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A microcoating technique was used to apply a polymer to an energetic explosive material. The explosive was 
pentaerythritoltetranitrate (PETN), and the coating was a copolymer consisting of vinylchloride/trifluorochloroethyl-
ene in a 1.5/1.0 molecular ratio. X-ray photoelectron spectroscopy (XPS) and ion scattering spectroscopy (ISS) 
were used to study the surface and interfacial chemistry of PETN powders and pellets made from compressed 
powders having either 0.5 or 20 wt% coating. Two simple models were used to discuss the nature of the copolymer 
film on the PETN. Model 1 shows the copolymer completely coating PETN; Model II depicts the copolymer as 
only partially covering PETN. Model II was applicable in explaining the 0.5 and 20 wt% microcoating of powders, 
as well as the 0.5 wt% coated pellets. However, the pellets with 20 wt% coating showed the copolymer to completely 
coat PETN (Model I), suggesting copolymer redistribution during pelletization. XPS and ISS results showed the 
copolymer film to be thin. An XPS expression modified to accommodate ISS data was developed for the calculation 
of the average copolymer thickness of PETN. The thicknesses were determined to be 10 A and 6 A for 0.5 wt% 
coated PETN powders and pellets, respectively. Bonding between the copolymer and PETN was concluded to be 
mechanical. 

INTRODUCTION 

The material used in this study was an explosive powder, 
pentaerythritoltetranitrate (PETN), and the coating was 
a copolymer of vinylchloride/trifluorochloroethylene in 
a 1.5/1.0 molecular ratio. The surface and interfacial 
chemistry of microcoated PETN have been previously 
examined.' '^ The results have shown that the coatings 
of ethylcellulose and vinylchloride/trifluorochloroethyl-
ene are compatible for use in microating PETN. The 
coatings were found to be thin for less than 2 wt% 
copolymer and also showed no alteration in the physical 
properties of PETN after microcoating. 

In this work, the surface and interfacial chemistry of 
microcoated PETN were extensively studied using a 
combination of x-ray photoelectron spectroscopy (XPS) 
and ion scattering spectroscopy (ISS). XPS derives 
information from the surface and several layers below, 

/whereas , ISS takes information only from the first 
monolayer. The combination of XPS and ISS can be 
used to determine the type of bonding which occurs 
between PETN and vinylchloride/trifluorochloroethyl-
ene and also permits the copolymer thickness to be 
determined. 

A microcoating technique, which involved the starved 
addition of the copolymer to PETN in order to obtain 
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microcoated particles,^ was used in this work. Micro
coating means having a uniform distribution of the co
polymer on the PETN particles. Prior to microcoating, 
PETN exhibits inferior pourability and pelletization 
properties. However, after using the microcoating pro
cess, a free-flowing PETN powder results which has 
improved pellet strength without loss of ignition sensi
tivity.^ 

EXPERIMENTAL 

The PETN powder used in this work was purchased 
from duPont."* The vinylchloride/trifluorochloroethyl-
ene copolymer was purchased from Firestone Plastic 
Company;^ this copolymer is referred to as FPC-461. 
The PETN powder was dissolved in acetone and was 
then precipitated by the addition of water. This process 
recrystallizes PETN to remove impurities. PETN is then 
coated using the microcoating process. One-hundred 
gram (100 g) batches of 0.5 and 20wt% coated PETN 
were made by following previously documented starved 
addition procedures.^ 

The copolymer and the 0.5 and 20 wt% coated PETN 
powders were then pressed, at room temperature, into 
pellets on an Instron. The pellets were pressed to 95% 
density in a mold to obtain dimensions of 19.0 mm 
(0.748 in) in diameter and 2.1 mm (0.083 in) in thickness. 
The copolymer, PETN, and coated PETN materials were 
pressed into pellets at —3515 kg cm~^ (50 K psi). A ram 
speed of 5.0 mm (0.2 in) per minute was used, and the 
pellets were held at pressure for 60 s to assure uniform 
pelletization. 

A Surface Science Laboratory XPS Spectrometer* 
(Model SSX-100) was used. This instrument is a small 
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Figure 1. Structure of PETN. 

spot size XPS analyzer; the analysis spot in this study 
was 300 (Am. The excitation source was a monochromatic 
Al [K„] line of 1486.6 eV. An x-ray wattage of 50 W 
(10 kV and 5 mA) was used in accumulating the data. 
Samples were placed in front of the photon beam; survey 
and high resolution scans were taken. A typical time to 
record all XPS data was 30 min per sample. An electron 
charge neutralizer of 12 V was required to neutralize 
each sample. No change in the spectra could be detected 
after several successive 30 min runs for a total of 12 h 
radiation; this shows that the copolymer and PETN were 
not dissociated by the A1[K„] photons. 

