Combustion and Flame 215 (2020) 86-92

Contents lists available at ScienceDirect = .
Combustion
.and Flame
Combustion and Flame
journal homepage: www.elsevier.com/locate/combustflame ) =
Combustion of 3D printed 90 wt% loading reinforced nanothermite n

Jinpeng Shen”!? Haiyang Wang®', Dylan ]. Kline®®, Yong Yang®", Xizheng Wang?,

Check for

| updates

Miles Rehwoldt®", Tao WuP, Scott Holdren®, Michael R. Zachariah®*

aDepartment of Chemical and Environmental Engineering, University of California, Riverside, CA 92521, United States
b Department of Chemical and Biomolecular Engineering, University of Maryland, College Park, MD 20742, United States

ARTICLE INFO

Article history:

Received 4 November 2019
Revised 22 January 2020
Accepted 22 January 2020

Keywords:
Nanothermite

3D printing

Polymer hybrid

High loading
Mechanical properties

ABSTRACT

The use of Al-based nano-energetic materials has been limited in part due to difficulties in fabrication of
high-density composites. In this paper, free-standing energetic composites with loading of up to 90 wt%
Al-CuO were fabricated by 3D printing. A polymer hybrid of 3 wt% hydroxy propyl methyl cellulose
(HPMC), 3.5 wt% nitrocellulose (NC) and 3.5 wt% polystyrene (PS), enables fabrication of mechanically
strong and highly reactive composites. The energy flux can be readily tuned through the combustion
speed and flame temperature by changing equivalence ratio. The highest energy flux was found to occur
under fuel rich conditions (equivalence ratio = 2.4) which also corresponds to the maximum combus-
tion speed (25 cmy/s) despite the fact that the flame temperatures was lower. The Young’s modulus of
free-standing burn sticks was found to be as high as ~1 GPa, which is comparable to pure polypropy-
lene. PS polymer flakes created during the high shear direct write process is believed to be critical to the
enhanced mechanical properties we observed. The burning behavior using other oxidizers corresponds
closely with that observed with mixed powders but with the added strength offered in a printed struc-
ture. This study offers an attractive route for safe, reliable and scalable additive manufacturing of Al-based

nano-energetic materials at high energy densities.

© 2020 Published by Elsevier Inc. on behalf of The Combustion Institute.

1. Introduction

The combustion enthalpy of aluminum (Al) in oxygen is as
high as 80 kJ/cm3, which is substantially greater than those of
monomolecular CHNO compounds (10-30 kJ/cm3). [1-3] As a re-
sult, there is a growing interest in employing Al-based nano-
energetic materials in propellants, explosives and pyrotechnics sys-
tems, such as additives in aerospace propellants, self-destructing
microchips, etc. [1-7] This has also led to research in prepara-
tion methods, and, ignition and combustion mechanisms [8-13].
Assembly techniques include physical mixing [14], sol-gel [15], ar-
rested reactive milling [16], layered deposition [17,18], electrospray
[19], self-assembly [20], and metal organic frameworks (MOFs),
and interface control techniques to improve the reactivity and en-
ergy output of nanothermites [21-24]. However, a main challenge
moving forward is fabrication at high particle loading in order to
obtain high energy density, without compromising the mechanical
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properties of the composite. Which is critical for the prevention of
catastrophic failure in for example propellants [25-27].
Mechanical integrity is thus of significant importance for sta-
ble burning and potential real-world applications. Additive man-
ufacturing techniques like 3D printing allows one to realize the
fabrication from microscale to centimeter scale in a layer-by-layer
manner, thus offering a customizability that is difficult to realize
via conventional fabrication methods, leading to design and fabri-
cation of multifunctional structures for a diverse range of applica-
tions [28-35]. Recent efforts in traditional energetic formulations
include, Xu et al. [36] DNTF/NC/Viton composite explosives with a
density of 1.785 g/cm3. Li et al. [37] and Wang et al. [38] printed
CL20-based composite explosive with low impact sensitivity and
stable detonation properties. Chandru et al. [39] have developed
a composite solid rocket propellant with customizable port ge-
ometries and controllable porosity and Driel et al. [40] prepared
a TNO-base gun propellant using stereolithography 3D printing.
By contrast the availability of Al-based energetic materials using
3D printing is very limited. Murray et al. [41] prepared Al-CuO
nanothermites with 8 wt% solids loading by piezoelectric inkjet
printing. Slocik et al. [42] created an energetic bio-thermite ink
using ferritin liquid protein in water and Durban et al. [43] re-
cently printed thermite with micron-size Al and CuO particles in
an aqueous hydrogel matrix. However, in these studies [41-43], the
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a mechanical properties of these 3D-printed AI-CuO composites
weren't reported. While these methods might be effective at de-
signing and fabricating nano-thermite architectures, further ad-
vances might be limited due to shortcoming in scalability or poor
stability from possible reactions between Al and water.

