophosphate not only
decompose hydroxide in PE film but are also effective in UV
stabilization (as UV absorbers and excited state quencher).

Almost all synthetic polymers require stabilization
against adverse environmental effects. It is necessary to find
a means to reduce or prevent damage induced by environ-
mental components such as heat, light or oxygen. Research
into degradation and ageing of polymers is extremely inten-
sive and new materials are being synthesized with a pre-
programmed lifetime. There are many possible ways of
polymer degradation: thermolysis, thermos oxidation, pho-
tolysis, photo oxidation, radiolysis etc. With the goal to
increase lifetime of a particular polymeric material, two
aspects of degradation are of particular importance: Storage
conditions, and Addition of appropriate stabilizers. A pro-
found knowledge of degradation mechanisms is needed to
achieve the goal.

The term degradation of macromolecules denotes all
processes which lead to a decline of polymer properties. It
may eventually involve physical processes, such as polymer
recrystallization, or denaturation of protein structures.
Chemical processes related to degradation may lead to a
reduction of average molar mass due to macromolecular
chain bond scission or to an increase of molar mass due to
crosslinking rendering the polymer insoluble. A wide variety
of synthetic and naturally occurring high polymers absorb
solar ultraviolet radiation and undergo photolytic, photo-
oxidative, and thermos-oxidative reactions that result in the
degradation of the material.

In recent years, the use of polymeric materials has rapidly
increased but it is well established that rapid photo-degra-
dation of these materials is possible when they are exposed
to natural weathering (Guillet 1985; Hamid 2000; Rabek
1996; Bottino et al. 2003). This is a serious issue, with
economic and environmental implications and therefore a
large effort is focused on under-standing the changes that
occur at molecular level and the degradation kinetics. Fol-
lowing different routes, UV radiation causes a photo-oxida-
tive degradation which results in breaking of the polymer
chains, produces radical and reduces the molecular weight,
causing deterioration of mechanical properties and leading
to useless materials, after an unpredictable time (Bottino et
al. 2003; Gardella 1988). Damage by UV radiation is
commonly the main reason for the discoloration of dyes and
pigments, weathering, yellowing of plastics, loss of gloss



US 10,494,500 B2

7

and mechanical properties (cracking), sun burnt skin, skin
cancer, and other problems associated with UV light. Most
of the common polymers used in such applications contain
photo stabilizers to reduce photo damage and to ensure
acceptable life times under outdoor exposure conditions;
without these additives, the UV induced degradation may
proceed unchecked.

Biological Polymers Cleavage

A light-activated reagent that can bind to protein mol-
ecules and then sever them when irradiated by a 344-nm
light could offer microbiologists a versatile tool for explor-
ing the structure and behavior of proteins. Scientists could
use this tool to sequence and manipulate proteins, control-
ling the reagent’s scissor-like effect precisely, in part
because the reagent can be selectively activated and in part
because the molecule will bind only in specific sites on the
protein.

The reagent was designed and studied by researchers at
the University of Connecticut in collaboration with Glaxo
Wellcome in Research Triangle, N.C., and Columbia Uni-
versity in New York. “So far we looked at several wave-
lengths from 310 to 380 nm, and the cleavage efficiency
varies. The molecule absorbs light very strongly at [the 344
nm] wavelength,” said Challa V. Kumar, an associate pro-
fessor of chemistry at the University of Connecticut.

The designer molecule, N-(phenylalanine)-4-(1-pyrene)
butyramide, or Py-Phe, binds in specific sites. The pyrene
part is hydrophobic, and the phenylalanine carboxyl part is
hydrophilic, so Py-Phe will bind on a protein only where a
hydrophobic site is adjacent to a hydrophilic one.

Genetic Applications

Chemists and biologists speculate that the molecule can
be used as a general reagent for cutting proteins, which
would make it useful for molecular studies of proteins and
peptides. Researchers have shown that a Py-Phe molecule
can bind to lysozyme and albumin proteins and split them
cleanly in two. “Many techniques can cut a protein with
enzymes thermally,” said Miguel Garcia Garibay, associate
professor of chemistry at UCLA. But such methods make no
distinction between events, so are suitable only for studying
material in steady state. “This technique can be activated
precisely, so it has applications in genetics to study pro-
cesses of [molecular] interaction within a defined time
span,” Garibay said.

Kumar expects to begin tests on streptavidin, cholesterol
oxidase and other key proteins involved in human disease
states. “If we can selectively photodestruct key proteins,
then we may target cancer cells or specific pathogens,” he
said.

To activate the protein scissors, researchers used a lamp
and a monochromator. Light raises the Py-Phe radical to an
excited state, initiating a sequence of molecular reactions
that split the peptide bond.

