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Nanosecond Laser Debonding Using an Ultrathin Absorber
Layer in a Transparent Composite: Making a Light-Powered

Exploding Bolt

Touhid Bin Anwar and Christopher J. Bardeen*

Localized heating of an adhesive interface can separate glued substrates for
recycling or reconfiguring. Light provides a way to deposit energy at this type
of buried interface, but the photon energy must still be transformed into
thermal energy. The deposition of an ultrathin (<1 um) absorbing layer before
gluing provides a way to build this photothermal capability into the bonded
structure. To demonstrate this concept, a submicron absorbing layer
composed of the dye Fluorescein 27 (F27) is applied to a poly(methyl
methacrylate) (PMMA) substrate that is glued to a second PMMA piece using
a commercial cyanoacrylate adhesive. The laser debonding is characterized as

parts of a glued object, which also necessi-
tates rupturing the adhesive bonds. A dra-
matic example of this type of mechanical re-
configuring would be an exploding bolt that
jettisons part of a spacecraft after launch.[*]

The challenge of debonding two objects
has been addressed from several different
angles. For weak adhesives, the application
of physical pressure can be sufficient to
separate the bonded objects, although this
force can also damage the objects them-

function of dye layer thickness, applied pressure, and laser pulse fluence. A
450 nm thick dye layer retained a high adhesive strength of 3.5 MPa but can
be debonded by a single 532 nm nanosecond laser pulse with a fluence <
0.7 ) cm~2. Decomposition of the absorbing layer resulted in rapid gas
evolution that left the micron-scale surface morphology of the PMMA
substrate intact. This system enabled the fabrication of an optical analog to
the exploding bolt, where a single laser pulse can impulsively separate a

structural fastener.

1. Introduction

The use of chemical adhesives is rapidly expanding due to their
low cost and light weight.['! An increasing number of everyday
objects rely on chemical adhesives to create durable, lightweight,
composite structures, from laminated solar panels to phone dis-
plays to automobile bodies. But the same adhesive properties that
make these objects so durable also make them challenging to
disassemble.?] Separation of glued substrates is often required
for recycling objects that have reached the end of their useful
lives.’] Alternatively, it may be desirable to reconfigure some
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selves. For stronger adhesives, the bonded
area can be exposed to heat or solvent in
order to melt or dissolve the adhesive.l!
This process is typically slow and requires
the bonded substrates to be exposed to the
same harsh conditions that degrade the
glue. Custom adhesives that contain pho-
tochemically active molecules can respond
to an external light source by undergoing
liquefication or polarity changes that re-
sult in loss of adhesion.l® Light-sensitive
glues show promise, but it is not clear
that their bonding mechanisms can match the performance
of standard adhesives like epoxies and cyanoacrylates. Our
group recently developed a light-based debonding strategy in
which a nanosecond laser pulse generates impulsive heating
at the adhesive-substrate interface.l”] Poly(methyl methacrylate)
(PMMA) was attached to aluminum (Al) using cyanoacrylate
(CA) adhesive, commonly known as “super glue”, to demonstrate
that a single nanosecond laser pulse could destroy the strong CA-
Al adhesive bond and separate the objects. The pulse energy was
absorbed primarily at the Al surface, which led to localized heat-
ing that disrupted both mechanical (due to surface roughness)
and chemical adhesion. Subsequent diffusion of the heat pro-
duced by the single laser pulse resulted in a negligible tempera-
ture rise across the larger assembly. Furthermore, the separation
left a minimal amount of residue on the Al surface and did not
require the use of organic solvents. We hypothesized that impul-
sive laser heating of the adhesive interface could provide a gen-
eral strategy to debond objects without the need to develop new
stimuli-responsive glues.