In our recent study, an Al-CuO nanothermite ink with particle
loading as high as 90 wt% was developed for the first time by
using a homogenous polymer mixture of polyvinylidene fluoride
(PVDF, 4 wt%) and hydroxy propyl methyl cellulose (HPMC) (6 wt%)
[44]. The burn rate of the printed sticks was ~2-10 cm/s, with
burn temperatures of ~2800 K, and a Young’s modules of ~0.3 GPa
[44]. These materials were then interrogated by in-operando mi-
croscopy/thermometry to directly observe the phenomena of “re-
active sintering” and the propagation of the reaction front [45-49].

In this study, we advance our prior work to create free-
standing 90 wt% Al-CuO nanothermite sticks with Young's mod-
ulus of >1.0 GPa, and with higher reactivity with the addition
of hydroxypropyl methylcellulose (HPMC), nitrocellulose (NC) and
polystyrene (PS). Burn rates up to 25 cm/s were achieved, with
flame temperature as high as ~2500 K. Other Al-based nanother-
mites with different oxidizers; Fe304, Co304 and WO3; were also
employed in this formulation. These results show that the 3D
printing method using a hybrid binder strategy are well suited to
a variety of Al-based nano-energetic materials yielding high reac-
tivity and mechanical integrity.

2. Experimental
2.1. Materials

Aluminum nanoparticles (Al NPs, from Novacentrix Inc.) have
an average diameter of 50-100 nm (TEM, Fig. S11a) with a ~2-
5 nm oxide shell resulting in a ~81 wt% active Al content. CuO
was purchased from US Research Nanomaterials. The particle di-
ameter of nano-CuO are 80-200 nm (TEM, Fig. S11b). Dimethylfor-
mamide (DMF), Fe304, Co304, W03 and nitrocellulose (NC) (Col-
lodion solution 4-8 wt% in ethanol/diethyl ether), Polystyrene (PS,
average Mw: 280,000) were purchased from Sigma-Aldrich Corp.
Hypromellose (METHOCEL™, HPMC, F4M Industrial Grade) was
purchased from the Dow Chemical Company.

2.2. Ink preparation

HPMC (70.6 mg), NC (82.4 mg) and PS (82.4 mg) were mixed
together to form hybrid polymer colloidal solution in 5 mL DMF
using magnetic stirring for 4 h (Table S1). Nano Al and CuO (total
mass of Al and CuO: 2117.7 mg) were then added into the colloidal
solution and stirred with mechanical stirring for 2 h to form 3D
printable colloidal ink. We explore Al-CuO mixtures with @ values
from 1.0 to 3.4 (Table S1). Other inks formulations with single or
hybrid polymers (HPMC, NC and PS) or metallic oxide materials
(Fe304, Co304 and WO3) were prepared similarly (Tables S3 and
S4, Fig. S1a and 1b).

2.3. Rheological characterization

The rheological properties of both the neat polymer solutions
and the high particle loading inks were characterized by a Malvern
Kinexus rheometer. The shear rates employed ranged from 0.01 to
100 s~1 at a fixed temperature of 25 °C, and the system was sealed
to prevent possible solvent evaporation during the measurement.
The details about the rheological property measurements could be
found in our previous study [44].

