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ARTICLE INFO ABSTRACT

Keywords: Laser ablation propulsion (LAP) represents a promising approach for nano-satellite propulsion, owing to its high
Laser ablati_on Pr"P‘ﬂSifm exhaust velocity and the possibility of remote thrust generation. Polymeric materials are particularly attractive as
Nano-satellites propulsion LAP targets due to their low ablation thresholds and possible high laser impulse coupling coefficients. In this

Confined laser ablation
Immiscible polymer blends
Laser thermal decomposition

study, polymeric films based on immiscible blends of polyamide 6 (PA6) and polybutylene terephthalate (PBT)
are investigated with the aim of enhancing impulse generation through confined laser ablation. The intrinsic
immiscibility of PA6 and PBT gives rise to a sea-island microstructure which is exploited to promote the spon-
taneous formation of a confinement layer during laser irradiation. The blend morphology and optical absorption
properties were characterized by scanning electron microscopy and UV-Vis spectroscopy, respectively, while
impulse generation under vacuum conditions was quantified using a custom ballistic pendulum. By tuning the
PBT concentration, an optimal composition was identified at which the onset of confined ablation coincides with
surface layer detachment and a maximum in the generated impulse. These results demonstrate that the sea-island
microstructure plays a critical role in enabling spontaneous confinement effects, offering a viable strategy for the
design of advanced polymeric targets for laser ablation propulsion.

1. Introduction opposite direction on the target, because of momentum conservation
[4]. The impulse generated by the laser hitting the target is therefore
The New Space Economy is making space environment accessible to defined as:

several organizations, driving a surge in nano-satellite launches and
enabling full Earth coverage and rapid data updates through satellite
constellations [1]. This was made possible by the advent of microelec-
tronics, leading to the possibility of manufacturing lighter nano-
satellites, e.g., CubeSats, allowing a democratization of space [2]. In the
meantime, the small size of these devices demands new propulsion
systems for orbit correction, preferably not included in the satellite itself
for mass and size limitations. In contrast, this phenomenon is leading to
progressive Earth orbital congestion, causing collisions between satel-

J=mgv, [uN s (@]

where m, is the ejected mass while v, is the exhaust velocity. While in the
case of space debris mitigation it is not possible to optimize the target
material, the choice of the most suitable material in nano-satellite pro-
pulsion is of paramount importance. Laser-impulse coupling coefficient
(Cm), is one of the main parameters to be considered in the choice of a
material for a specific mission. It is defined as in Equation (2):

lites and leading to a severe increment of space debris [3]. c generated impulse _J {M} @
Laser ablation propulsion (LAP) is gaining interest thanks to its ad- - laser energy E|J

vantages with respect to conventional propulsion techniques, relying on

the possibility to propel objects far from the laser source thanks to the Crm describes the amount of laser energy a material requires to generate a

high ejection velocity of ablated products that generate thrust in the given mechanical impulse, and it is a function of laser fluence. Along
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with Cp,, the propulsion performance can also be described in terms of
specific impulse (I;,), defined as:

_J
m.8&o

=

3
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With gy the gravity acceleration on Earth. I, relates the generated im-
pulse with the amount of ejected mass, and indicates its ejection velocity
during ablation. Finally, a third parameter that allows to describe the
impulse generation process is its energetic efficiency (i), that is defined
as the ratio of the kinetic energy of the ejected mass to the laser energy.
It can be written as:

1
n= ECmIsng 4)
In nano-satellite propulsion, polymers emerge as good candidates rather
than metals, due to their higher values of Cp,, thanks to their lower
ablation threshold [5]. Among the most widely used polymers, poly-
oxymethylene (POM) [6,7], polytetrafluoroethylene (PTFE) [8], poly-
vinylchloride (PVC) [9,10], and glycidyl azide polymer (GAP) [11] have
been studied for the application. Additionally, different strategies have
been studied to increase the laser impulse coupling coefficient, such as
including laser absorbers like carbon nanoparticles in polymeric
matrices [9]. This strategy has also been extended by including metallic
nanoparticles in polymers [12] or by reinforcing the polymer matrix
with a metallic mesh [13]. In all these cases, the goal was to enhance the
optical interaction of a polymer matrix with the laser by including
localized absorbers, a procedure that proved to be effective in improving
plasma expansion and thrust generation. Among the alternatives, either
multilayer structures [10,14] or materials capable of delivering spon-
taneous confinement effects have been explored [15], inducing
confinement effects in the ablation process to increase the generated
impulse.