Various examples of such polymeric materials intended in
the present invention are provided by way of illustration and
not a full inclusion of the scope of the present invention.
These examples include adhesives, primers, poly-dAdT,
DNA and cross-linked rubbers to name a few.

Adhesives (Groups 1, 2, 3 & 4):

An aspect of the present invention pertains to special
additives to be embedded in standard or specialty adhesives,
whereby the resultant formulation can be cured using stan-
dard curing methods (including UV light, heat, X-Ray,
E-beam and part A: part B reactive chemistries of the
appropriate stoichiometry); and, subsequently, the cured
adhesive can be broken from within the adhesive thickness
by applying a special energy with deeply penetrating prop-
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erty (such as X-Ray and E-beam), that can interact with the
special adhesive and causes the structural disintegration of
the special adhesive via different pathways including but not
limited (the deterioration of the polymeric chains, the
inducement of shorter molecular weights, the scission of
certain molecular bonds, the reduction of crosslink density
or the breakage of the cross-linkages). As such, the special
adhesive according to the embodiments of the present inven-
tion comes apart and the assemblies (or subassemblies) that
were bonded can be separated. The recovery of the assem-
blies and subassemblies can be done with higher yield
compared to other methods hence facilitating any subse-
quent recycling steps. At least one part needs to have the
special adhesive for bonding 2 different assemblies or sub-
assemblies.

Certain embodiments of the present invention can pref-
erably be practiced by using standard (commercially avail-
able) adhesives or by using specialty adhesives as outlined
in the four following groups:

Group 1:

Commercially available polymeric adhesives, including,
but not limited to, 2 part adhesives, UV curable adhesives
and thermally curable adhesives, can be used in accordance
to the current invention by adding a special additive (pref-
erably in powder form). The additive can be added by weight
percent in the range of 1% to 30%. The Commercially
available adhesive is then cured using the recommended
curing methods. The 2 parts assembly (or subassemblies)
that have been joined using the commercially available
adhesive goes through its functional life (that can be 5 years
for an inkjet housing). After the functional life is over and
the part is needed to be recycled then the assembly or
subassembly is exposed to X-Ray where the special addi-
tives embedded in the adhesive absorb X-Ray energy and
emits UV energy suitable for breaking bonds of the curable
adhesive to make dis-assembling process easier and on
demand. The various de-bonded parts (de-bonded assem-
blies or subassemblies) can be recycled. FIG. 1 shows a
graphical depiction of this type of assembly wherein Parts A
(10) and B (20) are joined using commercially available
adhesive containing the special additive able to modulate
deeply penetrating radiation (31).

Group 2:

Commercially available polymeric adhesives (of various
kinds) including 2 part adhesives, UV curable adhesives and
thermally curable adhesives can be used in accordance with
the present invention by modifying certain bonds within the
polymeric adhesive and chain and by adding a special
additive (preferably an energy modulation agent, and pref-
erably in powder form). The additive can be added by weight
or mole percent in the range of 1% to 30%. The Commer-
cially available adhesive is then cured using the recom-
mended curing method. The 2 parts assembly (or subassem-
blies) that have been joined using the commercially
available adhesive goes through its functional life. After the
functional life is over and the part is needed to be recycled
then the assembly or subassembly is exposed to X-Ray
where the special additive absorbs X-Ray energy and emits
UV energy suitable for breaking bonds of the curable
adhesive to make the dis-assembling process easier and on
demand. FIG. 2 shows a graphical depiction of this type of
assembly wherein Parts A (10) and B (20) are joined using
commercially available adhesive that include the modifica-
tion of certain bonds and that contain special additives able
to modulate deeply penetrating radiation for structural dis-
integration of the adhesive (32).
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Group 3:

UV curable polymeric adhesives (of various kinds) that
can be cured using a first initiating energy that interact with
a first additive that modulates the first initiating energy light
into UV light suitable for activating the photo-initiator
catalyzing the cure of the polymeric adhesive and by adding
a special additive (preferably an energy modulation agent,
and preferably in powder form). The additive can be added
by weight or mole percent in the range of 1% to 30%. The
adhesive is then cured using the recommended curing using
the first initiating energy. The 2 parts assembly (or subas-
sembly) that has been joined using the adhesive goes
through its functional life. After the functional life is over
and the part is needed to be recycled then the assembly or
subassembly is exposed to a second initiating energy where
the special additive absorbs the second initiating energy and
emits UV energy suitable for breaking bonds of the curable
adhesive to make the dis-assembling process easier and on
demand. FIG. 3 shows a graphical depiction of this type of
assembly wherein Parts A (10) and B (20) are joined using
an adhesive containing additives that modulate a deeply
penetrating energy to cure the adhesive and that further
comprises special additives able to modulate deeply pen-
etrating radiation for the structural disintegration of the
adhesive (33).