2.4. Printing of colloidal inks

Printing was conducted with a Hyrel printer (SYSTEM 30 M) us-
ing a 0.9 mm inner diameter nozzle, and a substrate heating stage
at 75°C. Fig. S1c is schematic illustration of 3D printing of Al-CuO
nano-thermite with HPMC-NC-PS hybrid polymers. The printing
path was 8 cm x 8 cm at a feed rate of ~0.075 mL/min and a max-
imum write speed of ~22 cm/min. The ink was extruded through
an 18 Gauge needle at a shear rate of rate ~13 s~! (~4.5 mL/h).
More details could be found in our previous studies [44,50].

2.5. SEM, TEM, FTIR, TG and XRD

The microstructure of films was investigated by using a Hi-
tachi SU-70 SEM. The films were sectioned at low temperature by
tweezers in liquid nitrogen and adhered to a carbon film on an
SEM stage. TEM was conducted using JEOL JEM 2100 FEG. Attenu-
ated total reflection (ATR) FTIR spectra of different polymer films
without Al-CuO were collected using a Nicolet iS-50R spectrome-
ter (Thermo Fisher Scientific) equipped with a room temperature
deuterated triglycine sulfate (DTGS) detector FTIR spectroscopy. A
Thermo Scientific Smart iTX accessory was installed to collect the
ATR spectra shown here at 4 cm~! resolution and averaged over
25 scans. TG results were obtained with a TA Instruments Q600 in
an Ar flow (100 mL/min) at a heating rate of 10°C/min. The crystal
structures were characterized by XRD performed on a Bruker D8
diffractometer with Cu Ko radiation.

2.6. Combustion speed testing

Flame propagation was evaluated in an argon filled open-ended
glass chamber. As is shown in Fig. S8, a Phantom v7 (Vision Re-
search, Inc., Wayne, NJ) with a Nikon AF Nikkor 52 mm 1: 2.8 lens
was used to record ignition and flame propagation of the compos-
ites and oriented perpendicular to the direction of flame propa-
gation. The video rate was 7000 frames per second (fps) with a
resolution of 256 x 128 pixels. The size of the sample is about
30 mm x 11 mm x 0.9 mm. Each experiment was repeated at
least 3 times.

2.7. Flame temperature measurement

Color ratio pyrometry was performed using the same high-
speed color camera. The details can be found in ref [51]. Briefly,
three color ratios (green/red, blue/green, and blue/red) were si-
multaneously used to estimate temperature by minimizing their
summed error from theoretical ratios with a nominal error less
than ~110 K. For the figures that show temperature of a sin-
gle sample as a function of time, only unsaturated pixels above
the black level and within the error threshold are used to report
mean/median temperature of the frame for a contiguous area of at
least 10 acceptable pixels.

2.8. Mechanical testing

Tensile tests of the samples (30 layers) were performed us-
ing an INSTRON 3367 testing machine. Specimens were tested at
a gage length of 10 mm and a cross-head speed of 5 mm/min.
The Young's modulus was determined as the slope at low strain
and the tensile strength was determined as the stress at specimen
breakage. Compared to Al-CuO with HPMC-PS-NC hybrid polymers,
tensile tests of the polymers (HPMC, NC, PS, HPMC-NC, HPMC-
PS, NC-PS and HPMC-PS-NC) without Al-CuO were tested in the
same condition (Table S6). Each experiment was repeated at least
3 times.
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Fig. 1. Cross-sectional SEM images of different polymers hybrid (a: HPMC-PS; b: PS-NC; c: HPMC-NC; d: HPMC-PS-NC). Note: The low-resolution SEM images were shown

in Fig. S3.

2.9. High-speed microscopy

As Fig. S10 shows, a 40x Nikon microscope objective with a
working distance of 0.66 mm and an aperture of 0.75. The third
port of the beamsplitter cube houses a red LED (630 nm), which
is collimated using a plano convexlens at 1f. The collimated beam
is reflected by the beam splitter and focused on the sample via
the microscope and the scattered light from the sample is imaged
by the camera for focusing purposes. The high-speed video cam-
era recorded at framerates of 18,000 frames/s, with an exposure of
~55 .