The surface compositions were determined on three 
diflerent areas of the specimen. This was accomplished 
by moving the sample, such that, a new area was being 
irradiated and analyzed. The intensities of the three 
scans were averaged. The atomic percents were repro
ducible to approximately ±10%. The atomic percent 
was determined by: first, setting a linear background 
under each peak; second, measuring the counts above 
the background per channel; third, summing the counts 
in all the channels under the peak; fourth, dividing the 
summed peak intensity by the Scofield^ sensitivity factor 
(modified intensity); and finally, calculating the percent 
of the modified intensity (atomic percent). 

A Kratos^ ISS System (Model #535) connected to a 
DS-800 Data System was used for accumulating and 
recording the ISS spectra of the copolymer, PETN, and 
coated PETN samples. The analyzer is a cylindrical 
mirror with a scattering angle of 138°. The system was 
pumped to pressures of 10~'torr with an ion pump 
(1101 s~')andaturbomolecularpump(3301 s~').Samples 
were mounted on a carousel and placed into the vacuum 
chamber. 'He^ was used as the scattering ion when 
recording ISS spectra. Samples were bombarded with 
1.8 keV ^He^ ions at a 100 nA ion current which was 
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Figure 2. Structure of the copolymer. 
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Figure 3. Illustration of proposed models for the microcoating of 
PETN: (a) Model I is a totally coated PETN particle and (b) Model 
II Is a partially coated PETN particle. 

rastered over 1 cm^. A channel step size of A(£i/£o) = 
0.005 (where £1 = scattered primary ion and £0 = 
primary ion energy) and a helium pressure of 1 x 10"' 
torr were used in recording all scans. ISS spectra were 
recorded within 10 s; however, acquisitional times were 
600 s for survey scans and 24 s for regional scans. Within 
24 s of counting, no detectable decomposition was 
observed in the copolymer, PETN, and coated PETN 
samples. 

RESULTS AND DISCUSSION 

The molecular structure of pentaerythritoltetranitrate 
(PETN), C(CH2)4(ON02)4, is shown in Fig. 1. PETN 
is an organic energetic material. The important part of 
the PETN compound is the nitrate (—ONO2) functional 
group, which gives PETN its explosive properties. 

The molecular structure of the copolymer 
[-(CH2CHCl)r5-(CF2CFCl)rr]„, is shown in Fig. 2. 
This copolymer was chosen for this work because it has 
been used on plastic bonded explosives as well as other 
explosives in the industry.''^" The chlorine and fluorine 
in the copolymer structure are easily detectable in XPS 
and ISS, making the copolymer (CI, F) distinguishable 
from PETN(N, O). 

Proposed models for the microcoating process 

In order to discuss the results of microcoating (on the 
surface chemistry), two general models were proposed. 
These two models include: (a) particles completely 
coated by the copolymer (Model I) and (b) particles 
only partially coated (Model II). These models are illus
trated in Figs 3 (a, b). These general models aid in 
understanding changes in the surface and interfacial 
chemistry of the copolymer and PETN before and after 
microcoating. 

XPS and ISS spectral results relative to the 
proposed models 

The XPS and ISS survey spectra of pellets are shown 
in Figs 4 and 5, respectively. In these figures, spectra 
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Figure 4. X-ray photoelectron spectroscopy survey spectra showing the characteristic 
peaks of (a) the copolymer, (b) PETN, (c) 0 5 wt% coated PETN, (d) 20 wt% coated PETN, 
pellet samples 

have been recorded for (a) the copolymer, (b) PETN, 
(c) 0.5 wt% coated PETN, and (d) 20wt% coated 
PETN. These data show carbon, nitrogen, and oxygen 
characteristic of PETN and carbon, fluorine, and 
chlorine characteristic of the copolymer. The XPS 
spectra showed no sample degradation after 12 h of 
exposure to x-ray radiation, whereas, the ISS spectra 
show sample degradation after only 600 s of ion beam 
exposure. 

The XPS spectral results for the powder and pellet 
samples (as atomic percent) are summarized in Table 
1. As can be seen from this table, there is no significant 
difference between the powders and pellets for each 
sample (the copolymer, PETN, 0.5 wt% coated PETN, 
and 20 wt% coated PETN). These data will be used later 
in the paper to calculate the copolymer thickness. 

