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Nanosecond and picosecond laser-induced
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Nanosecond and picosecond laser irradiations have been used to study the decomposition
of ammonium perchlorate (NH,ClO4) crystals, a main component of propellants. Chlorate
(NH.CI0s) decomposition product was detected via X-ray photoelectron spectroscopy. The
decomposition is initiated amid associated mechanical deformations and microcracking
processes occurring on a time scale commensurate with actual frequencies of energetic
crystal decompositions pertinent to propellant combustion. Optical, scanning electron and
atomic force microscopy methods have been applied to characterization of the laser-damage
zones. Individual initiation or residual ‘“hot spot’” sites have been detected in the electron
and atomic force microscope images, and are related to the cracking behaviour of the
perchlorate allotropic phases. Evidence of the 240 °C orthorhombic to rock-salt type cubic

transformation was obtained in nanosecond laser irradiations through a remnant
microstructure of ultrafine cracks whose intersection points marked an array of
decomposition sites. A dislocation model description is given for the connected cracking

and decomposition site observations.

1. Introduction

Crystals of ammonium perchlorate (AP) constitute
one of the most common oxidizers used in propellant
mixtures. A solid propellant contains both oxidizer
and fuel ingredients that can burn in the absence of air
or other oxidizers. The propellant is formulated to
burn uniformly and quickly, but without detonating.

Currently, propellants are being used to produce
propulsive thrusts in a broad range of applications
that include rocket, gun and air-breathing propulsion
systems, high-pressure air-bags, high-temperature
gases for joining heavy duty electrical cables and other
propulsion systems [1]. The substantial applications
have made increasingly important the safety issue of
developing insensitive propellants. An insensitive
composition is one in which there is minimized possi-
bility of initiation as a result of unintentional impact,
electrostatic discharge, or thermal and shock stimuli.
Detailed understanding of the initiation, ignition and
related mechanical deformations of AP crystals is thus
of vital importance.

The basic structural mechanisms for the initiation
of exothermic reactions in the surface or near-surface
layer of energetic materials such as AP are still un-
clear. Here, the nanosecond and picosecond laser ir-
radiations of such crystals have been used locally to
induce the initiation of chemical decomposition amid
associated mechanical deformations and microcrack-
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ing processes all occurring on a time scale commen-
surate with the actual frequencies of energetic crystal
decompositions during propellant burning [2, 3]. De-
composition was detected by X-ray photoelectron
spectroscopy (XPS) measurements while the concur-
rent mechanical deformation and cracking processes
associated with the initiation have been revealed via
optical, scanning electron and atomic force micro-
scope observations. With the higher resolution of the
two latter techniques, residual initiation or “hot spot”
sites have been detected and their relation determined
to a microscale network of surface cracks. The depths
of the surface cracks were measured with a profilo-
meter.

The laser-induced microcracking of the crystals ap-
peared to be intimately involved in the crystal de-
composition mechanism(s). The directions of the crack
systems have been identified based on the crystallo-
graphy of two allotropic forms of AP. Upon nano-
second laser irradiation, the crystal exhibited cracking
both in the low-temperature orthorhombic structure
and after having transformed at higher temperature to
a rock-salt cubic structure. The phase transformation
had occurred, presumably, at 240 °C. The picosecond
laser damage exhibited clear evidence of cracking sole-
ly for the orthorhombic structure. The very fine net-
work of cracking in the rock-salt structure relates to
propellant burning in a direct way because of the
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consideration that a finer network of cracking pro-
duces a far greater surface arca for the decomposition
reaction. The observation that decomposition sites
occur at microcrack intersections gives an added im-
portance to obtaining an understanding of how crack-
ing is involved in decomposition mechanisms in ener-
getic crystals. As will be seen, the cracking behaviour
is proposed to be an outcome of dislocation move-
ments forced by thermal heating and the consequent
orthorhombic to rock-salt-type phase transformation.

2. Experimental procedure

2.1. AP crystals (NH4CIO,)

The physical and chemical properties of AP, especially
including its thermal stability, have been extensively
studied because of the formulation of AP in propellant
mixtures [4]. AP decomposes over a wide range of
temperatures, extending from 200-530°C. Single
crystals are transparent with an orthorhombic crystal
structure containing four molecules per unit cell
with a=0.9202, b=05186 and ¢ =0.7449nm.
An allotropic phase transformation to the cubic, rock-
salt crystal structure occurs at 240°C, also with
four molecules per unit cell and ¢ = 0.763nm. The
densities of the orthorhombic and interpenetrating
face centred cubic crystal structures are 1.95 and
1.76 gecm ™3, respectively [4]. The lower density of
the high-temperature polymorph is an important
aspect of the compressive cracking behaviour
modelled in this study.