3. Results and discussion

3.1. Preparation of colloidal inks and morphology of the printed
composite sticks

For any robust printing process, stability of composite inks
is crucial for high quality 3D-printing, and the inks themselves
should be resistant to phase separation over long periods of time.
Using a polymer hybrid of 3 wt% hydroxy propyl methyl cellulose
(HPMC), 3.5 wt% nitrocellulose (NC) and 3.5 wt% polystyrene (PS),
a stable ink without any phase separation could be obtained (Figs.
S$1-S3). The introduction of NC was used to increase the flamma-
bility of the Al-CuO nanothermite due to its low ignition temper-
ature. The addition of PS acts to reinforce the mechanical proper-
ties of the printed sticks since HPMC and NC have a relatively low
Young’s modulus of 0.62 GPa and 0.45 MPa, respectively, while PS
is as high as 3.7 GPa, or 6x and 8000x higher than that of NC and
HPMC [52-54].

Printing colloidal inks without nanoparticles show quite differ-
ent morphologies, dependent on composition, as demonstrated in
Fig. 1. All single-polymer cases had smooth, uniform surfaces in
cross-section (Fig. S3), while all the hybrid-polymer cases were

rough (Fig. 1a, b and d), with agglomerates in the cross-section
(except for HPMC-NC, Fig. 1c). The spherical agglomerates on the
rough surface are PS confirmed by energy dispersive spectrometer
(EDS) point elemental analysis. It is also notable that in the HPMC-
PS-NC case, some of the PS spheres were transformed into flakes
(Fig. 1d), possibly because its inherent ductility results in shear in-
duced morphological changes as it is injected through the syringe
needle.

Addition of Al-CuO nanothermite into the formulations (see the
procedure in Fig. S1), results in voids in all single-polymer sam-
ples, resulting in poor mechanical properties. The two-polymer hy-
brids were also eliminated from consideration since the inks suf-
fer from phase separation (Figs. S2 and S4a). We were able to find
however, an optimal formulation for the colloidal ink (Fig. S4b)
at high loadings of 90 wt% Al-CuO, with three polymer mixtures
(3.0 wt% HPMC, 3.5 wt% NC and 3.5 wt% PS). The homogeneity and
composition of different inks with different polymer mixtures, and
the morphology and quality of the corresponding printed samples
were summarized in Table S1-S4.

The rheology of the ink and the possible interaction between
different polymers were investigated, in order to better understand
the need for the three-polymer blend. Fig. 2a shows shear viscosity
of HPMC-PS-NC inks with and without Al-CuO nanothermites. Both
pure polymer solutions and the composite ink show shear-thinning
properties. Addition of the thermite dramatically increases the vis-
cosity of the ink by approximately 1000x, but because these inks
are extremely shear thinning, they approach the viscosity of the
polymer at high shear rates. This property is ideal for a direct
writing ink, enabling an otherwise high viscosity material to be
pushed through a narrow nozzle [55]. Fourier transform infrared
spectroscopy (FTIR) analysis (Fig. 2b and Table S5) provides in-
sights into the possible interactions between HPMC, NC and PS. A
clear shift (from 1632 cm~! to 1644 cm~!) of the NO, asymmetric
stretching band (Fig. 2b) in HPMC-NC-PS composites compared to
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Fig. 2. (a) Apparent viscosity as a function of shear rate of line 1 (HPMC-PS-NC hybrid polymer solution) and line 2 (Al-CuO (®: 1.0) with HPMC-PS-NC hybrid polymer). (b)
FTIR spectra of NC, HPMC, PS and HPMC-PS-NC hybrid polymers. (c) Photograph of the printed and stacked composites sticks (30 layers) with 90 wt% Al-CuO nano-thermite
(equivalence ratio: 1.0) and 10 wt% HPMC-PS-NC hybrid polymer. (d) High magnification SEM image of the composite stick. (e) and (f) low magnification SEM images of the
composite stick with PS flakes. The insert in (e) high magnification SEM image of PS flake. Schematic showing of the ink before (g) and after (h) extruding from the syringe,

when the PS spheres were transformed into PS flakes.

pure NC, indicates possible hydrogen bonding between the NC and
other polymers, and may provide enhanced interactions between
nanoparticles [56].