In order to eliminate ion beam damage, ISS spectra 
of the characteristic lines for oxygen (PETN) and 
fluorine (of the copolymer) were recorded within 24 s. 
The spectra for the pellets are shown in Figs 6 (a-d), 
and the spectra for the powders are shown in Figs 6(e-h). 
The fluorine to oxygen signal intensities are higher for 
both the 0.5 and 20 wt% coated PETN samples of 

Table 1. Elemental surface composition (atomic percent) of 
powders and pellets for the copolymer, PETN, and 
coated PETN samples as determined from the XPS 
survey spectra 

CIS Nls 01s CI2p Fls 

Copolymer 
Powder" 
Pellet" 

PETN 
Powder 
Pellef^ 

0 5 w t % coated PETN 
Powder 
Pellet 

20w t% coated PETN 
Powder" 
Pellet 

53 0 
50 0 

29 0 
30 0 

34 0 
33 0 

41 0 
49 0 

— 
— 

180 
180 

160 
170 

33 
29 

38 
40 

53 0 
52 0 

46 0 
480 

130 
99 

160 
180 

— 
— 

1 8 
1 2 

150 
180 

27 0 
26 0 

— 
— 

2 2 
12 

26 0 
20 0 

Note Values followed by (—) indicates no observation of a signal 
° Copolymer powder contained 0 4 at %S 
"Copolymer pellet contained 1 1 at %Si, 0 4 at %S, 0 3 at %Ca, 
and 0 3 at %Na 
•= PETN pellet contained 0 37 at %Si 
' '20wt% coated PETN powder contained 0 8 at %Na 
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Figure 6. ISS elemental spectra of oxygen and fluorine for pellet 
samples of (a) the copolymer, (b) PETN, (c) 0 5wt% coated PETN, 
and (d) 20wt% coated PETN, and for powder samples of (e) the 
copolymer, (f) PETN, (g) 0 5wt% coated PETN, and (h) 20wt% 
coated PETN, recorded within 20s and without sputtering or ion 
beam degradation 
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Figure 5. Ion scattering spectroscopy survey spectra showing the 
characteristic peaks of (a) the copolymer, (b) PETN, (c) 0 5wt% 
coated PETN, and (d) 20wt% coated PETN, pellet samples 

Figs 6(a-d) as compared to their counterparts in Figs 
5(a-d). Lower fluorine/oxygen ratios noted in Fig. 5 are 
due to ISS beam damage that can decompose or sputter 
the copolymer from PETN. 

Ion beam damage on the copolymer, PETN, and 
coated PETN pellets was extensively studied showing 
no detectable degradation with 24 s of irradiation." 
Therefore, Fig. 6 represents ISS data with no ion beam 
damage. ISS data of the spectra for the powders and 
pellets from Fig. 6 are summarized in Table 2. 

The data for the oxygen and fluorine signals were not 
normalized to the oxygen level in pure PETN and the 
fluorine level in pure copolymer. In order to normalize 
for differences in scattering probability from an element, 
the oxygen and fluorine signals were adjusted by the 
use of sensitivity factors.'^ This information has been 
integrated into Table 2. Data are given as the area under 
each of the fluorine and oxygen peaks as ratioed to the 
sum of the two signals. These data will be used to 
determine the correct model for microcoating and in the 
next section to calculate the copolymer thickness. 

The ISS spectrum of Fig. 6(g) indicates that oxygen 
is present on the surface of the 0.5 wt% coated PETN 
powder. The data shows that PETN is present on the 
particle surface of the 0.5 wt% coated PETN powder. 
This result is in support of Model II (a partially coated 
particle). If Model I (totally coated particle) had been 
the case, only the copolymer element (F) and not the 
PETN element (O) would appear in the spectrum. The 
ISS data of the powder and pellet with 0.5 wt% copoly
mer shows the pellet to have less copolymer than the 
powder. This suggests that the copolymer is being redis
tributed during pelletization, allowing more PETN to 
be exposed on the surface of the pellet. Since PETN is 

Table 2. Oxygen and fluorine ISS signals ratioed to the sums 
for 0.5 and 20 wt% powder and pellet PETN samples 

P = -
0 

0 + F 

F 
' 0+F 

xlOO 

xlOO 

Sensitivity 
factor 

10 

13 

Powder Pellet 
OBwt% 20wt% 0 5wt% 20wt% 

66 

34 

37 

63 

73 

27 

27 

73 

P = % PETN at surface 
C = % Copolymer at surface 
0 = Oxygen 
F = Fluorine 
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on the surface after pressing, the microcoating of a 
0.5 wt% pellet can be explained by Model II. 

