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a b s t r a c t 

Energetic materials with a high iodine content and tunable reactivity are desirable for application as a 

biocidal agent. In this paper, aluminum/polyvinylidene fluoride (Al/PVDF) composites with different io- 

dine content were prepared by an electrospray deposition method. Most of the iodine in the films are 

found to be fixed by PVDF and aluminum, which is released at 250 °C and 450 °C respectively. The heat 

release and burning rate of the iodine-containing films decreases with the increase of iodine content. 

With an iodine content of ≥40 wt.%, the film did not propagate. However, when fabricated in a laminate 

structure the threshold for iodine loading to sustain propagation increased to 67 wt.%. Evaluation of sev- 

eral multi-layered structured films indicated that an optimum single layer thickness of ∼25 μm produced 

the fastest reaction velocity, with loadings of up to 67 wt.% iodine. The thermal decomposition and oxi- 

dation of the laminated Al/PVDF films are also investigated. It appears thus that iodine which acts as a 

reaction retardant can be loaded in higher concentrations if it is physically separated from the primary 

energetic. In so doing, the primary energetic can maintain a continuous ignition threshold to propagate 

and enable the heat released from reaction to evolve gas phase iodine. 

© 2018 Published by Elsevier Inc. on behalf of The Combustion Institute. 
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1. Introduction 

Weaponized bacterial spores such as anthrax require aggres-

sive methods for their neutralization, either through exposure to

strong bactericidal agents or application of heat. In some cases,

it has been found that synergistic effects coupling both chemi-

cal and thermal effects work best. For example, exposure to high

concentrations of hot iodine vapor has been shown to be effec-

tive [1,2] . To achieve high temperatures, energetic fuel/oxidizer

formulations are common, and iodine can be introduced into

the composites with iodine rich oxidizers. For example, I 2 O 5 ,

NaIO 4 /KIO 4 , Cu(IO 3 ) 2 /Bi(IO 3 ) 3 /Fe(IO 3 ) 3 /Ca(IO 3 ) 2 /AgIO 3 and iodine

containing organic compounds are commonly used iodine-rich ox-

idizers for fuels such as Al and B [3–11] . Thermodynamically

these formulations will nominally produce molecular iodine. How-

ever, some reactions such as Al/NaIO 4 (KIO 4 ) will produce iodides

(NaI/KI) rather than iodine gas. An alternate approach is to sim-
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ly add iodine in its elemental form to energetic formulations.

reviously, we added elemental iodine into Al/CuO microparticle

ormulation to create a high iodine (50 wt.%) containing thermite

12] . Iodine has also been added to energetic formulation through

all milling with Al and B to create high iodine content compos-

tes [13,14] . Iodine-containing energetic materials generally (1) self-

ropagate with a large heat release; (2) have a high iodine content;

3) have long effective duration and are thus worthy of further ex-

loration. 

Currently, almost all iodine-containing energetic materials are

owders, which need further processing such as pelleting before

pplication. An alternative to these powders would be high io-

ine containing polymer composites. One such polymer fuel sys-

em Al/PVDF, which has high heat release, possesses good me-

hanical properties and has the potential for 3D printing [15] .

he reactivity of Al/PVDF can be adjusted by controlling the com-

osition, structure, and additives [16] . These advantages make it

n ideal option to load iodine. In this study, elemental iodine was

issolved into an Al/PVDF precursor. And iodine containing free-

tanding films were prepared by electrospray deposition. The mi-

rostructure, thermal decomposition, iodine release and propagat-

ng speeds of these films were investigated. Employing a laminate

tructure, we find that Al/PVDF films can propagate with an iodine

ontent as high as 67 wt.%. 

https://doi.org/10.1016/j.combustflame.2018.05.016
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2018.05.016&domain=pdf
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Fig. 1. Fabrication by electrospray deposition of single layered and multi-layered Al/PVDF/I 2 films. 
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. Experimental section 