In both cases, the impulse enhancement is obtained by the presence
of a transparent material initially blocking the expansion of the plasma
produced during ablation, and thus favoring pressure increase until the
transparent layer is violently expelled [16]. This effect was largely
studied in the case of metals [16-19], but it still requires study in the
case of polymers.

In our previous work [15], we observed the spontaneous formation
of a confinement layer during the irradiation of a nanocomposite ma-
terial containing poly (lactic acid) (PLA), poly(1,12- dodecamethylene
2,5-furandicarboxylate) (PDoF), and reduced graphene oxide (rGO) as
filler. In that case, the formation of the confinement layer was attributed
to the formation of a sea-island microstructure in which a transparent
PLA matrix surrounds volumes of PDoF + rGO that strongly absorb the
laser radiation. However, the generalization of the suggested mecha-
nism to other materials with a similar structure and different fabrication
procedures was still lacking, along with a more detailed description of
the role of the thickness of the matrix, which in the case of [15] could not
be modified. Additionally, the role of strongly absorbing rGO filler in the
process was still not well defined, since its absence prevented completely
the formation of the confinement layer.

The goal of this work was therefore to reproduce a sea-island
microstructure with similar optical properties while avoiding the use
of carbonaceous fillers, to prove that the spontaneous formation of a
confinement layer can also be reproduced by exploiting intrinsic prop-
erties of immiscible polymer blends. To this aim, polyamide 6 (PA6) was
chosen as the matrix, due to its low absorption to the laser wavelength
used here, while polybutylene terephthalate (PBT) was chosen as a
strongly absorbing phase. The choice of this pair of polymers was also
driven by their immiscibility, which led to the formation of the desired
sea-island structure. The composition of the blend was also changed in
order to investigate how the thickness of the transparent matrix affected
the mass ejection process. Additionally, the synthesis of the samples was
performed through melt compounding and hot pressing, as a possible
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scalable technique to obtain larger films. The microstructure of the
prepared samples was examined using scanning electron microscopy
(SEM), while optical absorption was analyzed via UV-Vis spectroscopy.
A custom ballistic pendulum system allowed the measurement of im-
pulse generation under vacuum laser ablation, and of the ablated mass
[20]. Subsequently, the propulsion parameters C, Iy, and 7 were eval-
uated for a comprehensive propulsion analysis of the system, and the
ablation mechanism was discussed thoroughly.

2. Methods
2.1. Materials

Polyamide 6 (PA6) Radilon® S24 100 NT granules were supplied by
Radici Group s. p.a. (Gandino, Bergamo, Italy). A melting point of 223 °C
and a glass transition at around 53 °C were measured by differential
scanning calorimetry (DSC). Polybutylene terephthalate (PBT) Pocan®
B110 was provided by Lanxess s. r.l. (Segrate, Milano, Italy) in the form
of pellets. It shows measured (by DSC) glass transition temperature of
43 °C and melting temperature of 225 °C. These specific materials were
chosen for the application due to their immiscibility, to their similar
melting points, granting easy processability through melt compounding,
and due to their differences in optical absorption, which were evaluated
through the analyses described in Paragraph 2.3.

2.2. Preparation of blend films

The blends were prepared via melt compounding in controlled con-
ditions in a Thermo Haake® Rheomex internal mixer at 230 °C for
10 min at 60 rpm to ensure proper mixing. Materials were pre-dried
overnight in vacuum conditions at 80 °C to reduce moisture content.
After blending, the compounded materials were hot-pressed in a Carver
laboratory press, applying 7 tons for 5 min. In the end, films with
thicknesses ranging from 50 to 100 pm were obtained. All the prepared
nominal compositions are reported in Table 1.

2.3. UV-visible spectroscopy

UV-Visible spectroscopy was utilized to measure the laser absor-
bance of the polymeric films and the absorption coefficients of the single
components, which were evaluated according to the Lambert-Beer law:

I(h) =1, exp(—ah) 5)
Where I, and I(h) are respectively the incoming and the transmitted
intensity, h is the length of the optical path and « is the absorption co-
efficient. This analysis allows the assessment of the effect given by
adding PBT to the optical properties of PA6. The measurements were
carried out at the used laser wavelength of 266 nm, using a Varian Cary
5000 spectrophotometer.

2.4. Microstructural analysis

The cross-section morphology of the polymeric films was analyzed
via a Carl Zeiss® Supra field emission scanning electron microscopy

Table 1
Nominal compositions of prepared blends.