The CA-Al nanosecond laser debonding relied on the fact that
one of the bonded surfaces was a metal that could readily absorb
a large fraction of the incoming light and rapidly heat up. If nei-
ther substrate absorbs at the laser wavelength, then the deposi-
tion of heat at the interface becomes a challenge. Our solution
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Figure 1. Schematic illustration of how an ultrathin absorber layer sandwiched between transparent substrates can enable impulsive laser heating at

the interface and debonding.

is to insert a highly absorbing layer between the two transpar-
ent substrates that can generate impulsive heating at the inter-
face. In practice, such a layer would be applied to the substrate
before gluing as an absorber layer that resides at the interface
between the adhesive and the substrate, as outlined in Figure
1. This absorber layer must fulfill several requirements. First,
it must be ultrathin so that it does not interfere with the me-
chanical adhesion, allowing it to maintain close to the original
adhesive strength. Second, it must provide high absorption at
the laser wavelength, and efficiently convert the incident photon
energy to heat. If successful, this strategy should make it pos-
sible to generalize the laser debonding method across a larger
class of materials that are transparent at the debonding laser
wavelength.

In this work, we show that submicron films composed of the
dye Fluorescein 27 (F27) can fulfill this role. In aggregated form,
this dye can provide a homogeneous coating that provides high
absorption accompanied by rapid heat generation. To demon-
strate the concept in Figure 1, a commercial CA was used to glue
a transparent PMMA substrate to a second PMMA piece with
an ultrathin dye layer. Debonding of this composite structure by
532 nm laser pulses was characterized as function of film thick-
ness, applied pressure, and laser pulse fluence. In addition to
surface melting, the mechanism of debonding appears to involve
the decomposition of the F27 layer accompanied by explosive gas
evolution. The micron-scale morphology of the PMMA substrate
was not significantly changed by the impulsive debonding pro-
cess, demonstrating that this method causes minimal damage to
the bonded surfaces. The ability to initiate a single-shot debond-
ing of two PMMA pieces allowed us to create transparent plastic
bolts that can be severed using light. Our results show that the
nanosecond laser pulse debonding method has the potential to be
applied to any substrate where an ultrathin absorbing layer can
be applied, without requiring that one of the substrates absorb
the laser light itself.
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2. Results and Discussion

To apply the absorbing layer, we had to take PMMA's vulnerabil-
ity to hydrophobic solvents into account. To prevent dissolution
and cracking of the PMMA surface,®! we used a hydrophilic sol-
vent system (ethanol/water) to apply the absorber layer. We first
attempted to spin-coat aqueous suspensions of traditional pho-
tothermal absorbers like carbon nanotubes and gold nanoparti-
cles but found these particles aggregated during the coating pro-
cess, leading to spatially heterogeneous films that did not sup-
port strong adhesion or effective debonding (Figure S2, Sup-
porting Information). Ionic dyes like Rose Bengal, Malachite
Green, and F27, on the other hand, provided much more homo-
geneous coatings when deposited from ethanol-water mixtures
(Figure S3, Supporting Information). The xanthene dyes have the
additional advantage of extremely large absorption coefficients,
on the order of 10° Mm~'cm™, near the 532 nm output wave-
length of our nanosecond pulsed laser. Finally, xanthene dyes
have high thermal stability [°! and high photostability under low
light conditions,!*%! so they provide a built-in debonding capabil-
ity that should last for years under ambient conditions. Because
of these properties, we concentrated on this class of dyes, specifi-
cally F27, to create the ultrathin absorber layer for the debonding
experiments.

F27 has two acid groups that can be deprotonated to make it
more soluble in hydrophilic solvents and modify its absorption
properties.['!] We found that the best coating and adhesion prop-
erties were obtained when one molar equivalent of NaOH was
added to the F27/ethanol solution. Figure 2a shows the SEM Im-
age of a spin-cast F27 film on a smooth PMMA surface, while an
optical image is shown in Figure 2b. Both images show homo-
geneous and smooth films, without visible aggregates or parti-
cle formation. The reason that a basic NaOH/F27 solution yields
such homogeneous amorphous films is not clear, but we sus-
pect that partial deprotonation provides a good balance between

© 2024 Wiley-VCH GmbH

od ‘0 ‘8T0E9191

sdy woxy

ASUIDIT SUOWIWOD) 2ANEAI) d[qedtidde ayy Aq PaUIaA0S d1e SA[ONIR YO 195N JO I[N 10J AIRIqrT AUIUQ A[IAL UO (SUONIPUOD-PUR-SULIAN/W0D" K1 ATRIQI[AUIU0//:5dNY) SUONIPUOD) pue SULIDY, 3y} 23S “[$Z0Z/80/1T] U0 A1eIqIT aunuQ AS[IA * BIUIOJIED) JO ANSIOANY) - Udapieg 1oydoisty) £q 08001H20T WIPL/Z00T 01/10p/Wod" KA[IM"



