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Carbon nanotube sponges filled
sandwich panels with superior
high-power continuous wave laser
resistance
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Effect of highly-porous and lightweight carbon nanotube sponges on the high-power continuous wave
laser ablation resistance of the sandwich panel was investigated experimentally. As a comparison,
thermal responses of monolithic plate, carbon nanotube film filled sandwich panel, unfilled

sandwich panel and carbon nanotube sponge filled sandwich panel subjected to continuous wave
laser irradiation were analyzed. Experimental results showed that the laser resistance of the carbon
nanotube filled sandwich panel is obviously higher than the unfilled structure. The added failure time
of the sandwich panel by filling the cores with the carbon nanotube sponge of unit mass was about 18
times and 33 times longer than that by filling with the conventional ablative and insulated material.
It could be understood by the high thermal diffusion coefficient and latent heat of sublimation of the
carbon nanotube sponge. During ablation by the continuous wave, the carbon nanotube sponge not
only fast consumed the absorbed laser energy through phase change of a large-area material due

to its high latent heat of sublimation, but also quickly dispersed the heat energy introduced by the
continuous wave laser due to its high thermal diffusion coefficient, leading to the extraordinary laser
ablation resistance.

Sandwich structures are widely used in engineering industries such as aerospace and transportation to realize the
lightweight and multifunctional design'->. In addition, it provides numerous open-cell cores for filling advanced
materials to significantly improve its performance under different conditions*®. Our previous study showed that
filling lightweight ablative material into the void space of the core not only postponed the failure time but also
decreased the extent of the damage of the continuous wave (CW) laser irradiated sandwich panels’. For the abla-
tive material filled sandwich panel, high temperature phase change of carbon powder plays a leading role on laser
resistance of the sandwich panel, and resin matrix mainly exert supporting effect on the carbon powder. There-
fore, it may be a more efficient way to make the most of the pure carbon filled in the core on the dissipation of
the heat energy to improve the laser resistance under the condition that structural weight is nearly not increased.

Carbon nanotube (CNT) structure is a kind of multifunctional nano-material with superior mechanical
properties and electrical and thermal conductivity'®-"”. Currently a large quantity of CNT film and CNT sponges,
which can be applied in engineering practice, can be fabricated. There is a considerable body of knowledge in the
literature that addresses the properties of CNT sponges such as mechanical behavior, conductivity, and thermal
insulation as well as its application in aspects of solar cell and phase-change material''’-2*. With advantages of
bearing large deformation and anti-cycle failure, CNT sponges can be filled in the load-bearing sandwich struc-
ture to realize multifunctional design such as load bearing and thermal insulation®. Even though CNT sponge
has a very low macroscopic thermal conductivity, the heat energy could transfer along the CNT direction very
rapidly. As a result, CNT sponges could disperse the heat energy induced by the CW laser irradiation and delay
the failure time of the sandwich panel.

Laser interactions with solid materials have received increasing attention in various conditions, including
laser welding??, laser drilling®, laser cutting®” and laser processing®, and laser induced damages®?. For the
highly-porous materials, Chen et al.*® studied the interaction between the pulsed ultra-violet laser and the CNT
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Figure 1. Schematic of the experimental setup and the types of specimens tested in the experiment.

sponge, and discussed the plasmatic property caused by pulse laser in CNT sponge. When a high-power CW
laser beam is applied on the porous materials, the primary mechanisms of the damage are evaporation and
expulsion of the material from the laser spot. In reality, the back surface temperature reaching the melting point
is our main concern.

To investigate the effect of ultralight CNT sponges, the response of the laser irradiated sandwich panel of
CNT sponges filled sandwich panel was studied experimentally. As a comparison, continuous laser irradiation
experiments of monolithic plate, CNT film filled sandwich panel and unfilled sandwich panel were also carried
out under the same conditions. Thermal infrared imager (TIC) and high-speed camera (HSC) were used to obtain
the temperature distribution and failure process of back free surface. It’s observed that because of absorption
effect of laser energy by high-temperature phase change and its diffusion effect on panel temperature field, filing
CNT sponge could delay the failure time of the sandwich panel dramatically.

Filler materials

CNT film and CNT sponge materials used in the experiment were provided by Suzhou Institute of Nano-Tech
and Nano Bionics. Thickness and size of CNT film were 100 nm and 40 mm x 40 mm, respectively. The size of
CNT sponge was 40 mm x 40 mm and the thickness is 8 mm. The density and porosity of CNT sponge were
5-10 mg/cm?® and > 99%, respectively. Macroscopic thermal conductivity coefficient of CNT sponge is lower than
0.15 W/(m-K) due to the high porosity.