Sample PA6 [wt%] PBT [wt%]
PA6 100 0
PAG6:PBT (99:1) 99 1
PA6:PBT (98:2) 98 2
PA6:PBT (95:5) 95 5
PAG6:PBT (80:20) 80 20
PAG6:PBT (60:40) 60 40
PBT 0 100
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(FESEM). Samples were fractured in liquid nitrogen to ensure a fragile
fracture and to promote the formation of a flat fracture surface. The
analyzed surfaces were covered with a Pt/Pd layer to make them elec-
trically conductive. This analysis was performed to observe the misci-
bility between the two polymers and to correlate this information with
impulse measurements. Image analysis was also performed on the ac-
quired cross-sections by using ImagelJ to estimate the average size of PBT
domains and their relative distances. Additionally, FESEM was used to
analyze the morphology of the surface of the ablated craters, to assess
the effects of the materials-laser interaction after the ablation process.

2.5. Impulse measurement

The impulse produced during ablation was quantified using the
experimental setup and data analysis procedure described in detail in
Ref. [20], for laser fluences ranging from 0 to 7 J cm 2. Laser fluence
was selected both by changing laser pulse energy, as measured by an
energy meter, and by varying the laser spot and changing the distance
from the target of a lens with a 200 mm focal length. To cover this
fluence range, two different laser spot areas (Ajrqdiazed) Of 3.74 0.1 mm?
and 1.0 + 0.1 mm? were used, measured through the analysis of optical
microscope images of the ablation craters. To account for differences in
the magnitude of the ablated area, impulse per unit area was considered,
allowing to obtain coherent impulse curves as a function of laser fluence.
The experimental apparatus is depicted in Fig. 1.

The measurement method relies on detecting the change in angular
momentum of a ballistic pendulum, induced by the mechanical impulse
imparted upon it. The fourth harmonic of a Nd:YAG laser (Litron TRLi-G
850-10), emitting at a wavelength of 266 nm with a pulse duration of 5
ns, was used for the measurements. The pendulum oscillates before and
after the impulse event, with typical amplitudes of less than 1°. To
accurately track these oscillations, a probe laser is directed at a mirror
mounted on the top of the pendulum. The motion of the reflected probe
beam across a graduated scale is recorded using a high-speed camera
operating at 1000 frames per second. This setup effectively creates a
long optical arm, which enhances the detection of small angular
displacements.

By analyzing the pendulum motion as a function of time, both before
and after the application of the impulse, it is possible to determine the
exact moment at which the impulse occurs. From this, the resulting
change in angular velocity (Aw) can be calculated. Given that the im-
pulse acts orthogonally to both the target surface and the pendulum
rotational axis, the change in angular momentum can be expressed as:

_TAw
Tor

J (6)

Here, J represents the mechanical impulse, I the moment of inertia of the
pendulum, and r the radial distance from the axis of rotation of the
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Fig. 1. Scheme of the experimental apparatus used for impulse measurements.
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pendulum to the center of the irradiated spot where the force is applied.
Both r and I are determined through image analysis, as outlined in
Ref. [10].

A significant advantage of using a ballistic pendulum for impulse
measurements is that it does not require calibration of the apparatus,
thereby eliminating potential calibration-related errors. As detailed in
Ref. [10], the experimental uncertainties are assessed by estimating and
propagating individual error sources throughout each stage of the
analysis. Due to the reduced thickness of the prepared polymeric films,
the samples were fixed with double-sided tape on a laboratory glass slide
acting as a support, which in turn was fixed to the ballistic pendulum. All
measurements were conducted under high vacuum conditions, with
pressures maintained below 10~* mbar. To ensure consistent experi-
mental conditions and uniformity of the target material, the ablated
region on the polymer surface was shifted after each laser pulse, thus
avoiding multiple exposures of the same area, except during
multiple-irradiation measurements.

2.6. Ablated mass measurement

To measure the ablated mass, thin film specimens were weighed
before and after irradiation through multiple pulses. To avoid any
variation in the environment with respect to impulse measurements, the
samples were fixed on the same ballistic pendulum as previously
described. For each laser fluence selected, a certain number of shots
(nsnots) ranging from 40 to 120 was used, depending on the irradiation
area. A new region was irradiated at each shot, exactly as for impulse
measurements, with the difference that in this case the pendulum was
held stationary. The ablated mass per unit area (Am) was estimated for
each composition, at each fluence as:
m; —my

Am=——"—
Mshots Airradiated

)

where m; is the mass before irradiation, my is the mass afterwards, both
measured by means of a balance with 10~° g resolution. Equation (7)
allows to compare the results of Am based on the different laser fluences,
which are obtained by changing laser pulse energy and A;qgigred- Errors
in the measurements are related to the balance resolution and to the
actual crater areas.