Fig. 2c show the 30-layer composite sticks with 90 wt% Al-CuO
nano-thermite (Equivalence ratio 1.0) and 10 wt% HPMC-PS-NC hy-
brid polymer (including 3.0 wt% HPMC, 3.5 wt% NC and 3.5 wt%
PS), where the polymer content is confirmed by the TGA in Ar (Fig.
S5). The inset SEM image shows the cross-sectional morphology of
the composites.

Fig. 2d-f shows low and high magnification cross-sectional SEM
images of 30 layers AI-CuO nanothermite composite sticks. The
width and thickness of these sticks are ~ 0.9 mm and 2.3 mm, re-
spectively. As the high magnification SEM image (Fig. 2d) shows,
hybrid polymer particles of ~20 nm are observed among the Al-
CuO nanothermites. Our previous study [44]| showed that polymer
gelation upon heating plays a critical role in enabling the forma-
tion of free-standing structures with minimal binder (<10%). The
high magnification SEM image and EDS results also show close as-
sembly between Al and CuO nanoparticles (Fig. S6).

The architecture of the energetic materials plays a significant
role in the mechanical properties and reactivity [57-59]. As seen in
Fig. 2e and f, polymer flakes in ~um thickness and ~mm length ob-
served among different layers with a spacing of ~100-300 pm were
confirmed to be PS. As we mentioned above, owing to its low glass
transition temperature (~100 °C), polystyrene (PS) is easily trans-
formed upon heating. When extruding PS spheres containing ink
from the thin syringe needle to the pre-heated substrate (~75 °C),
the PS spheres (Fig. 2g) were transformed into PS flakes (Fig. 2h)

by shear. The PS flakes are likely responsible for the significant im-
provement in mechanical behavior observed as discussed below.

3.2. Mechanical properties of the printed composite sticks

Mechanical properties were found to be independent of equiv-
alence ratio, thus independent on particle type (from 1.0 to 3.4),
with the tensile strength and modulus of the composite roughly
constant at ~5 MPa (Fig. 3a) and 1 GPa (Fig. 3b). Compared to
the particle-free hybrid polymers (Fig. 3 and Table S6), the parti-
cle containing composites show a 10x decrease in tensile strength,
however the Young’s modulus shows a modest decline. Keep in
mind that we are dealing with a 90 wt% particle loading compos-
ite so this result is a significant improvement over what has been
achieved for comparable samples using 3D printing approaches
[41-43]. For reference, Fig. S7a-d shows stress-strain curves, ten-
sile strength and Young’s modulus for the different pure polymers
of HPMC, NC and PS, as well as different hybrid polymers.

3.3. Combustion performance of printed composites

The burn rate and flame temperature of the composite sticks
for equivalence ratios of 1.0 to 3.4 in Ar (1 atm) were obtained
by high-speed color camera pyrometry [51] (Fig. S8). Typical burn-
ing snapshots of the composites at an equivalence ratio of 1.0 and
2.4 are shown in Fig. 4a and b, and the other results are summa-
rized in Table S7. It is clear that propagation is stable in both cases,
with the rich (@ = 2.4) case observed to have a larger and brighter
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densities of the composite sticks are shown in Fig. S12.

flame compared to the stoichiometric case (anerobic conditions).
Burn rate also peaks at the rich side (@ = 2.4) at a velocity of
~25 cm/s (Fig. 4c). Flame temperature is also plotted in the same
figure and shows a gradual decrease from 2600 K to 2100 K (Table
S7), which we attribute to the combustion products transition from
Cu and Al,03 to a mixture of Al,03, Al4Cug and Al,Cu according
to X-ray diffraction results (Fig. S9) [60]. Given the burn rate in-
creases by 10x when increasing the equivalence ratio from 1.0 to
2.4, while the flame temperature only has a ~400 K decrease, re-
sults in a normalized heat flux that also peaks at an equivalence
ratio of 2.4, and is ~8x the stoichiometric case (see Fig. 4d). Thus,
operating rich has significant performance gains, but also suggest
that combustion of the fuel is likely kinetically limited.