Fig. 1 shows an (001) surface view of a typical
crystal of AP used for the laser irradiation experi-
ments. The enclosed ellipsoidal shape is apparently of
a “seed” crystal. Fig. 2 is an (00 1) stereographic pro-
jection representation of the crystal [5]. The crystal is
oriented in the lower left inset corner. The principal
faces and directions have been identified and labelled.
A confirming Laue back-reflection X-ray pattern is
superimposed on the stereographic projection. An
analysis of zone directions for the Laue “spots” was
employed to identify prominent crystal directions as

Figure I Single crystal of ammonium perchlorate with identified
crystal planes and directions.
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prescribed previously for the orientations of ortho-
rhombic cyclotrimethylenetrinitramine (RDX) crys-
tals [6].

The absorption spectrum of AP was measured with
a standard Fourier transform—infrared spectrometer.
The spectrum is shown in Fig. 3. The spectrum only
shows the percentage variation in transmittance with
wavelength. Absolute values of percentage transmis-
sion of the crystal at 1064nm have to be measured
directly. Absorption at the laser wavelength of 1064 nm,
corresponding to a wave number of 9398cm ™!,
is minimal. A direct measurement of crystal transmit-
tance at 1064nm gave 0.63 and reflectance, 0.037.
From these measurements, an absorptivity, o, in the
intensity relationship I = Iy exp (~ 2ad) where d 1s the
thickness of the crystal, gave oo =2.1x 10" ?*mm ™.
A correction factor was included for the reflected
radiation.

AP is a hygroscopic material, easily absorbing
moisture on its surface. The crystals were thus stored
in a desiccator and care was taken in all experiments
to minimize surface absorption of moisture.

2.2, Laser irradiation

The nanosecond and picosecond laser pulses were
obtained from separate Nd/Yag lasers (each 1064 nm
in wavelength). The nanosecond laser pulses had
a duration of 8 ns (full-width at half maximum, fwhm)
and an energy per pulse of 0.25 J. The picosecond laser
pulses were 20.6 ps (fwhm) in duration with an energy
per pulse of 5.0 mJ. The physical parameters of the two
lasers are summarized in Tables I and II. Fig. 4 shows
the temporal shape of the nanosecond laser pulse. The
spatial profiles of both the nanosecond and picosecond
laser pulses are given in Fig. 5a and b, respectively.
The nanosecond laser pulse is shown to be in-
homogeneous,

The specimen crystals were mounted on to optical
microscope slides with the crystal edges fixed by ad-
hesive tape. The beam was focused on to the surface of
the crystal so as to give spot sizes of about 1.68 mm for
the nanosecond laser pulse and 0.168 mm for the
picosecond laser pulse. A schematic illustration of the
apparatus for laser irradiation is shown in Fig. 6. The
power of the nanosecond laser beam was about
31 MW and the power density was 14 MW mm ™2
Similarly, the power for the picosecond laser was
about 02GW and the power density was
9 GW mm 2. Positioning of spots on the crystal sani-
ples relative to the laser beam was obtained by locat-
ing the beam with an infrared sensitive fluorescent
strip and then placing the crystal surface directly un-
der the detecting strip.

Laser energy measurements were taken with an Rj-
7000 series microprocessor based pyroelectric/silicon
energy meter manufactured by Laser Precision Corp.
The radiation is collected by an energy probe that is
connected to the meter. The latter can average the
energy measurements over 100 pulses. When such
measurements were taken, the pulse repetition rate of
the laser was kept at 1 pulse/second. '
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Figure 2 Stereographic projection representation of an AP (00 1) crystal surface. A Laue back-reflection X-ray pattern is shown superim-
posed on the stereographic projection.