3. Results and discussion
3.1. UV-visible spectroscopy

UV spectroscopy measurements provide information on the optical
interaction between PA6 and PBT with the laser. From the measure-
ments, it emerges that, at the investigated laser wavelength, PA6 is more
transparent than PBT. This was confirmed by the measurement of the
absorption coefficients, namely apsg of 553 cm ™! and appr of 3448 cm L.
Due to these differences, it is expected that when irradiated, PA6
partially allows the transmission of radiation, while a large part of the
radiation is absorbed by PBT, so that its ablation process is expected to
occur in much shorter times, due to the higher heating rate.

3.2. Cross-section microstructure

SEM images of the cryo-fractured cross-section of the prepared films
before irradiation are reported in Fig. 2(a—e). The microstructure por-
trayed by all compositions has a sea-island morphology, typical of
immiscible blends. Notably, in all the samples, spherical domains of PBT
appeared uniformly dispersed in PA6. Analysis of the SEM images of the
cross-section shows that, by increasing the amount of PBT, domains
become larger and closer to each other, as presented in Fig. 2(f). This
contributes to increasing the number density of laser absorption sites
and of the interfaces between PA6 and PBT, where the laser is expected
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Fig. 2. SEM images of the cross-section of the prepared films with increasing amount of PBT. a) 1 wt%, b) 2 wt%, c) 5 wt%, d) 20 wt%, e) 40 wt%. f) Plot of the
average diameters of PBT domains according to the blend composition, and distance among them, obtained from image analysis. Uncertainties are estimated by
propagation of the error in the calibration lengths in the image and of the standard variation of the radii of the PBT volumes.

to be absorbed. At the same time, a reduced distance between PBT do-
mains indicates a thinner PA6 matrix surrounding them.

The observed microstructure of the prepared materials is similar to
the one presented in Ref. [15], where the formation of a confinement
layer was obtained during laser irradiation. In that work, the ratio be-
tween the two mixed polymers was fixed, and the observed behavior was
a function of the amount of the filler, which was present either only
inside spherical domains or also inside the matrix. In this case, no filler is
present, while the ratio between the two polymers is changed.

3.3. Impulse measurement

Fig. 3(a) shows the impulse generated after irradiation of some
different compositions of the PA6:PBT blends, as a function of the laser
fluence. In the case of PA6, no impulse is measured for fluences below ~
3 J ecm™2, due to its low laser absorption, while with PBT concentrations
as low as 1 wt%, an increase in impulse generation can be observed. In
this low concentration range, all impulse curves show a similar shape,
and impulse increases with PBT content because of a reduction in the
fluence threshold for impulse generation(Fy,). This is well visible in
Fig. 3(b), presenting the values of Fy, estimated by performing a linear fit
on the initial increasing part of impulse curves. The decreasing trend of
Fy, with PBT concentration shows that when the number density of
absorbers increases, absorbed laser energy is used more efficiently to
reach ablation [9].

With a further increase in PBT concentration, a different behavior in
the impulse curves can be observed, as depicted in Fig. 3(a), showing an
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abrupt increase in the impulse at the minimum fluence. As it is also
confirmed from Fig. 3(b), in this higher concentration range, starting
from PA6:PBT 80:20, no further decrease in Fy, is observed, indicating
that, below this limiting fluence, laser energy becomes too low even to
reach a temperature increase able to promote evident ablation processes
of PBT. An analogous mechanism was described in Ref. [9].

An interesting aspect emerges when comparing the mechanical im-
pulse behavior, as a function of laser fluence, for various PA6:PBT ratios.
The impulse value of neat PBT always prevails up to approximately F =
2Jcm~2, after which it is exceeded by targets with mixed PA6:PBT
compositions.

This behavior is well summarized by Fig. 3(c), which shows impulse
measured at fixed fluence values as a function of PBT concentration. For
fluences lower than 2 J cm 2, the generated impulse grows with PBT
concentration, reaching a constant value. In the case of higher fluences,
it can be observed that the impulse rapidly increases with PBT concen-
tration, reaching a maximum at 5 wt% of PBT. This result indicates the
existence of an optimal PBT concentration for which the impulse is
maximized, suggesting that the material's microstructure and composi-
tion ratios play a role in the impulse generation process. More generally,
by comparing these results with the cross-section images in Fig. 2, it is
possible to assess that the number density of PBT volumes and the
thickness of the PA6 matrix surrounding them affect the ablation
mechanism and the mass ejection process.