To confirm that the method is applicable to other oxidizers,
composites of Al-CuO, Al-Fe;04, Al-Co304 and Al-WOs3 at equiv-
alence ratio of 2.4 were also printed and the combustion propa-
gation speed shown in Fig. 4e. Burn rates with different oxidizers

show results consistent with raw powder samples physically mixed
and ignited in a combustion cell. This is not surprising since our
composite sticks are essentially pure thermite mixtures (i.e. 10 wt%
binder) [61,62].

3.4. Probing the flame front

Reactive sintering plays a significant role in nanothermite com-
bustion by rapidly coalescing aggregated NPs, and thus increasing
the effective size of the particles before reaction (sintering < re-
action time) [19,50,63]. We recently directly observed this signif-
icant phenomenon with high temporal and spatial resolution by
using a microscope coupled high-speed camera [50]. These results
showed post-reactive sintering size, and flame thickness of ~20 um
and ~30 pm, respectively.

The in-operando high-speed microscopy imaging was also used
in this study to probe the flame front of the Al/CuO/HPMC/NC/PS
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(90 wt% Al-CuO; @ = 1.0). The experimental configuration is shown
in Fig. S10 and has been discussed in detail elsewhere [50]. Fig.
5a shows the temporal flame propagation snapshots with a scale
of ~512 ym x ~512 pm and a resolution of ~1 pm/pixel along
with the resulting color pyrometry temperature as previously de-
scribed [50]. The flame front images and corresponding temper-
atures are shown in Fig. 5b. The mean flame front temperature of
the printed Al/CuO/HPMC/NC/PS (90 wt% Al-CuO) was measured to
be ~3000 K with a flame front thickness ~30 pm (Fig. 5a), which
is ~400 K higher than that in Fig. 4c. We attribute this difference
to the length scale and location of view. A temperature of ~2600 K
(Fig. 4c) was measured based on the macroscope view (~3 cm) of
the whole burning stick (also including cooling products), while
under microscopic conditions which imaged only the hot reaction
front we see temperature ~3000 K. The latter result based on the
thickness of the front a thermal gradient of ~108 K/cm. If we con-
sider from the image we see the reaction front is at most 50 pm,
and with a velocity ~ 5 cm/s (@ = 1.0) leads to heating rates of
107-108 K/s and reaction times of ~ 1 ms. These results are very
consistent with our prior study of Al/CuO/HPMC/PVDF [50]. The re-
sulting sintered particle size from post-combustion analysis shows
particles in the (Fig. 5¢) ~2-20 pm range which is roughly the same
as that seen for AI-CuO nanothermites powders [19]. Higher reso-
lution SEM image and its EDS result are shown in Fig. 5d and e, re-
spectively. The post-combustion products show a common “snow-
man” structure in which Al,03 “body” is coated by one (or several)
Cu “caps”, as evident by EDS (Fig. 5e). These results indicate that
further formulation optimization could be done to reduce the re-
active sintering of Al-CuO to further enhance the reactivity.

4. Conclusion

We have prepared a colloidal ink with 90 wt% Al-CuO and
10 wt% hybrid polymers that enables one to print mechanically
strong and highly reactive materials, that operationally behave like
a dense thermite powder compact. We believe that the in-situ pro-
duction of PS flakes is an important component in establishing
the mechanical integrity of the materials, while still maintaining
combustion performance. This approach was shown to be generic
as evidenced by similar behavior with three other oxidizers. This

study offers an attractive route for safe, reliable and scalable addi-
tive manufacturing of Al-based nano-energetic materials.
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