1064 nm

90.0 T TABLE I Nd/Yag nanosecond-pulse laser
2 + Wavelength 1064 nm
z Pulse duration (fwhm) 8 ns
o 1 I Energy without amplifier 13-34mJ
g Energy with amplifier 160-250 mJ
g Power 1.6-31 MW
< 20.0 * Beam radius 8 mm
=] Spectral line-width <lem™t
2 - Power density > 0.03-0.62 MW mm 2
2

TABLE II Nd/Yag picosecond-pulse laser

1
{
1

Wavelength 1064 nm
Pulse duration (Gaussian) 20.6 ps
Energy wl/pulse
830 nm 1041 nm Amplified energy 1-5 mJ/puise
Wavelength Power ~02GW
. . . Beam diameter (Gaussian) 0.8 mm
Figure 3 Absorption spectrum for ammonium perchlorate (AP). Power density 04 GW mm -2
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Figure 4 Temporal profile of nanosecond laser pulse.

Relative
intensity

Figure 5 Spatial beam profiles of (a) a nanosecond-laser pulse, (b)
a picosecond-laser pulse.

Lens
Plane mirror
Nd/Yag laser
AP crystal
Microscope slide
Bench top

Figure 6 Experimental apparatus for the laser irradiation experi-
ment.
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2.3. Microscopy and spectroscopy methods
The surface structures of the irradiated crystals were
examined optically in transmission and reflection. An
environmental scanning electron microscope (SEM)
was also used. An advantage of the environmental
SEM is that the samples do not have to be coated with
a conductive layer and, also, an inert gas atmosphere
can be employed that is convenient for a hygroscopic
material such as AP.

A PHI 5400 X-ray photoelectron spectrometer
(XPS), with characteristic X-ray lines from a magne-
sium source (1253.6¢eV), was employed for detecting
decomposition products [ 7]. The XPS system was run
at —150kV. The spectrum was run at — 15kV. Un-
monochromatized X-rays were used. Every attempt
was made to keep the X-ray exposure to a minimum of
about 8 min (achieved in time steps), because de-
composition caused by the X-rays themselves could
add to the previous products from the laser damage.
The sampling depth was Snm. In this regard, some
damage, including cracking, was noted from the X-ray
irradiation employed in determining crystal orienta-
tions.

Local peak positions and profiles give information
about the chemical state of the atom or molecule. The
Cl in the CIO4 ion has a large binding energy and it
shifts to lower values with decrease of oxidation state
when new molecular products, such as chlorates and
hypochlorites, are formed. The chemical shift is as
much as 9eV between perchlorate and chlorite. The
XPS technique has been used here to provide specific
information about the progressive decrease in the oxi-
dation state of the chlorine atoms in AP.

A Digital Microprobe II (ver. 5) atomic force micro-
scope (AFM) was used also to examine the very top
surface layer structure of the irradiated crystals [8].
For this purpose, the crystal was cleaved to obtain
individual slices of about 1mm thickness and
2x2mm? in surface area, that could be mounted
under the AFM.

Crack depths were measured on the microscopic
scale with an Alpha-Step Profilometer, Model Num-
ber 200. The tip of the profilometer is a diamond
stylus giving a maximum resolution of 0.5nm in the
vertical direction and a resolution of 40nm in the
horizontal direction. The stylus tip was 1 pm in dia-
meter.

3. Results and discussion

3.1. Laser irradiation

Firstly, the laser damage sites, that could be visually
recognized, were examined in reflection and transmis-
sion with optical microscopy. Fig. 7 shows, at a nor-
mal magnification of ~x150, a reflection micrograph
of a nanosecond laser-damage site. A striped array of
(010) cracks was identified for the orthorhombic
structure. The same parallel network of cracks was
seen in transmission, also. However, closer examina-
tion of the crack pattern in reflection showed, in addi-
tion, the presence of a finer scale network of cracks
that are revealed at higher magnification in Fig. 8. The
finer network of orthogonal microcracks is rotated



Figure 8 Optical micrograph of nanosecond laser-damage site
showing both the cracking due to the orthorhombic and cubic rock-
salt crystal structures of AP.

asymmetrically relative to the larger scale (010)
cracks easily recognized in Fig. 7. Calibrated focusing
of the optical microscope .indicated that the finer
cracks were a fraction of a micrometre below the
surface of the crystal. The finer scale network does not
fit any crack system previously identified [5] for or-
thorhombic AP and led to the discovery of the crack
planes being oriented newly on orthogonal cubic
{010} based on the known transformation of AP at
higher temperature to a rock-salt crystal structure.
The transformation is known to occur at 240°C. The
orientation relationship determined for the results in
Fig. 8is(00 )& (00 1)o with [100]r||[120]o for rock-
salt (R) and orthorhombic (O) designations.