Cn curves are presented in Fig. 4. The low values of Fy, observed in
case of high PBT concentration lead to a maximum C, value at fluences
lower than 1J cm—2, as visible in the case of neat PBT and PA6:PBT
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Fig. 3. a) Impulse measurements on the PA6:PBT samples. Impulse curves
corresponding to PA6:PBT 98:2 and PA6:PBT 80:20 are not shown for clarity. b)
Fluence threshold for impulse generation as a function of PBT concentration. c)
Generated impulse at fixed fluence as a function of PBT concentration. Non-
visible error bars are smaller than the marker.
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Fig. 4. Cy, curves for some of the samples investigated. Non-visible error bars
are smaller than the marker.

60:40. Reducing PBT concentration, maximum C,, value slightly de-
creases and moves to higher fluence, as observed in case of PA6:PBT
95:5. The higher impulse obtained for PA6:PBT 95:5 for F > 2 .J cm 2
also leads to higher C,, values in this fluence range when compared to
other concentrations. This shows that impulse generation at this
composition requires a lower amount of energy, making the process
more efficient from this point of view, compared to neat PBT and PA6.
Overall maximum C,, values are a bit lower if compared to the ones
measured in the previous work of our group. However, these values
result to be superior to other more conventional systems previously
studied [8,10,15,21].

In order to test the effect of multiple irradiations on the same region,
further impulse measurements were performed on the sample PA6:PBT
95:5, since here it allows the best results for laser propulsion. Each re-
gion was irradiated three times without moving the target, and the
generated impulse was measured for each laser shot. Each measurement
was performed 3 min after the previous one, to avoid a large tempera-
ture increase on the crater because of the previous irradiation.

As presented in Fig. 5, impulse generation by PA6:PBT 95:5 slightly
decreases after the first pulse, particularly at higher laser fluence. On the
other hand, no difference in impulse generation is observed between the
second and third pulse. Despite the decrease observed after the first shot
(typically <15% for all tested laser fluences), impulse generated by PA6:
PBT 95:5 remains higher than that generated by neat PBT, at fluences
higher than 2 J cm~2. Such a limited decrease in impulse generation by
successive pulses indicates that the interaction of the material with laser
radiation is only slightly affected by the previous mass removal process.
This suggests that only the PBT domains closer to the surface are
removed by the ablation process, while the ones located deeper in the
film's thickness are not affected and remain surrounded by the PA6
matrix. Such behavior allows an impulse enhancement given by
confinement, also by irradiating the same region multiple times,
differently from what occurs in a classical confinement geometry. This
observation shows that the improved impulse generation induced by the
sea-island microstructure makes this category of materials effective as
propellants for nanosatellite propulsion, even by undergoing multiple
laser irradiations.
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3.4. Ablated mass measurement

Fig. 6 presents ablated mass measurements at constant fluences as a
function of PBT concentration. As previously observed for impulse
measurements in Fig. 3(c), also in the case of ablated mass, a maximum
is observable at 5 wt% PBT content for all considered fluences.

The trend of the ablated mass as a function of PBT content gives some
indications about the interaction of the material with the laser radiation.
Ablated mass increases with PBT content up to 5 wt% because PBT
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Fig. 6. Ablated mass measurements as a function of PBT concentration.
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absorbs the laser wavelength more effectively than the PA6 matrix. At
these concentrations, PBT facilitates energy capture and heat genera-
tion, promoting decomposition and a pressure buildup that boosts
ablation efficiency across the entire blend, compared to the neat
components.

Above 5 wt% of PBT, however, mass loss decreases due to a denser
PBT decomposition plume that screens the laser energy. The higher mass
loss at 7 J cm~2 likely stems from plasma-surface coupling, which im-
proves thermal energy transfer to the substrate.