ADVANCED
SCIENCE NEWS

MATERIALS

www.advancedsciencenews.com

VEGA3 TESCAN

SEM HV: 5.0 kV WD: 10.97 mm
SEM MAG: 2.01 kx Det: SE 20 pm

View field: 138 ym  Date(m/dly): 04/15/24 University of California Riverside

www.afm-journal.de

Figure 2. SEM a) and optical b) images of the absorber layer F27 (0.114 m) spin coated onto a smooth PMMA substrate. F27 film occupies the right

side of the images.
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Figure 3. a) UV-vis absorption spectra of F27 layers deposited onto smooth PMMA surfaces. Inset shows normalized spectra, with no change in
spectral shape. b) Peak absorbance measured at 515 nm (black) and profilometer thickness measurements (red) of spin-coated films (different precursor
concentrations) of F27. The different layers were spin-cast from F27 solutions with different concentrations.

solubility and aggregation during the spin coating process. Par-
tial ionization of the dye may also enhance its interaction with the
polar polymer surface, similar to what has been observed for xan-
thene dyes on polystyrene.['?] We also tested films spin cast from
ethanol solutions containing fully protonated F27 and fully de-
protonated disodium F27, but in both cases, the films were much
more heterogeneous (Figure S4, Supporting Information).
Variable thickness F27 coatings on the smooth PMMA sur-
faces were created using precursor solutions with different ini-
tial concentrations of F27. The absorption spectra of these films,
after subtraction of a scattering background, are shown in Figure
3a. For all the film spectra, the intensity of the peak at 470 nm
was enhanced relative to the solution spectrum, indicating the
presence of molecular aggregates as seen both in solution [13]
and on surfaces."™ This spectrum was constant for different
film thicknesses (Figure 3a, inset), while the peak absorbance
increased linearly with precursor concentration (Figure 3b). The
film thicknesses were measured using a surface profilometer and
also increased linearly with dye concentration, as also shown in
Figure 3b. The profilometer traces showed considerable height
variation across longer length scales (Figure S5, Supporting In-
formation) and so these thicknesses should be taken as rough
estimates for the coatings on the rough PMMA substrates. How-
ever, the data clearly show that as the F27 concentration in the
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precursor solution increased, the absorbing film thickness in-
creased from 50 to 900 nm.

In order to make transparent PMMA substrates that could be
strongly bonded together by the CA adhesive, their surfaces had
to be roughened. To accomplish this in a reproducible manner,
we used a lathe treatment to create concentric trenches in the
PMMA surface with a peak-to-trough height of 6-7 microns and
a radial spacing of #100 um Figure S5 Supporting Information.
We checked that spin coating the F27 solutions onto these rough-
ened substrates gave rise to similar absorption behavior, albeit
with a larger scattering background (Figure S6, Supporting In-
formation). A ~100 um thick layer of CA ] was used to bond
the two roughened PMMA surfaces, one of which had the F27
absorber layer applied. The adhesive strength was then evalu-
ated using an axial butt-joint test using variable applied pres-
sure. The maximum pressure under which the joint survived for
12 h is reported as the adhesive strength. Without the absorb-
ing layer, the adhesive strength was 10 MPa, typical of a “su-
per glue”. As the F27 layer thickness increased, the adhesion
strength declined but remained in the MPa range, as shown by
the plot of the detachment pressure P, ;, as a function of thick-
ness in Figure 4. In all cases, the adhesion failed at the inter-
face between the CA and PMMA while the glue layer remained
intact.
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Figure 4. The pressure at which detachment occurred (P,,,.,) in an ax-
ial butt joint adhesion test for different film thicknesses (estimated from
profilometer measurements on smooth PMMA films) of F27 on a rough
PMMA surface. The precursor solution concentrations that gave rise to the
different thicknesses are (from left): 0, 0.023, 0.055, 0.114, and 0.228 m).
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Figure 5. The detachment probability (fyepong) Versus laser pulse fluence
Epuise for two different P, loading conditions. These measurements were
done using an F27 absorber layer created by spin casting a film from a
precursor solution with [F27] = 0.114 M (nominal thickness 450 nm) and
a 5 ns laser pulse at 532 nm.