.1. Chemicals and precursors 

Aluminum nanoparticles (Al NPs, ∼85 nm) were purchased from

ovacentrix. The active aluminum content is ∼81 wt.% according to

hermogravimetry/Differential Scanning Calorimetry (TG/DSC) re- 

ults. Polyvinylidene fluoride (PVDF, 534,0 0 0) and iodine (I 2 , 99.8%)

ere purchased from Sigma-Aldrich. N, N-Dimethylformamide

DMF, 99.8%) was purchased from BDH chemicals. All chemicals

ere used as received. As example: for an Al/PVDF composite with

0 wt.% iodine, 150 mg PVDF was dissolved in 3 mL DMF, to which

0.55 mg of I 2 was added. Following dissolution, 52.2 mg Al NPs

ere then added into the solution and sonicated for 1 h. After

tirring for 24 h, the suspension was ready for electrospray. For

ulti-layered films, there are two components. One is an iodine-

ontaining component, and the other is the Al/PVDF. For a typical

odine containing part, 150 mg PVDF and 808.8 mg iodine was dis-

olved in 2.5 mL DMF, to which 52.2 mg Al was added. For Al/PVDF

omponent, 150 mg PVDF was dissolved in 3 mL DMF and 52.2 mg

l was added. Al and PVDF are in stoichiometric ratio in all the

ases. 

.2. Electrospray formation of Al/I 2 /PVDF films with single and 

ulti-layers 

The details of the electrospray setup can be found in our previ-

us studies [17,18] . In a typical setup a 10-mL syringe with stain-

ess steel needle of inner diameter: ∼0.43 mm was operated with

 syringe pump. An electric field of ∼3.3 kV/cm (for Al/PVDF) or

5 kV/cm (for iodine containing Al/PVDF) was applied between

eedle and substrate. The distance between the needle and sub-

trate was set as ∼2 cm and the feed rate of precursor was set

s ∼2 mL/h. For the preparation of single layered Al/PVDF films,

he precursor was sprayed without pausing. For the multi-layered

lms, after deposition of one Al/PVDF layer, electrospraying was

aused for 5 min to allow the film to completely dry before

he iodine continuing layer was sprayed as illustrated in Fig. 1 .

or these studies a 3-layer film has two Al/PVDF layers and one

l/PVDF/I 2 layer. For 5 layers there are three Al/PVDF layers and

wo Al/PVDF/I 2 layers. 

.3. SEM, EDS, XRD, FTIR and TG/DSC/MS 

The microstructure of Al/PVDF films with iodine was inves-

igated by using a Hitachi SU-70 scanning electron microscope

SEM) coupled to an energy dispersive spectrometer (EDS). The

lms were sectioned at low temperature by tweezers in liq-

id nitrogen and adhered to a carbon film on an SEM stage.

he films were also characterized by powder X-ray diffraction
XRD, Bruker D8 with Cu K radiation) and attenuated total

eflection (ATR) Fourier transform infrared spectroscopy (ATR-

TIR, Nicolet i550R, Thermo Fisher Scientific), respectively. Ther-

ogravimetry/differential scanning calorimetry/mass spectrometry 

TG/DSC/MS) results were obtained with a TA Instruments Q600

nd Discovery Mass spectrometer in an argon flow (100 mL/min)

t a heating rate of 25 °C/min. 

.4. Burn rate measurement 

To evaluate burn rate, the films were cut to 3 cm × 0.5 cm sec-

ions. The films were ignited with a Joule-heated nichrome wire

 ∼1 cm in length, 0.010 in. in diameter) in a quartz tube filled with

rgon. After each run, the tube was cleaned, and then purged with

 flow of argon for 5 min (flow rate: 10 L/min). Film burning was

ecorded using a high-speed camera at 14.9 μs per frame (Phan-

om V12.1; 256 × 256 pixels,). The average burn rate for each sam-

le condition was evaluated in triplicate. 