3.5. Specific impulse and energetic efficiency

Specific impulse obtained on the blends is reported in Fig. 7(a) as a
function of PBT concentration, while values for neat PBT are listed in
Table (2). At all considered laser fluences and for PBT content higher
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Fig. 7. a) Specific impulse () and b) energetic efficiency (1) as a function of
PBT concentration. Uncertainties are obtained through propagation of the er-
rors of the involved parameters.
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Table 2

I, and 7 for neat PBT.
Fluence [J em~2] I, [s] n [%]
2.3 1200 + 700 70 + 30
3.9 600 + 200 30 £ 12
7.0 260 + 40 14+5

than 1 wt%, Iy, reaches a constant value, indicating a constant average
ejection velocity of the ablation products. This suggests a similar
mechanism of acceleration of the ejected products within the investi-
gated concentration range, indicating that impulse generation is
controlled by the amount of the ablated mass. For 1 wt% PBT concen-
tration, a lower I, is observed, indicating that the removed mass is
ejected with a lower velocity, due to the limited portion of mixed
polymers absorbing laser radiation and the larger amount of energy
required to break the thicker PA6 matrix.

For all the compositions of the blend, I, is also observed to increase
with laser fluence. The increase of the generated impulse with fluence
observed in Fig. 3(c) is therefore also related to the increased velocity of
the ejected mass.

As can be observed from Fig. 7(b), energetic efficiency 5 shows a
behaviour similar to Iy,. This is expected, since # shows the amount of
laser energy converted into kinetic energy of the ejected ablated mass,
and is therefore strongly dependent on the ejection velocity. However,
while for I, an approximately constant value is reached already at 2 wt
% PBT content, in the case of 7 an almost constant behavior is reached at
5 wt%. The lower increase of 5 compared to I, at low concentrations is
then reasonably due to the lower amount of ejected mass, which reduces
Cn, at the considered fluences.

As presented in Table (2), I, and 5 obtained for neat PBT are
considerably higher than the values obtained in the PA6:PBT blend.
Large errors in these measurements are due to the propagation of the
large relative error on the small ablated mass observed for PBT. Despite
this, it can be observed that both Iy, and » decrease with laser fluence.
This effect can be related to a different mass ejection mechanism for neat
PBT compared to the PA6:PBT blends, since ablation proceeds without
the ejection of solid fragments.

3.6. Ablation craters

Fig. 8(a-1) present SEM images of the edges of the ablation craters
obtained for all mixed compositions at fluences F ~ 2 Jcm~2 and F ~
7 J cm~2. Moving from 1 wt% to 5 wt% PBT concentration, clear signs of
fragmentation appear on the edge of the craters, as visible in Fig. 8(a—f)
for both low and high fluence. Such fragments appear to be planar,
indicating that they are part of a removed surface layer that is formed
and detached from the bulk during the ablation process.

Fig. 8(g-1) show the morphology of the ablation craters obtained on
PA6:PBT 80:20 and 60:40. Both at low and high laser fluence, some
parallel stripes with a typical width of ~ 20 pm are visible on the surface
of the craters after irradiation. These stripes are formed by regions in
which no ablation seems to have occurred, since no difference is visible
between their surface morphology and that observed on the non-
irradiated region outside the crater. This peculiar morphology will be
discussed in detail in the following paragraph.

3.7. Ablation mechanism

The observed formation of detached surface layers as a consequence
of the sea-island microstructure formed by PA6 and PBT and laser
irradiation, is presented in Fig. 9(a-d), schematically illustrating the
condition for low and high PBT concentration. The strongly optically
absorbing PBT phase is surrounded by the transparent PA6 matrix, with
a thickness depending on the composition of the blend (Fig. 2(f)). The
incoming laser pulse is then absorbed in isolated regions containing PBT,
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where this polymer is rapidly heated up to sufficiently high tempera-
tures to enable thermal vaporization and ionization. The heating process
is also helped by the low heat conduction of the surrounding PA6 matrix,
which does not allow energy dissipation through it, on a timescale
comparable to the laser pulse duration. Additionally, both polymers
have similar specific heats [22,23] and thermal decomposition tem-
peratures in the interval between 400 °C and 500 °C [24-26], but PBT is
thermally decomposed on a shorter timescale, due to the faster heating.
The high-temperature decomposition products of PBT then exert pres-
sure on the surrounding PA6 matrix while it is still mainly in the solid
state, as confirmed by the fact that the holes left by PBT decomposition
remain visible (see Fig. 10(a and b)). As a result, the thermal decom-
position products of PBT remain confined inside the PA6 matrix, as a
high-temperature ionized gas. This leads to the formation of localized
high-pressure regions inside the domains initially occupied by PBT.

The formation of such high-pressure regions occurs at all PBT con-
centrations, since it is only due to the sea-island microstructure of the
materials. However, a variation in the PBT concentration changes the
number density of absorbing domains, as well as the distance between
each other and from the surface of the film (Fig. 2(f)). This change in
morphology affects the way the matrix breaks, following the formation
of high-pressure regions, affecting impulse generation.