Fig. 9 is a reflection micrograph of an analogous
laser-damage site produced on the same crystal sur-
face with a picosecond laser pulse. In this case, crack-
ing along the normal orthorhombic (010). planes,
with t indicating trace, was observed with prominent
individual cracks, also, on (2 T0), and (Z 1 O) planes of
the orthorhombic structure. No evidence of the finer
scale microcracking of the rock-salt type cubic struc-
ture was observed. The main damage site here is more
localized as compared with the nanosecond laser ir-
radiation. This applies as well for sub-surface lateral

Figure 9 Optical micrograph of a picosecond laser-damage site.

Figure 10 Optical micrograph of a laser-damage site produced by
irradiating with 1000 pulses of picosecond duration.

cracking that is revealed by the encompassing whitish
halos in the micrographs of Figs7 and 9. Fig. 10
shows a transmission micrograph of another laser-
damage site produced by irradiating a crystal region
with 1000 multiple picosecond laser pulses. Fig. 11 is
a reflection micrograph of the same region as in
Fig. 10.

The difference in observed microcracking behaviour
of the crystal when irradiated with pulses of different
duration is an interesting phenomenon. For the pico-
second laser pulse, evidence of {010} cracking due to
the cubic transformation was not detected. A possibili-
ty is that the picosecond laser irradiation produced
heating and vaporization of material within a more
shallow surface layer. In this regard, Figs7 and
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Figure 11 Higher magnification micrograph of the site shown in
Fig. 10.
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Figure 12 (a) Typical X-ray photoelectron spectrum of an irradiated
AP sample. (b) Typical curve-fitting result to estimate the percent-
age decomposition of the AP sample.

8 show that the residual {010} cubic cracking struc-
ture was not easily visible even for the nanosecond
irradiation experiment.

3.2. X-ray photoelectron spectroscopy

The XPS system was applied to the damage sites to
detect whether initiation of chemical decomposition
had occurred. Fig. 12a shows a typical spectrum in the
region of the Cl, 2p level for the irradiated sample. The
doublet arises from 2pss2 and 2pi/2 lines of chlorine.
A small shoulder on the right-hand side of the 2ps,2 line
at a separation of about 1.7eV is observable and is
indicative of a small amount of decomposition. Curve
fitting of the spectra was employed to obtain esti-
mates of the amount of decomposition for the single
nanosecond pulse and the 1000 pulses of picosecond
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irradiation. Fig. 12b gives a typical curve-fitting result.
From such curves the decomposition produced by the
nanosecond laser irradiation was estimated as ~3%
and that produced by the picosecond laser irradiation
as ~5%. The decomposition product is ammonium
chlorate, NH4ClO3. This product is mostly seen in
thermal decomposition studies as compared with
mechanically impacted samples that show generally the
formation of ammonium hypochlorite, NH4ClO2, and
other lower oxy-acids [4]. The peaks due to the chlor-
ate are very sharp in contrast with a variety of other
typical spectra of AP showing broadening because of
the presence of a variety of decomposition products. As
indicated, the picosecond laser irradiation peak was
almost double the size obtained for nanosecond ir-
radiation. The greater decomposition in the case of the
picosecond laser pulse can be understood from the fact
that the surface had been irradiated with 1000 pulses at
mdividual energy values of 5mJ compared with one
nanosecond pulse at an energy of 250 mJ. The occur-
rence of the phase transformation is consistent with
decomposition occurring in a thermal process.

3.3. Scanning electron microscopy and
atomic force microscopy
The surface layer of the laser irradiated crystal was
examined in further detail with the environmental SEM
and with the atomic force microscope in an effort to
detect residual “hot spot” sites of initiation. Fig. 13
shows a scanning electron micrograph of the
nanosecond laser damage site. The dark, sub-surface
spots are believed to be (hollow) initiation sites. This
was confirmed with results obtained with the atomic
force microscope, first at low magnification where im-
age details could be matched with the scanning electron
micrograph and, then, at higher resolution where the
size of decomposition “spots” could be resolved at
about 50nm diameter within a central circular pore
structure of the order of 500 nm diameter as in Fig. 14.
The current results are in line with previous investi-
gations where the formation and growth of decomposi-
tion nuclei in AP were studied with a microcinemato-
graphic apparatus [9]. It was found that the nucleation
sites were initiated beneath the surface of crystals. The
decomposition centres consisted of spherical nuclei
measuring 1-2pm. Using SEM methods, such de-
composition centres, though reported at larger mi-
crometre dimensions as compared with observations
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Figure 13 Electron micrograph of nanosecond laser-damage site
with a sketch showing the apparent relation between the dark spots
or initiation sites and the cubic microcracking.