. Results and discussion 

Al/PVDF films with a fixed amount of Al/PVDF ( ∼200 mg) and

ifferent iodine content of 5, 20, 35, 40, 45, and 50 wt.% were

repared. The SEM images and EDS results of the typical cross-

ectional films are shown in Fig. 2 . As the SEM images show, the

hicknesses of the films with 5 and 20 wt.% are 40 and 50 μm,

espectively. With further increase of iodine content to 50 wt.%,

he thickness of the Al/PVDF film also increases to 90 μm. The

EM images also show morphology differences. Overall, most parts

f the cross-sectioned films are smooth and dense. While at the

igher iodine loadings, more cracking and delamination could be

bserved. As the EDS mapping images indicate, the mixing of io-

ine and PVDF (represented by fluorine) in all the samples is ho-

ogenous dispersed across the whole cross-section. However, the

l NPs appear to agglomerate with increased iodine content. The

l NPs disperse well in the film with 5 wt.% iodine but form con-

entrated regions on the micron scale when the iodine content

20 wt.%. Under imaging the iodine vaporized due to heating from

he electron beam and formed bubbles as seen in the lower SEM

mage of 50 wt.% iodine loading case in Fig. 2 . The corresponding

lemental mapping is shown in Fig. 3 a. From this Figure, we can

ainly see the carbon (from PVDF), iodine, aluminum and fluorine

from PVDF). The gold (Au) is from the coating to avoid charging

uring SEM imaging. The iodine signal intensity of different films

ncreases with the increase of iodine content. The crystalline struc-

ure of iodine containing films was also measured and compared

o that of the Al/PVDF film without iodine, shown in Fig. 3 b. The

ain species detected by XRD are aluminum and PVDF for both

ases. The Al/PVDF film with 20 wt.% iodine shows only weak io-

ine peaks, indicating low crystallinity for iodine, and suggests that
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Fig. 2. Cross-section SEM images and EDS results of Al/PVDF films with different iodine content of 5 wt.%, 20 wt.% and 50 wt.%. 

Fig. 3. EDS results (a) of Al/PVDF films with different iodine content of 5 wt.%, 20 wt.% and 50 wt.%. XRD results (b) of Al/PVDF films with 20 wt.% iodine and without iodine. 
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the iodine is likely highly dispersed in the PVDF. We also note

that the crystal phase of PVDF in the two cases is different. For

Al/PVDF without iodine, we observe the α-phase, but addition of

iodine triggers formation of the β-phase, which suggests that the

iodine may also affect the crystallization of PVDF. These results re-

veal that there might be interactions between PVDF and iodine. 

Al/PVDF films with different amounts of iodine (0, 5, 20 and

35 wt.%) were heated in a TGA/DSC (argon flow) from room tem-

perature to 10 0 0 °C with a heating rate of 25 °C/min. As Fig. 4 a

shows, the iodine almost completely vaporizes ( ∼95 %,) at tem-

peratures < 125 °C. Fig. 4 b shows that iodine, and all Al/PVDF

films have an endothermic peak at 120 °C and 160 °C, which

we assign to the melting of iodine and PVDF, respectively. For
he Al/PVDF films without any iodine, the weight loss commences

t ∼ 360 °C and ends at 430 °C. From the Al/PVDF DSC results

 Fig. 4 b), we see several exotherms with a total integrated heat

elease of ∼7.5 kJ/g. With iodine, all the TG curves ( Fig. 4 a) have

wo weight loss stages. The first stage at ∼180 °C, ends at ∼240–

80 °C, and the second stage triggers at ∼380 °C and completes at

460 °C. As Fig. 4 b shows, with 5 wt.% of iodine, heat generation

ecreases from 7.5 kJ/g to 4.6 kJ/g and decreases further to 4.3 kJ/g

nd 3.4 kJ/g, at 20 and 35 wt.% iodine, respectively. This is expected

s iodine is a poor oxidizer and thus primarily acts as a heat sink. 

Volatile species released in the TGA/DSC were monitored by an

n-line mass spectrometer. As Fig. 5 a shows, the pure iodine re-

ease peaks at ∼130 °C, is slightly higher compared to TGA data,



H. Wang et al. / Combustion and Flame 197 (2018) 120–126 123 

Fig. 4. TG (a) and DSC (b) of Al/PVDF, Al/PVDF with iodine (5 wt.%, 20 wt.% and 35 wt.%) and elemental iodine. 