For PBT contents up to 5 wt%, the matrix fractures forming surface
layers with typical length scale of ~ 100 pm, as observed from SEM
images of the surface of the craters in Fig. 8(a—f). The extension of these
surface layers is sufficient to cover a large number of high-pressure PBT
sites, as it appears clearly from Fig. 10(a and b). Consequently, before
matrix breaking, high-pressure plasma produced by these sites cannot
expand freely into vacuum because of the presence of the surface layer
confining it.

For PBT concentrations of 20 wt% and 40 wt%, the morphology of
ablation craters changes, showing the presence of surface PBT stripes
alternated with regions that show matrix fragmentation (Fig. 11(a and
b)). While laser ablation of PBT stripes leads to the ejection of only
gaseous decomposition products, the ablation mechanism of the other
regions proceeds similarly to how described for lower concentrations.
The presence of a thinner matrix, however, does not allow the formation
of large surface layers, so it breaks into smaller fragments, limiting the
confinement effect.

Ablated mass and I, measurements support this description. For PBT
concentrations higher than 1 wt%, I, appears to be roughly constant.
This suggests that the ejection velocity v, is not affected by the variations
in microstructure caused by the different PBT content and that impulse
generation is controlled by the amount of ejected mass. The observed
maximum in impulse generation at 5 wt% is therefore due to an
increased amount of mass that is accelerated at a similar ejection ve-
locity obtained at other concentrations. Conversely, at higher PBT
concentrations, a smaller amount of mass is accelerated roughly at the
same velocity, despite the larger number of high-pressure sites formed
below it. This suggests that the acceleration of the formed PA6 surface
layers proceeds more efficiently in the 5 wt% case, reasonably due to the
larger extension of the PA6 formed layers, which can more effectively
confine the expanding gaseous ablation products.

The obtained spontaneous generation of a confinement layer was
already observed in Ref. [15], where the same sea-island microstructure
was obtained by using PLA as transparent matrix and PDoF containing
reduced graphene oxide as absorbing phase. However in this study, the
generation of a confinement layer is obtained by using different poly-
mers and without other absorbers, indicating that the peculiar micro-
structure is the most important feature to enable this mechanism.

The different morphologies of the ablated craters at low and high
(<20 wt%) PBT concentration can be attributed to composition-
dependent changes in the melt rheology, which are not strictly linked
to the ablation process. A change in the morphology of the craters is
visible starting from the composition containing 20 wt% of PBT. In the
compositions up to 5 wt% of PBT, the melt viscosity of the blend is
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Fig. 8. SEM images of the edges of the ablation craters obtained after irradiation at 2 J cm™2 and 7 J cm™2.

dominated by PA6, as this is the most abundant phase. On the contrary,
in the case of 20 and 40 wt% of PBT, the melt viscosity becomes strongly
composition dependent, since the blend is closer to phase inversion.
These compositional differences most likely strongly affect the melt
behavior of the blends during the compression molding process [27-29].
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Notably, even though the PBT domains appear spherical in the cross
sections, as is visible in Fig. 2, the in-plane morphology on the top
surface is markedly different. In the specific case, compression molding
induces the in-plane stretching of PBT domains due to shear stress
localized at the interfaces between domains-rich regions. Consequently,
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Fig. 9. Scheme of the generation of the surface layers. a), b) low PBT concentration (1,2,5 wt%), c), d) high PBT concentration (20,40 wt%) in the regions between

the stripes.

radial melt channels that are visible on the top surface generate pref-
erentially under heating and high pressure, and therefore freeze upon
cooling, forming the visible stripes likely composed of PBT. In this
context, laser ablation of the films enhances the contrast between the
two immiscible phases, due to their different thermo-physical responses,
but it is not directly involved in the formation of this peculiar
morphology [30-32]. However, all hypotheses made relating to the
shear-induced phase morphology changes still need some extent of
validation, therefore, they will be properly investigated in future works
by rheological and in-situ measurements.