We next performed single-shot laser experiments to determine
whether the ultrathin absorber films could enable debonding. For
the laser debonding experiments, we used a precursor solution
with [F27] = 0.11 M, which generated a 450 nm thick film with
a peak absorbance of 1.6. This sample could be debonded by a
single laser shot at 532 nm with a fluence of 0.7 ] cm™2, even in
the absence of applied pressure. Thinner films provided stronger
adhesion but could not be debonded with a single laser shot in
the absence of applied pressure. For the 450 nm thick absorber
layer, the laser fluence required for debonding decreased as the

applied pressure, P,,,, increased. Figure 5 shows two examples
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of how the fraction of samples that debond (f},,,,;) depends on
the laser pulse fluence E,,, for fixed values of P,,,. Similar to
our results with Al, both curves show a clear threshold behavior
that can be described using a sigmoidal curve of the form.[”]

1
1+ exp [(_k(E - Edebond)]

1)

fdebund =

where k is the steepness constant and E,,;,; is the energy flu-
ence threshold for debonding. Fits using Equation (1) are overlaid
with the data in Figure 5, with Ej,,;, = 0.038 ] cm™ for P, , =
3.5 MPa, and E,,,,,y = 0.227 ] cm™* for P, = 0.5 MPa. For both
fits, k was set to 475 cm? J~1. Varying k by a factor of 2 did not
change the quality of the fit or the value of Ej,, ;. As expected,
a bond subjected to higher applied pressure can be broken with
lower laser fluences. We did not characterize in detail the depen-
dence of Ey,,s o0 P, but this limited date set suggests that itis
qualitatively similar to that observed for PMMA-CA-Al system.!”]

A comparison of the absorption spectra of a PMMA substrate
before and after laser impact (Figure 6a) shows that the F27
absorbance completely vanishes after a single laser pulse. Re-
markably, the destruction of the dye layer is not accompanied
by largescale changes in the PMMA surface morphology. SEM
images of the PMMA surface before coating, after coating, and
after laser debonding all show the characteristic ridges imparted
by the lathe (Figure 6b—d). The main difference is the presence
of small (<50 um) debris particles scattered across the surface
of the debonded sample (Figure 6d). These particles are likely
melted PMMA and/or combustion products from the F27. There
is no evidence of largescale melting that would smooth the sur-
face ridges. On the other hand, if a continuous wave 532 nm laser
was directed onto the adhesive bond, absorption and heating over
the course of 20 s eventually caused the bond to fail, but this only
occurred after the PMMA surface had completely melted, remov-
ing all traces of the original morphology (Figure S7, Supporting
Information).

The creation of reasonably strong adhesive bonds (3.5 MPa),
combined with the ability to separate them using a single
nanosecond laser pulse, opens up some new capabilities. We
constructed a PMMA bolt whose head was attached using CA
glue and the absorber layer. This bolt could be inserted through
holes drilled in two PMMA beams and a steel nut attached to its
threaded end, as shown in Figure 7a. Given the 3.5 MPa adhe-
sive strength of the absorber-CA bond, a bolt with a total mass
of 0.5 g and a shank diameter of 5 mm could suspend up to
7.5 kg against gravity. When a single nanosecond laser pulse was
directed through the head of the bolt, it caused the head to de-
tach from the shank, which in turn caused the beams to sep-
arate, as shown in Figure 7b,c in Video S1 (Supporting Infor-
mation) in the Supporting Information. The separation occurred
within a fraction of a second (faster than the 20 ms resolution
of the video camera). This light-powered analog to an exploding
bolt also functioned when submerged in water. Although the F27
layer is water soluble in principle, we did not observe any change
in the bond strength when submerged in water for 1 h. The
rate of dye dissolution from the edges of the absorber layer into
the water was apparently negligible on these timescales. When
the submerged bolt was exposed to a laser pulse, it was possi-
ble to visualize both rapid bubble formation and dye release into
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Figure 6. a) Absorbance of a 400 nm thick spin-coated F27 layer on a rough PMMA substrate before (black) and after (red) irradiation by a single laser
pulse with E,,, = 0.7 ] cm~2. b) Roughened PMMA surface before spin coating. c) Roughened PMMA surface after spin coating with F-27. The contrast