XPS and ISS resuhs indicate that the 20 wt% coated 
powder and pellet have more copolymer present on the 
surface of the PETN particles than the 0.5 wt% coated 
sample. In the case of the 20 wt% specimen, oxygen of 
PETN is seen on the powder but not on the pellet, and 
the ratio of fluorine to the sum (oxygen plus fluorine) 
is less for the powder than the pellet. Thus, in making 
20wt% microcoated PETN powder, an incompletely 
coated PETN (Model II) is created; however, the co
polymer is redistributed during pelletization resulting in 
completely coated PETN (Model I). 

Calculation of copolymer thickness 

In light of Model II, the copolymer thickness can be 
computed for microcoated PETN by using a modified 
XPS expression which includes ISS data. The general 
XPS expression" of / = /^e"''^^""* can be modified in 
order to write equation (1): 

J / T - _ i \ i C X i PETN 

a = (A sin cp) In 
1 0 0 X ipETN ~ ° X i p E T N 

(1) 

where d is the average copolymer thickness, /PETN is 
the intensity of an XPS photoelectron line from PETN 
which has been coated with the copolymer, /PFTN is the 
intensity of an XPS photoelectron line from PETN {d = 
0), A is the mean free path of N Is photoelectron line 
of PETN, C is the percentage of copolymer observed 
in the ISS spectrum, P is the percentage of PETN 
observed in the ISS spectrum, 0 is the photoelectron 
take off angle measured from the horizontal surface. In 
this study <f) = 36°. Since a short counting time is required 
to avoid ISS sample degradation, the maximum amount 
of the copolymer mixed with PETN is 25%; therefore, 
the limits for equation (1) were chosen to be 20 < C < 80 
and 2 0 < P < 8 0 . 

In order to measure /PETN and /PETN, the N Is photo
electron line (llOOeV kinetic energy) was used to 
monitor PETN in the XPS spectra. The mean free path 
(A) was taken from a plot of A versus electron energy 
and was determined to be 15 A . ' " " This path length is 
the statistical sum of the N Is photoelectron which has 
traveled through PETN plus FPC. The percentage of 
the copolymer (C) and the percentage of PETN (P) on 
the surface have been measured from ISS data for 
0.5 wt% powder and found to be 34 and 66, respectively 
(from Table 2). Calculation of the average copolymer 
thickness was found to be 10 A in the coated regions 
for 0.5 wt% PETN powder. Equation (1) becomes 
impossible to use when C is less than 20% of P. The 
copolymer thickness also becomes difficult to calculate 
as d approaches 3 A. 

An accurate determination of d depends primarily on 
knowing the true value of A and on having a smooth 
uniform PETN surface. A value of 15 A was chosen for 
A from the literature.'"'^ Often error in determining A 
is quoted to be ±15%.'^ '̂  The PETN powder used in 
this study is a very irregular, rough, needle-like, parallel 
piped with an average length of 200|jLm.'* Due to the 
needle-like structure of PETN, photoelectrons from 
many particles are being accepted at any one time during 
XPS analysis. The roughness and irregularity of the 

PETN surface implies that (f) will not remain a constant 
36°; therefore, d will vary throughout the sampling area. 
Although <f> varies over the analyzed area, equation (1) 
can nevertheless be used to calculate an average value 
for the copolymer thickness. 

Bonding between the copolymer and PETN 

In addition to establishing the model and determining 
the copolymer thickness, the bonding of microcoated 
PETN was also examined. By measuring the XPS bind
ing energy to ±0.2 eV, the chemical bonding in the 
copolymer, PETN, and coated PETN can be determined. 
The Nls, O Is, Fls, and CI 2p binding energies were 
measured for all the powder and pellet samples. These 
data are illustrated in Figs 7(a-d) through lO(a-d). 

Table 3 summarizes the results of the binding energies. 
The binding energy of nitrogen in PETN and coated 
PETN samples is 408.3 eV. This is characteristic of a 
nitrogen atom bound to three oxygen atoms such as in 
the nitrate linkage." More importantly, is the fact that 
the nitrogen is the same (to within ±0.2 eV) for all 
samples. This indicates that during microcoating, 
nitrogen did not change in oxidation state. This is also 
true of the oxygen from PETN and the fluorine and 
chlorine from the copolymer. Since the nitrogen, oxygen, 
fluorine, and chlorine did not show binding energy 
changes, it can be concluded that both the copolymer 
and PETN are chemically unchanged during microcoat
ing. Therefore, the bonding between the copolymer and 
PETN must involve either a mechanical attachment of 
the copolymer to the PETN particle or a weak van der 
Waals force. 