The presented mechanism of spontaneous formation of a confine-
ment layer obviously presents some differences compared to the clas-
sical case of confinement, where a transparent layer is positioned on top
of an absorbing surface. In a typical confined geometry, a single, well-
defined interface is present between the confinement layer and the
absorbing surface. Additionally, the confinement layer is often consid-
erably thick, of the order of ~ 100 pm [18] up to mm [16,17], becoming
sufficiently resistant to avoid any rupture, being ejected as a single piece
covering all the irradiated area. In some cases, these layers are also very
massive, further increasing their capability of confining the underlying
plasma plume. In such systems, therefore, very high Cy, values of the
order of ~ 10° uN/W can be generated, but with very low I~ 1s.
Considering, on the other hand, the sea-island microstructure here
tested, it can be observed that many interfaces are present, located be-
tween the PBT domains and the transparent PA6 matrix surrounding
them, and a proper comparison can only be done with our previous work
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[15]. However, laser absorption at these interfaces and the formation of
localized high-pressure regions are observed to lead anyway to the
formation of planar fragments, which act as confinement layers. Due to
the non-uniform thickness of the matrix, the formed confinement layer is
not as large as the irradiated area, but rather divided into many frag-
ments that, as discussed, are sufficiently extended to hinder the expan-
sion of the underlying plasma plume. Such a confinement mechanism is
certainly less effective than the ideal case, however, it presents the
outstanding property of being a consequence of the bulk structure of the
target, and not of the presence of a bilayer geometry. Such a feature
makes these kinds of materials promising for the development of
advanced targets for LAP, capable of undergoing multiple irradiation
cycles, while still delivering high impulse.

4. Conclusions

This work investigated the effects of the sea-island microstructure of
targets obtained by mixing PA6 and PBT in laser ablation and in the
consequent generation of a mechanical impulse.

PA6 and PBT were chosen because of their immiscibility and because
of their different absorption coefficients, with PBT interacting more
strongly with the present operating laser at a wavelength of 266 nm, as
verified by UV-Vis spectroscopy.

Polymer blends in the form of films have been prepared by melt
compounding and compression molding, using PBT as the minority
phase, with concentrations ranging from 1 wt% to 40 wt%. SEM analysis
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Fig. 10. SEM images of the edge of an ablation crater obtained at F = 2 J cm 2

on PA6:PBT 95:5, showing the detached layer and the holes left by PBT
decomposition on both sides of the interface, confirming the mechanical frac-
ture of the matrix. a) First laser pulse; b) third laser pulse.

Fig. 11. Craters obtained on PA6:PBT 60:40 at F ~ 7 J cm~2. a) And b) show a
different orientation of the stripes obtained by rotating the target.

of the cross sections of the prepared films then revealed the formation of
round PBT volumes with size and number density increasing with con-
centration, surrounded by a PA6 matrix.

Measurements of the impulse generated by laser ablation of the
investigated materials were then conducted by irradiating the samples
with laser fluences up to 7 J cm~2, showing that the change in the
microstructure induced by the different PBT concentrations affects im-
pulse generation. Notably, it was observed that an increase in PBT
content substantially reduces the fluence threshold for the generation of
a mechanical impulse, reaching a value compatible with that of neat PBT
for a concentration as high as 20 wt%. Moreover, for F > 2 J cm~2, the
impulse generation is maximized at 5 wt% PBT content, highlighting
that the structure of the irradiated polymer is linked to the PBT content
and plays a fundamental role in the ablation process. This result was
shown to be related to an improved ablation efficiency of the blends,
compared to PA6 and PBT.

The ablation mechanism was discussed by considering the evaluated
mechanical impulse and performing SEM analysis on the ablation cra-
ters. The maximization of impulse observed for PA6:PBT 95:5 is likely
related to the spontaneous formation of a confinement layer on the
irradiated surface, due to the laser absorption at the interface between
the PA6 matrix and the PBT domains. The absorbed laser radiation leads
to the decomposition of the PBT domains into gaseous products, exerting
pressure on the entire surrounding and overlying layer of material,
leading to its fragmentation. In this regime, a larger amount of mass is
accelerated more efficiently, leading to the improved impulse genera-

tion and Cp,.

In case of higher PBT concentrations, the presence of aligned stripes
of PBT on the ablated surface was observed. This is most probably
related to the melt rheology of the blends, and it is not strictly associated
with the laser ablation process. However, the presence of this hetero-
geneity of phases effectively impairs the ablation mechanism, showing
no spontaneous confinement relevance, and consequently lower impulse
values compared to 5 wt% of PBT.

Results obtained in this work show that the observed spontaneous
formation of a confinement layer is a direct consequence of the sea-
island microstructure obtained with immiscible polymers, when the
more absorbing polymer is surrounded by the less absorbing one.
Additionally, melt compounding and hot pressing proved to be effective
for the synthesis of these materials, making the process more easily
scalable. Obtained results also show that the impulse enhancement
linked to confinement can also be maintained by irradiating the same
region multiple times, leading to an attractive advantage from an
application point of view.
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