Fig. 5. Iodine (I 2 , mass 254) release seen with TG/DSC/MS at a slow heating of ∼25 °C/min (a). ATR-FTIR results of the Al/PVDF films without iodine and with 5, 20, and 

35 wt.% of iodine (b). 
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ecause of the transit time through the sampling capillary. The io-

ine in Al/PVDF films was released at two stages with peaks at

245 °C and ∼435 °C, respectively, and thus significantly delayed

from pure iodine evaporation), and consistent with the weight

oss results in Fig. 4 a. The first iodine release corresponds to the

elting of PVDF at ∼160 °C. The second stage of iodine release

orresponds to the observed decomposition point of Al/PVDF at

360–430 °C. From these results, we conclude that iodine can be

xed by PVDF, and that the two-stage release corresponds to both

 physical entrapment, and with some held by interaction between

odine and PVDF. Based on the MS results, we roughly calculated
he relative amount of iodine held in the PVDF. For the film with P
 wt.% iodine, the iodine held by stage 1 and stage 2 is 52 wt.%

nd 48 wt.%, while for the film with 35 wt.% of iodine, the value is

3 wt.% and 7 wt.%, respectively, which indicates that, at high io-

ine content, there is a limitation to the amount of iodine that

an be held by the stronger of interactions between iodine and

VDF. To evaluate these interactions, Al/PVDF film without iodine

nd with 5, 20, and 35 wt.% of iodine were characterized by ATR-

TIR and shown in Fig. 5 b. With added iodine the β-phase of PVDF

1276 cm 

−1 and 838 cm 

−1 ) is enhanced and the peaks correspond-

ng to α-phase (973 cm 

−1 , 791 cm 

−1 , 758 cm 

−1 and 609 cm 

−1 )

ecreased [19,20] and consistent with the XRD shown in Fig. 3 b.

erhaps more interesting is that the CH 2 wagging mode (1381–
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Fig. 6. Burning rates of the Al/PVDF films with different iodine content (0 wt.%, 

5 wt.%, 20 wt.% and 35 wt.%). Note: 40 wt.% and 50 wt.% cases could not propagate. 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Total film thickness and a single layer thickness (average) 

of laminated-structure iodine containing Al/PVDF films with 

different layers. For all cases, iodine content = 67 wt.%. Sin- 

gle layer thickness for 11 layers could not be discerned due 

to interpenetration. 

Layers Total thickness 

(μm) 

Single layer 

thickness (μm) 

3 110 ∼37 

5 120 ∼25 

7 150 ≤10 

9 130 ≤8 

11 200 - 

t  

p  

i  

i  

s  

o  

o  

f  

t  

w  

t  

s  

t  

s  

n  

a  

l  

d  

g  

i  

c  

n  

t  
1400 cm 

−1 ) and -CF 2 symmetrical stretch ( ∼1170 cm 

−1 ) progres-

sively shift to low wavenumbers with increasing iodine content

[20,21] . These results confirm that the iodine is fixed by the in-

teractions with PVDF, which retards iodine release at low temper-

atures and implies that PVDF is a good iodine storage polymer. 

The burning rates of the Al/PVDF films with different iodine

content (0–50 wt.%) are shown in Fig. 6 , and indicate that with

increase of iodine content from 0 to 20 wt.%, the burning rate of

Al/PVDF films decreased monotonically from ∼11 cm/s to ∼4 cm/s,

and then became constant at ∼4 cm/s. Above an iodine content of

∼40 wt.%, the Al/PVDF films could not sustain propagation. 

The combustion of energetic materials is generally also corre-

lated to its microstructure. In our previous work, we demonstrated
Fig. 7. Cross-section SEM images and EDS results of laminated-structure iodine containi

EDS results confirm that the darker region is Al/PVDF layer (no iodine) and the lighter pa
hat Al/PVDF films with multi-layers show enhanced burning com-