AFM data

o
(T3]
-

Manoscope 1
Parameters:

Z 100.0 AV
XY 328.4 ANV
Samples 400/scan

Date taken Wed Oct 05 13:28:16 1824
Buffer S5{LASAP.09), Rotated 0%, XY axis (nmi, Z {nm}

Figure 14 Atomic force micrograph of a nanosecond laser-damage
site.

reported here, were identified as holes below the crystal
surface [10-12]. Current work in the present investiga-
tion is centred on the AFM technique in an effort to
make further observations at the nanometre scale [ 137.
The experimental investigations still in progress are to
obtain an even deeper understanding of the phe-
nomena.

3.4. Dislocation model
The observed cracking behaviour for both the ortho-
rhombic and cubic structures is important to initiation
for one reason because of the increased surface area
produced for propellant combustion. Perhaps more
importantly, the microcracking provides a clue about
mechanical deformation mechanisms occurring in the
surface layer of the crystal as a result of the thermo-
mechanical stress state accompanying the laser heating.
Profilometer results for the depths of the {010} micro-
cracks are given in Table IIL

Cleavage-type cracks are known to form on {010}
in rock-salt crystals at the intersection of {110}
{110 slip systems through a dislocation reaction of

type [14]
(@/2)[011]0 11+ (a/2) [01 101y —a[01 0Jwo 1
(1

Fig. 15 gives a schematic view of the dislocation slip
geometry that is predicted to operate for the compres-
sive stress state accompanying thermal heating of the
crystal surface layer and, also, transformation to the
less dense cubic structure. The reacted a[0 1 0] Burgers
vector dislocation, with line vector along [100], is in
the less favourable (00 1) slip plane and, further, experi-
ences no movement force. Increased slip of the primary
reactant dislocations is proposed to nucleate a multiple

TABLE IIT Results of profilometer experiments

Area of crystal Measured crack depths
surface scanned
by profilometer tip
Smooth undamaged
crystal surface
Major cracks or
fractures on the

Fluctuations of the profilometer tip
detected of the order of 10-42.5 nm
Average fracture depth 22.8 um

surface
Finer surface Average depth of fine cracks was 2.3 pm.
microcracks Finest cracks were 790 nm in depth
B
\} Y/ 7 \
NaCl type L 4 11X
A “T00 ilTR
7" o0l 1
b0 "V 11000,
e ——
[210] [001],
[120], (100},
Orthorhombic B
[010],

Figure 15 Schematic view of dislocation slip geometry. R, rock-salt;
O, orthorhombic.

Burgers vector reacted dislocation at the orthorhom-
bic/cubic structure interface serving as a sub-surface
crack nucleus. At sufficient shear stress, the crack nu-
cleus should run vertically upwards to the crystal sur-
face despite the lateral compressive stress state. A sim-
ilar reaction of slip systems shown on the side (010)
surface of Fig. 15 should give a [100] crack nucleus on
the same basis. The biaxial tensile stress just above the
reacted dislocations should add at their points of inter-
section to give locally a substantial hydrostatic tensile
stress state. The situation is fully conducive to generat-
ing the hollow decomposition sites observed internally
with the SEM and, when sliced through the crystal,
with the atomic force microscope. The proposed mech-
anism is akin to that proposed previously [3] for laser-
induced cracking and melting of RDX crystals.

4. Conclusion

Nanosecond and picosecond laser pulses have been
used to induce cracking and initiation of chemical
decomposition in AP crystals as confirmed with XPS
measurements. The detected chlorate decomposition
product is the expected result for thermal decomposi-
tion; however, there is a thermomechanical aspect to
the decomposition results obtained here. Cracking
planes consistent with previous studies on orthorhom-
bic AP have been identified and, at a finer scale,
residual cracking evidence has been obtained for the
transformed cubic structure of AP. A dislocation
mechanism is proposed for the cubic microcracking
behaviour that is in line also with the formation of AP
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decomposition sites at microcrack intersections. SEM
study of the initiation sites has been extended to nano-
metre dimensions with the atomic force microscope.
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