Experiments

Four types of structures were considered: monotholic plate, CNT film filled sandwich panel, unfilled sandwich
panel and CNT sponge filled sandwich panel. To ensure identical areal density, the thickness of the monotholic
plate was 1.8 mm and those of both front and back panels in the sandwich panel were 0.9 mm. The added mass
by the CNT film and CNT sponge could be neglected when compared to the weight of the panel. For the CNT
film filled sandwich panel, the two layers of the panel were contact directly. For the CNT sponges filled sandwich
panel, the distance between the two panels was 8 mm.

Figure 1 shows the experimental setup. A TIC was placed at the back side of the sandwich panel to obtain the
full-field temperature distribution. The resolution and the sampling frequency of the TIC were 420 x 640 pixel
and 30 Hz, respectively. The temperature measurement range was 100-2700 °C. To get the dynamic damage
evolution of the back surface, a HSC was also placed at the back surface of the specimen. The sampling frequency
and resolution were 60 Hz and 1600 pixel x 1200 pixel, respectively. A IPG YLS 2000 W fiber laser operating at
1.07 um was utilized as the laser source. In the laser irradiation experiment, 500 W output laser was adopted.
By adjusting the distance from the specimen to the laser head, which is about 741 mm, the laser beam with a
diameter of 5 mm was obtained.

Results and discussions

Temperature history and failure point. When used as a load-bearing structure of high-speed aircraft,
the sandwich structure is usually faced with an external high-speed air flow or a substantial pressure difference
between the front and back surfaces. Under this circumstance, the molten material is rapidly peeled off due to
the mechanical erosion or the effect of internal pressure. Then, the laser is irradiated the components and parts
inside the aircraft directly so as to result in serious damage. Therefore, the time for back surface of sandwich
panel to reach melting point was defined in the experiment as the failure time.

Figure 2 compares the laser spot center temperature histories of the back surfaces for different structures
under CW laser irradiation. It can be found that due to high thermal conductivity along thickness direction,
back surface temperature of the monolithic plate rose rapidly at the start of the irradiation time and reached
melting point at about 5 s. Temperature on back surface maintained at melting-point temperature due to the
surface tension.
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Figure 2. Comparison of temperature histories of monolithic plate, CNT film filled sandwich panel, unfilled
sandwich panel and CNT sponge filled sandwich panel.

10

SHHHH .

100 A

80

60 -
=

0

T T
monotholic  one two three  unfilled CNT

T T T
ceramics silicone+carbon CNT sponge
plate  CNT film CNT film CNT film sponge (b)

Figure 3. Effect of filler on the laser resistance of the sandwich panel. (a) Failure time, (b) ratio of increment
of failure time to increment of structural weight due to addition of filler material. Laser irradiation behavior

of the ceramic and the compound of silicone resin and carbon powder filled sandwich panel can be found in
reference’.

For CNT film filled sandwich panel, obviously temperature rise didn’t happen on the back surface until 2.5 s
because of thermal resistance effect between two panels and the absorbing effect of CNT film on the laser energy.
As laser irradiation time increased, temperature rose rapidly and reached melting point at 7.3-8.5 s. In addition,
temperature rising rate of CNT sponges filled sandwich panel after obviously temperature rise happened was
identical with that of monolithic plate.

As stated in the reference’, heat energy generated by laser irradiation was mainly transmitted in the front
panel before the front panel was penetrated by melting. Then, the back surface temperature rose rapidly after 10 s
and reached the melting point at 11.9 s. Due to the small heat sink of the back panel, the temperature rise rate
of unfilled sandwich panel was far greater than those of the monolithic plate and the CNT film filled sandwich
panel. As a result, the structure is failed rapidly when the front panel is melted through.

For the CNT sponge filled sandwich panel, thermal response time was earlier than the unfilled sandwich panel
due to conduction of the CNT sponge, but the temperature rising rate of the structure after obvious temperature
rise happened was far lower than other three types. The time that the spot center temperature of the back surface
reached the melting point was longer than that of the unfilled sandwich panel. Therefore, filling CNT sponges
could significantly improve the laser resistance of the sandwich panel.