Group 4: (Interlayering a Special Adhesive Between Two
Standard Adhesives)

Two Commercially available polymeric adhesives (of
various kinds) including 2 part adhesives, UV curable adhe-
sives and thermally curable adhesives can be used in accor-
dance to the current invention. A third adhesive (an adhesive
containing the special additive (preferably an energy modu-
lation agent and preferably in powder form)) is added in the
joint between the assemblies and subassemblies to be
bonded. The additive can be added by weight or mole
percent in the range of 1% to 30%. The Commercially
available adhesives are then co-cured with the specialty
adhesive using the recommended curing method. The 2 parts
assembly (or subassemblies) that have been joined using the
commercially available adhesive goes through its functional
life. After the functional life is over and the part is needed
to be recycled then the assembly or subassembly is exposed
to X-Ray where the special additive absorbs X-Ray energy
and emits UV energy suitable for breaking bonds of the
curable adhesive to make dis-assembling process easier and
on demand. FIG. 4 shows a graphical depiction of this type
of'assembly wherein Parts A (10) and B (20) are joined using
an adhesive containing additives that modulate a deeply
penetrating energy for the structural disintegration of the
adhesive (34), having a layer of commercially available
adhesive (41 and 42) between the adhesive (34) and each of
Parts A (10) and B (20).

In the context of the above Groups 1-4, Parts A (10) and
B (20) may be the same or different, and commercially
available adhesives (41 and 42) of Group 4 may be the same
or different.

Application Examples

The four groups of adhesives described can be used for
wide range of applications such as the bonding parts and
de-bonding of parts including:

deformable substrates attached to other deformable sub-
strates including rubber to rubber;

deformable substrates attached to solid substrates such as
rubber to metal, a semiconductor IC to a flexible substrate;
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solid substrates to solid substrates such as silicon to FR4
or composite substrates to other composite substrate.

Primers:

Another aspect of the present invention extends to special
primers whereby the special primers that adhere to both the
adhesive and the parts to be bonded is special in that it can
be processed using standard process steps with the ability to
become undone (to undergo deconstructive reactions) after
being exposed to X-Ray. At least one part needs to be primed
in this case (preferably both). In these cases both parts are
free any contamination and the recycling yield out of the
bonded parts is maximized. FIG. 5 shows one embodiment
of this aspect of the invention wherein Part A' (11) has a
primed surface primed with a special primer (50), which is
joined with Part B (20) using a commercially available
adhesive (40). FIG. 6 shows another embodiment of this
aspect of the invention wherein Part A' (11) and Part B' (21)
are both primed with special primers (51) and (52) (which
may be the same or different), and joined together on the
primed surfaces using a commercially available adhesive
(40).

Acid Digestion:

Another aspect of the present invention includes the use
of assisted chemical digestion while the article is being
exposed to the applied energy, such as X-Ray or E-Beam.
Preferably, the chemical digestion occurs in a chemical
digestion bath containing a medium and a reactive com-
pound, wherein the reactive compound interacts with the
intermediate layer between the objects to be de-bonded, in
order to accelerate the de-bonding process. Suitable reactive
compounds include, but are not limited to, various acidic
and basic compounds reactive with the intermediate layer.
Preferred reactive compounds include, but are not limited to,
mineral acids such as hydrochloric acid, sulfuric acid, and
phosphoric acid; organic acids such as formic acid and acetic
acid; alkali and alkaline metal bases, such as alkali metal or
alkaline metal hydroxides, carbonates, etc. FIG. 7 is a
graphical representation of an embodiment of the present
invention in which an embodiment according to FIG. 5 is
placed in an acid wash bath (60) during X-ray irradiation in
order to speed up the depolymerization.

Heat:

Heat can be added to speed up the kinetics of the various
chemical reactions involved in the present invention. For
example, if desired, the de-bonding process can be acceler-
ated by the application of heat to the article being treated.
The heating can be done at any desired temperature, and is
preferably at a temperature of from room temperature to
200° C., depending on the medium. Further, the heating can
be performed on the article being de-bonded during appli-
cation of the applied energy, or the article can be both
immersed in a chemical digestion bath (such as the above
noted acid wash for example), while simultaneously heating
and applying the applied energy to cause de-bonding. The
effects of the chemical digestion bath and the heating can
thus be maximized to cause accelerated de-bonding of the
objects forming the article.

Fiber Reinforced Composites:

Fiber reinforced Composites of different kinds can be
formed by a lamination process under heat and pressure. The
constituents within a given ply (or layer or lamina) of the
composites include fibers, matrix, coupling agents or coat-
ings, fillers.

The matrix can be thermosetting or thermoplastic matrix.
The thermosetting matrix can include (by way of illustra-
tion) diglycidyl ether of bisphenol A (DGEBA) epoxy resin