•^ Binding Energy eV 

Figure 7. N Is x-ray photoelectron spectroscopy high resolution 
spectra for (a) the copolymer, (b) PETN, (c) 0 5 wt% coated PETN, 
and (d) 20wt% coated PETN, pellet samples showing no change 
in binding energy 
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530 

. Binding Energy eV 

Figure 8. 0 Is x-ray photoelectron spectroscopy high resolution 
spectra for (a) the copolymer, (b) PETN, (c) 0 5 w t % coated PETN, 
and (d) 2 0 w t % coated PETN, pellet samples showing no change 
in binding energy 

No Spectrum 

200 
Binding Energy eV 

Figure 10. CI 2p x-ray photoelectron spectroscopy high resolution 
spectra for (a) the copolymer, (b) PETN, (c) 0 5 w t % coated PETN, 
and (d) 20 w t % coated PETN, pellet samples showing no change in 
binding energy 

By examining the two proposed models and the XPS 
and ISS results, it appears that the bonding between the 
copolymer and PETN is mechanical. This is believed to 
be true because of the high electronegativity of the 
fluorine and chlorine of the copolymer and the oxygen 
of PETN. These electronegative groups prevent the 
attractive forces that are necessary for a van der Waals 
bond to occur. 

The mechanical bond implies that the copolymer 
grabs onto the PETN particles at irregularities in the 
surface. Figure 11 illustrates how the mechanical bond 
between the copolymer and a PETN particle might 
occur. 

No Spectrum 

685 

- Binding Energy eV 

Figure 9. F l s x-ray photoelectron spectroscopy high resolution 
spectra for (a) the copolymer, (b) PETN, (c) 0 5 w t % coated PETN, 
and (d) 2 0 w t % coated PETN, pellet samples showing no change 
in binding energy 

Table 3. Summary of binding energies in eV from the XPS 
spectra for the copolymer, PETN, and coated PETN 
powders and pellets 

Copolymer 
Powder 
Pellet 

PETN 
Powder 
Pellet 

0 5 w t % coated 
Powder 
Pellet 

20w t% coated 
Powder 
Pellet 

01 2p 

200 0 
200 2 

200 3 

2001 
200 2 

F1s 

687 2 
687 0 

687 4 

687 1 
687 4 

N1s 

4081 
408 5 

408 3 

4081 
408 3 

PETN 
01s 

533 5 
533 5 

Coating 
01s 

531 2 
531 2 

535 6/533 5 

533 3 
533 7 

5314 
532 0 
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PETN 

Copolymer 

Figure 11. Mechanical bond between the copolymer and a PETN 
particle 

CONCLUSIONS 

Samples of a microcoated, highly energetic explosive 
were prepared. The explosive was pentaerythritol
tetranitrate (PETN); the coating was a copolymer of 
vinylchloride/trifluorochloroethylene in a 1.5/1.0 
molecular ratio. A starved addition technique was used 
to microcoat PETN. X-ray photoelectron spectroscopy 
(XPS) and ion scattering spectroscopy (ISS) were used 

to study the surface and interfacial chemistry of the 
copolymer, PETN, and the 0.5 and 20wt% coated 
PETN. 

Two models were proposed to aid in discussing the 
microcoating of PETN, Model I depicted a totally coated 
particle, whereas. Model II illustrated a partially coated 
particle. XPS and ISS results support Model II for 0.5 
and 20wt% coated PETN powder. Results from the 
0.5 wt% pellets are also in support of Model II, but the 
20wt% coated pellets were shown to be completely 
coated (Model I) due to copolymer redistribution during 
pelletization. 

XPS and ISS measurements were recorded which 
allowed for the determination of an average copolymer 
thickness from equation (1). XPS and ISS showed the 
copolymer thickness to be thin. Results for 0.5 wt% 
coated powders and pellets were 10 and 6 A, respec
tively. 

The results of XPS binding energy measurements indi
cated no change in the surface chemistry of the copoly
mer and PETN after microcoating. Electronegativity 
considerations and these XPS results show the bond 
between the copolymer and PETN to be mechanical. 
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