ulse
has changed due to the different conductivity of the dye layer. d) Roughened PMMA surface with dye layer after irradiation with a single laser pulse at
532 nm with E,y,, = 0.7 ) cm™2.
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Figure 7. a) Schematic diagram of PMMA bolt holding two plastic beams separating with a single shot laser pulse. Photographs of the PMMA beam
assembly before b) and after c) a single laser pulse (532 nm, 0.7 | cm™2) separates the bolt, causing the bottom beam to fall. d) Schematic diagram of
PMMA bolt separation underwater. Photographs of the plastic bolt before e) and after f) a single laser pulse (532 nm, 0.7 | cm~2) separates the bolt,
generating bubbles and dissolved dye.
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the surrounding water after the separation event, as shown in
Figure 7e,f, and in Video S2 (Supporting Information).

The single-shot laser debonding relies on the ability of the
F27 layer to transform the incident laser light into heat on
the nanosecond timescale. Although individual F27 molecules
isolated in solution have high fluorescence quantum yields of
0.96,11%1 fluorescein aggregates have very low fluorescence quan-
tum yields,!'**'7) and nonradiative relaxation that turns the pho-
ton energy into heat becomes dominant. The amount of heat de-
posited during the 5 nanosecond pulse can be roughly estimated
by assuming every F27 molecule absorbs one photon during the
pulse. If we assume a dye density of 1.5 g cm~3['8] and a molec-
ular weight of 401.2 g mol™!, we can estimate that an energy
density of #1000 ] cm™ is deposited during the pulse. Given
PMMA’s low thermal diffusivity of #1073 cm? s71,[*%] this heat
will only diffuse over 50 nm during the pulse, effectively localiz-
ing it at the absorbing interface. Taking the heat capacity of the
absorber layer to be similar to that of PMMA (1.5 J g=! K1),120]
this energy density will lead to a temperature jump of ~650 K,
which is sufficient to pyrolyze organic molecules.?!l Thus we ex-
pect this heating to not only melt the glue and substrate, but also
to produce a high-temperature gas expansion.

Several experimental observations are consistent with rapid,
localized thermal decomposition of the organic dye layer. The
lack of extensive damage or deformation of the PMMA surface
trenches suggests that substrate melting does not play a deci-
sive role in the debonding. The observation of gas evolution in
the underwater experiments, in the form of bubbles, is consis-
tent with the decomposition of F27 into gas phase molecules.
Previous work has shown that pyrolysis of fluorescein produces
gaseous CO, O,, and small alkenes,!??] while photochemical de-
composition also yields CO and CHOOH.[2*] Direct characteriza-
tion of the volatile decomposition products would provide insight
into the chemical mechanisms of debonding and will be the sub-
ject of future work. Rapid gas expansion is consistent with the
fact that the laser impact could actually propel the body of the
screw upward after debonding. The amount of force generated
by superheated gas produced by chemical decomposition and va-
porization can be significant, with up to several percent of the
incident laser energy being converted to kinetic energy of the ab-
sorbing piece.l?*! Given these observations, we hypothesize that
the rapid thermal decomposition of the absorber layer leads to
two outcomes. First, physical contact between the CA and PMMA
layers is lost as the intermediate absorber layer decomposes. Sec-
ond, the expanding gas products of this decomposition provide
an extra force that helps rupture any remaining bonds. Deter-
mining the relative importance of these two effects, along with
the chemical pathways for gas generation, will be a subject for
future work.

Although it has the advantages of being rapid, nondestructive,
and compatible with strong adhesives, we should also note that
nanosecond laser debonding has some limitations. First, the light
must be able to directly access the adhesive interface, which re-
quires that at least one substrate be transparent to the laser wave-
length. Second, it is irreversible in the sense that the adhesion
cannot be recovered without applying a new layer of glue. Third,
the insertion of an absorbing layer weakens the bond by ~50%
by decreasing the interfacial strength. Whether this is accept-
able will depend on the application, but it is clear that adding
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the debonding capability comes at a cost to the initial adhesive
strength.