Failure times of the four structures are shown in Fig. 3a. It is seen that splitting monolithic plate into two-
layer thin panels and filling them with CNT films could improve the laser resistance of the structure. Increasing
quantity of CNT film could not delay the failure time of the structure. Therefore, laser energy absorbed by CNT
film could be neglected due to the ultra-thin thickness. The thermal resistance between the two panels resulted
in the longer laser failure time. Enlarging the distance between the two panels could postpone thermal response
time and failure time of the sandwich panel. However, after the front panel was melt through, temperature rising
rate was too high, resulting in the rapid failure. Compared with the unfilled sandwich panel, the CNT sponge
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Figure 4. Temperature distribution in the back surface for monolithic plate, CNT film filled sandwich panel,
unfilled sandwich panel and CNT sponge filled sandwich panel at different irradiation time, obtained by the
thermal imaging camera.
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filled sandwich panel had short thermal response time. It had, however, higher laser resistance due to high latent
heat of phase change of the CNT sponge. Here 1 was defined as ratio of increment of failure time to increment
of structural weight due to addition of filler material in unfilled sandwich panel:

(thtted — tunfilled ) / tunfilled
(Mfilled — Munfilled) / Munfitied

(1)

where t4je4 and t,fieq are laser failure time of filled and unfilled sandwich panels, respectively. mgjeq and mypfijed
are weights of filled and unfilled sandwich panels, respectively. Figure 3b shows the influences of different fillers
on CW laser failure strength of the sandwich panel. Laser irradiation experiment of the rest two materials can
be found in reference’. It can be found the resisting efficiency of the CNT sponge is far superior to other two
fillers. The added failure time by filling the CNT sponge of unit mass is about 18 and 33 times than that filling
with the conventional ablative and insulated material.

Full-field temperature and damage evolution. Figure 4 give the dynamic evolution process of full-
field temperature distribution for the four structures. Obvious temperature rise was happened at initial moment
of laser irradiation on back surface of the monolithic plate. With the increase of the irradiation time, high-
temperature region was continuously expanded and the highest temperature reached the melting point at about
5 s. For CNT film filled sandwich panel, the highest temperature on the back surface did not reach the melting
point even at 5 s. No obvious temperature rise existed in the back surface of the unfilled sandwich panel even at
10 s due to the thermal resistance along the thickness direction. When compared to the unfilled sandwich panel,
the CNT sponge filled sandwich panel had faster temperature response and low temperature rising rate, result-
ing in the later time for the temperature on back surface to reach melting point. The comparison of the full-field
temperature distribution indicated that the high-temperature region on back surface of the CNT sponge filled
sandwich panel was broader and the highest temperature was lower than that of the unfilled sandwich panel.

Laser resistance mechanism of CNT sponge. Figure 5A shows the ablation morphology of the CNT
sponge. The outer diameter of the ablation pit was approximate to laser spot. By peeling the external sponge
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Figure 5. Ablation mechanisms of the CNT sponge: (a) outside ablation morphology, (b) inside ablation
morphology, (c) SEM image of the contact region between the panel and the CNT sponge, (d) element content
and EDS image.

region (black part) off the material, as shown in Fig. 5b, it could be found that the diameter of the inner ablation
pit was about 3 times of the laser spot.

The heat diffusion coefficient is the rate that the temperature at one point in a body transmitted to another
point, which can be expressed as:

a=2/pc ()

Even though the thermal conductivity coefficient of the CNT sponge was low, due to its extremely low rela-
tive density, its heat diffusion coefficient was about 10 times of stainless steel material (5% 10°° m?%/s). To sum
up, strengthening effect of the CNT sponge on the laser resistance of the sandwich panel mainly includes two
aspects: (1) latent heat of sublimation of carbon was far higher than other materials. Large quantity of the laser
energy was absorbed by the CNT sponge through sublimation within diameter scope of laser spot; (2) CNT
sponge dispersed the laser energy absorbed by the sandwich panel so that the temperature distribution on the
panel was more uniform.

Figure 5¢,d shows the SEM and EDS results for the CNT sponge that is directly contacted with the metallic
panel. In the EDS results, attachment with shining colours on the CNT sponge was metallic solution. It indicates
that the temperature on the contact surface between the CNT sponge and the metallic panel was higher than the
melting temperature of the stainless steel. However, due to the large heat sink of the panel, the temperature of
CNT sponge on the contact surface was lower than the sublimation temperature of the carbon.

Conclusions

Experimental study on the laser resistance of CNT sponge filled sandwich panel was carried out. Dynamic evo-
lution of temperature and ablation morphology on back surface of CW laser irradiated specimen was obtained
using TIC and HSC. The ablation morphology and ablation products were observed by the SEM and EDS. Experi-
mental results showed that the resisting efficiency of the CNT sponges to the sandwich panel under CW laser
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irradiation is dramatically superior than that of the traditional ablative and insulated materials. During the laser
ablation process, in view of high thermal diffusion coefficient, on the one hand, phase change of large-area CNT
sponge could absorb more laser energy. On the other hand, the CNT sponge dispersed structural temperature
rise caused by laser irradiation so that the temperature distribution was more uniform, resulting in higher laser
resistance of the sandwich panel. Due to the superior multifunctional performance, this kind of structures can
be used in the thermal protection systems and load bearing structures.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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