ared to a single layer structure [22] . To increase the iodine load-

ng in Al/PVDF film while maintaining its self-propagating burn-

ng properties, a laminate structured Al/PVDF film was prepared as

hown in Fig.1 b. One thin iodine containing Al/PVDF layer (80 wt.%

f this layer is iodine) was laminated by two Al/PVDF layers with-

ut iodine. For comparison purposes the iodine content of dif-

erent laminated films is fixed at ∼67 wt.% which is larger than

hat which would sustain propagation in a single layer film. Films

ith a total layer of 3, 5, 7, 9 and 11 layers were prepared, and

he corresponding cross-sectional SEM images and EDS result are

hown in Fig. 7 . All the films have the same formulation and to-

al mass, thus theoretically, the total film thickness should be the

ame. However, because of the structure differences, layer thick-

esses are slightly different. Nominally, as Fig. 7 and Table 1 show,

ll the films have a total thickness of ∼130 ± 20 μm (except for 11-

ayer case, thickness = ∼200 μm). The EDS results confirm that the

arker region is the Al/PVDF layer (no iodine) and the lighter re-

ion the iodine containing layer. The average thickness for the var-

ous films is listed in Table 1 . As Fig. 7 shows, for 3 and 5 layers

ases, the layers have clear interfaces. However, as the total thick-

ess is held constant, constructing a film with more layers implies

hat layer thickness is decreasing. When the layers get sufficiently
ng Al/PVDF films with different layers. For all cases, iodine content = 67 wt.%. The 

rt is iodine containing layer. 
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Fig. 8. Burning rate of laminated-structure Al/PVDF films with different single layer thicknesses (a). The time-resolved burning snapshots of laminated-structure with a 

single layer thickness of ∼25 μm (b). Schematic showing laminated-structure films with clearly defined and interpenetrating interface between iodine and Al/PVDF layer (c). 

Burning snapshots of iodine laminated-structure Al/PVDF films with a single layer thickness of ∼25 μm in the air (d). Note: all burning tests were conducted in argon except 

Fig. 8 d. 
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hin interpenetration makes discerning the layer thickness impos-

ible. 

As Fig. 8 a shows, and as previously discussed, that a single layer

lm at such a high iodine loading (67 wt.%) will not propagate.

owever, a laminated-structure with a single thickness ≥10 μm

ill burn with a maximum propagation rate of ∼6 cm/s when the

ingle layer thickness is ∼25 μm. These results are in accord with

ur previous study, in which the burning rate increased with the

ncrease in the number of layers. More recently, a multi-layered

l/PVDF film infused by synthesized meso–SiO 2 particles showed

x higher burning rate compared to 1-layer case [23] . The observed

arger and brighter flame ( Fig. 8 b) suggests enhanced heat con-

ection and feedback from Al/PVDF layers to the iodine containing

ayer may contribute to the improvement. However, when the sin-

le thickness is < 10 μm, the layer thickness become presumably so

mall as to start approaching the structure of a single layer film,

nd propagation rate degrades ( Fig. 8 c). Fig. 8 d and the support-

ng video show the burning of the iodine containing laminated-

tructure Al/PVDF films (single layer thickness ∼25 μm), releasing

arge quantities of iodine during combustion. 

It appears thus that iodine which acts as a reaction retardant

an be loaded in higher concentrations if it is physically separated

rom the primary energetic. In so doing, the primary energetic can

aintain a continuous ignition threshold to propagate and enable

he heat released from reaction to evolve gas phase iodine. 

. Conclusion 

Al/PVDF films with different iodine content from 5 wt.% to

7 wt.% were prepared by an electrospray deposition method. The

orphology and composition of the films were characterized, and

he thermal decomposition, crystalline structure, and iodine re-

ease properties of different films were investigated. It was found

hat iodine was fixed by PVDF and was released in two stages at a

elatively high temperature of ∼250 and ∼450 °C. The burning rate

ecreases with the increase of iodine content and did not propa-

ate for iodine content ≥40 wt. %. However, it was found that a

aminated-structure film enabled burning to occur at loadings in

xcess of 67 wt.% if the thickness of one single layer ≥10 μm. A

ajor conclusion of this work is that iodine acts as a reaction re-
ardant but can be loaded in higher concentrations if it is physi-

ally separated from the primary energetic. This was accomplished

hrough assembly in a laminate structure. 

upplementary materials 

Supporting video (burning video of 5-layer laminated

l/PVDF/I 2 (67 wt.% iodine) in air) can be obtained from either

nline or all the authors. 

Supplementary material associated with this article can be

ound, in the online version, at doi: 10.1016/j.combustflame.2018.05.

16 . 
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