3. Conclusion

In this paper, we have shown that the nanosecond laser debond-
ing method can be extended to transparent substrates. The de-
position of an ultrathin (<1 um) absorbing layer before gluing
can maintain reasonably strong adhesion while building in a way
to induce rapid bond failure through the application of a pulsed
light source. In this work, the absorbing layer is composed of F27
dye aggregates which combine high absorbance with efficient
photothermal degradation. For example, a 450 nm thick F27 layer
retained an adhesive strength of 3.5 MPa while enabling single-
shot debonding with a 532 nm nanosecond laser pulse with flu-
ences on the order of 0.7 ] cm™2 or less. Remarkably, this debond-
ing did not melt or damage the PMMA surface to a significant
extent. This system enabled us to design an optical analog of the
exploding bolt, where a single light pulse caused rapid separation
of the bolt accompanied by structure dismantling. Although we
have focused on the PMMA-CA-PMMA system to demonstrate
the general concept, it should be applicable to a wide range of
adhesives and substrates. The challenge will be to find a combi-
nation of molecular absorber and layer thickness that is compati-
ble with the transparent substrate while preserving an acceptable
level of adhesive strength. A submicron-thick conformal absorber
coating is all that is needed to transform an irreversible bond into
a reversible bond, without the need to develop completely new
adhesives. This capability could be built into glued structures so
that they can easily be disassembled by a laser for recycling or
reuse.

4. Experimental Section

Sample Preparation: Cyanoacrylate (CA) adhesive (3 M Scotch-Weld
Instant Adhesive CA8) was used to glue two transparent poly(methyl
methacrylate) (PMMA) substrates purchased from McMaster-Carr (part
number 8531K23). 2',7’-dichloro-3',6’-dihydroxyspiro[2-benzofuran-3,9'-
xanthene]—1-one, commonly known as Fluorescein 27 (F27), was pur-
chased from Lambda Physik (stock number LC 5530). Ethanol (200 Proof)
was purchased from Fisher Scientific-USA (Catalogue number BP2818).
The disodium salt of F27 was purchased from Tokyo Chemical Industry-
USA (stock number D0424).

To prepare samples for adhesion testing, a PMMA disk, roughened by
a lathe treatment to improve adhesion, was wiped with a solution of 30%
isopropyl alcohol in water. A basic solution of F27 was prepared by dissolv-
ing F27 in ethanol and adding a volume of aqueous NaOH solution (0.6 m)
to achieve a 1:1 molar ratio. A typical sample involved mixing 3.6 mL of an
ethanol solution with 0.11 M F27 with 0.61 mL of 0.6 m NaOH in water.
The F27 dye solution was spin-coated onto the PMMA disk with a spin
coater (WS-400B-6NPP/Lite, 60 uL, 1000 RPM, 30 s) and left to dry for
15 min. The CA adhesive was then drop-cast on the spin coated surface,
and a threaded PMMA cylinder was pressed onto it. The sample was left
to cure in air for at least 24 h. Additional preparation details are provided
in Figure S1 (Supporting Information).

Characterization: ~ Scanning electron microscope (SEM) images were
acquired using a Nova NanoSEM (NNS450 SEM). A Leica DM2700 M mi-
croscope was used for optical imaging. For UV—vis absorption measure-
ments of solid dye films, the dye solution was spin-coated onto the PMMA
substrates. An Agilent Cary 60 UV-vis spectrophotometer was used to take
the absorption spectra. Surface profile measurements for spin-coated dye
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layer thickness for different concentrations were acquired with a Stylus
Profilometer (Veeco Dektak-8).

Pulsed Laser Debonding: A custom-built experimental setup was used
to measure the adhesive strength of the glued samples and character-
ize the laser-based debonding, as detailed in the previous work.[7] Briefly,
a pulley system was designed and integrated with a nanosecond (5 ns)
pulsed laser (Amplitude Surelite 11-10) with a single shot capability. The
wavelength was changed from the fundamental at 1064 nm (maximum
pulse energy ~685 mJ) to the second harmonic at 532 nm (maximum
pulse energy ~285 m)) by frequency doubling. The laser fluence was at-
tenuated by delaying the Q-Switch to reduce the power. The pulse energy
was measured with a power meter (Newport 843-R). A number of samples
(3-5) were tested at each pulse energy to determine fy,,,4- Multiple sam-
ples were also used for different adhesion pressure tests, with the average
value being reported. The variation between samples was on the order of
10%, so a full statistical analysis was not performed.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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